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EXECUTIVE SUMMARY 

As part of the European Space Agency IDEAS+ program, an integrated multiscale project led by the 

National Research Council of Canada’s Flight Research Laboratory (NRC) was undertaken in support of 

multispectral satellite image land data product validation. The key objectives of the Mer Bleue Arctic 

Surrogate Simulation Site (MBASSS) Sentinel-2/Landsat 8 Data Product Validation Project were:  

1) to acquire a comprehensive and integrated data set suitable for validation of Sentinel-2 MSI and 

Landsat-8 OLI land data products; 

2) to develop and validate appropriate data handling and processing methodologies to support the 

validation process.   

In practice, the project was not only validating satellite land data products but also developing and 

validating an operational tool (satellite simulation) and evaluating the operational approach to providing 

the data required (i.e. acquisition and processing of airborne hyperspectral imagery supported by robust 

field spectrometry measurements). 

Making use of laboratory and in-situ field measurements in support of calibrating and validating airborne 

hyperspectral imagery, procedures were developed, implemented, and analyzed to plan, acquire, process, 

and assess high quality hyperspectral imagery of a peatland test site for use as a baseline in the simulation 

of satellite multispectral imagery.  Actual satellite and airborne imagery was also compared against the 

simulation results. 

In carrying out this work, several science-based questions were addressed including: 

 the influence of sensor and mission parameters;  

 the role of in-situ data sets in calibration and validation of the airborne imagery; 

 the use of simulated imagery as validation data for the satellite products; 

 the potential benefit of UAV derived sensor data; and 

 methods for optimization of the data processing and validation steps. 

An operationally and ecologically complex site was selected as the test site for this project. The Mer 

Bleue Peatland is representative of a northern peatland (an ecosystem of significant interest to the remote 

sensing community), yet it is conveniently located within a few minutes flight of the NRC hangar, home 

to the Hyperspectral Research Facility on board the NRC Twin Otter Research Aircraft.  With existing 

scientific infrastructure including boardwalk access to the peatland and extensive research level 

knowledge of the site, Mer Bleue made an ideal test site for development and testing of field support 

methodologies. 

Airborne hyperspectral image mosaics of the Mer Bleue peatland were acquired, and where possible, in 

coordination with Sentinel-2 MSI and Landsat 8 OLI system overpasses.  After spectroradiometrically 

calibrating, atmospherically correcting, and georectifying the acquired imagery, a validation was 

performed using airborne imagery of NRCs U61 Cal/Val site ‘ground truthed’ by field spectroscopy 

measurements. The quality of the ground truth measurements was optimized by laboratory calibration of 

reference targets.  The optimized hyperspectral mosaics were then used to generate simulations of the 

selected satellite earth observing optical instrumentation. 
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The project has yielded significant amounts of laboratory, field and airborne data covering a wide range 

of natural conditions over the primary test site (i.e. from snow cover to full foliage). Calibration 

methodologies tying field reference panels to a common reflectance standard were developed and 

implemented.  The lab panel was calibrated with respect to the NIST national reflectance standard. Field 

measurements of both the U61 Cal/Val site and Mer Bleue provided data for validation and calibration 

refinements of the airborne imagery and validation of the two test site results.  Four coordinated mosaics 

of Mer Bleue have been processed to ground reflectance and used as baseline data to generate satellite 

simulations. This final report provides preliminary comparisons of the satellite imagery with those 

simulations which have been shown to be well correlated with the seasonal changes in the site (e.g. 

greening of the vascular plants). 
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Figure 9-9: Sample field spectrometer results from June 23
rd

, 2016 of the U61 Cal/Val targets - A) 
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Figure 9-11: SPN-1 measurements at the U61 Cal/Val site acquired at 10 second intervals on June 23rd, 
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Figure 9-12: A) Spectral Irradiance stability check for four field spectrometer measurement sets on June 
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, 2016. B) Diffuse to global irradiance measurements derived from shadowed field 
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Figure 9-15: Comparison between 1 cm (ATCOR4 - 26 km - 1 cm water column thickness) and 2 cm 
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Figure 9-16: Comparison of June 23
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, 2016 CASI reflectance derived with (green-line) and without (red-
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1.0 Introduction  

The Mer Bleue Arctic Surrogate Simulation Site (MBASSS) Sentinel-2/Landsat 8 Data Product 

Validation Project represented a first step in developing an integrated, multiscale validation methodology 

carried out in an environment presenting significant operational challenges. Its aim has been to develop a 

robust framework for ongoing assessment and validation of satellite based land information data products, 

through incorporation of high resolution airborne hyperspectral imagery, supported by ground-based field 

measurements, scaled to simulate satellite image sensor and predefined mission parameters.  

This document represents the final report of the MBASSS Sentinel-2/Landsat 8 Data Product Validation 

Project.  Throughout this report, where MBASSS is used, it refers to the entire project rather than the test 

site by that name 

The concept for the MBASSS project arose from recommendations from the first APVE workshop held in 

Ottawa, Canada in November 2014. They identified the need for more robust ‘best practices’ for the 

validation of land parameters derived from moderate resolution satellite sensors such as Sentinel-2 MSI 

and Landsat-8 OLI.  While the focus of these recommendations was on arctic and high-latitude 

applications, the MBASSS project considered the validation of land data products derived from Sentinel-

2 MSI and Landsat 8 OLI without respect of geography.  

The key objectives of MBASSS were to:  

1) acquire a comprehensive and integrated data set suitable for validation of Sentinel-2 MSI and 

Landsat-8 OLI land data products; 

2) develop and validate appropriate data acquisition and processing methodologies to support the 

validation process.   

In addition, preliminary analyses of the extensive dataset were conducted. It was understood that the data 

acquired would support far more detailed investigation than this project’s time and budget could support. 

Mer Bleue, a protected ombrotrophic bog located at the eastern boundary of the City of Ottawa, Ontario, 

CANADA represented an ideal test site for the project in that:  

1) access and development on the site is restricted and controlled by the NCC;  

2) it has a long, ongoing history of systematic field data collection as a scientific environment of 

interest; 

3) it has existing infrastructure providing access to the peatland for field measurements; 

4) it is logistically convenient for deployment of airborne imaging assets and field teams; 

5) the open peatland, void of in-scattering from nearby obstacles, provides a site suitable for the 

acquisition of ground spectrometry measurement.  

An additional benefit is that Mer Bleue can serve as a realistic surrogate site for high latitude peatland 

ecosystems – a factor in its initial identification as a validation site for satellite imagery data products.  

Understanding how northern peatlands will respond to the influences of climate change, and monitoring 

those effects is a research topic of significant interest to both the European Space Agency and Canada. 
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An overview of the project has been made available as an interactive Story Map, which can be accessed at 

http://bit.ly/merbleue.  

This research project was led by FRL at the NRC, in collaboration with the ARSL, CCRS, and 

LOOKNorth. 

  

http://bit.ly/merbleue
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2.0 Project Approach 

A number of science-based questions were identified to define the project, including: 

1. What is the role of in-situ (ground-based) data sets (i.e. field spectroscopy, sun photometer, 

hemispherical photos) for assisting with the calibration, validation and optimization of the 

airborne hyperspectral imagery? 

2. What aspects of the airborne data acquisition approach (i.e. mission planning) will impact data 

utility for validation of satellite data products? 

3. How can the ground spectra of research sites be used for validation of satellite data products? 

4. How can satellite simulation models derived from airborne hyperspectral imagery be exploited to 

evaluate appropriate applications of land cover methodologies? 

5. Can technologies deployed on UAVs  be used to provide small-scale/local-scale mapping of 

vegetation communities and topography to assist with airborne and/or spaceborne validation 

activities? 

6. What methodologies are best suited for pre-processing (i.e. spectroradiometric, geometric and 

atmospheric correction) of airborne data for validation of satellite data? 

It was not the intention of this project to fully address any of these questions.  Rather, it was our goal, 

within the budgetary and schedule limitations of the project, to: 

 acquire a comprehensive multiscale data set (ground, UAV, airborne) of an identified research 

site to address the identified objectives;  

 prepare and assess (QA) the acquired dataset as well as possible, and; 

 undertake a preliminary assessment of the results to validate a second order level 2A –BOA 

reflectance and a limited number of third order satellite data products, such as: 

o NDVI ; 

o RENDVI ; and 

o SR . 

The overall project framework, integrating several scales of data acquisition, is illustrated in Figure 2-1.  

The Mer Bleue peatland (a logistically convenient research site representative of a complex ecologically 

sensitive ecosystem of significance) was selected as the research site of interest for this project.  Airborne 

hyperspectral image mosaics of the entire site were initially acquired in coordination with Landsat 8 OLI.  

However, once the Sentinel-2 MSI system came online, the project’s focus shifted to that system.  

Additional airborne hyperspectral imagery of the central Mer Bleue Peatland flight line was acquired to 

fill in temporal gaps in the data.  Field spectroscopy measurements of pre-determined plots in the Mer 

Bleue peatland were, when possible, acquired in coordination with the airborne hyperspectral imagery in 

order to assess/validate the airborne and satellite data products. Additional field spectrometry 

measurements were made at the U61 Cal/Val site to assist with the calibration and validation of the 

airborne hyperspectral imagery.   
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Figure 2-1 MBASSS project framework - integration of different spatial, spectral and temporal scales for the 

validation of Sentinel-2 satellite products (i.e. lab measurement (not shown in representation), field 

spectroscopy, UAV, airborne HSI and satellite imagery 

The development of a capability to appropriately calibrate the field reference panels was important to the 

success of the work employing the field spectrometers. A primary reference panel was calibrated as a 

function of illumination angle (nadir view) with respect to the NIST spectral reflectance standard by the 

Remote Sensing Group at the University of Arizona, College of Optical Sciences. A panel cross-

calibration facility was developed in the CCDL at NRC to tie the 0°:45° reflectance factors from the 

primary panel to that of the four field reference panels used in the project field spectroscopy work. 

The collection of UAV-based photographs by ARSL was exclusively used for the purpose of creating a 

fine spatial resolution (< 5 cm) microtopography map for the main research site, MBR, to quantify 

exposed moss area (i.e. hummock/hollow differentiation) in buffers surrounding the 17 field spectroscopy 

plots. Similarly, a UAV-based photometric survey was also performed by the CCRS group over the whole 

growing season, for the testing of various systems and methodologies related to vegetation community 

and structure indicators. The investigation into this data set is ongoing, and only preliminary results from 

this aspect of the study will be discussed.  

A high precision GNSS  survey campaign was undertaken along the MBR starting in June 2015, and 

repeated several times up to and including December 2016. Additional standard GPS surveys were 

performed at the MBP and at the U61 Cal/Val site. The purpose of the surveys was to: 

1) establish the position of manmade ground targets to be used to georeference imagery acquired by 

UAV and aircraft during the project;  

2) confirm the positional stability of the Mer Bleue Research site during the campaign.  

 

  



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED  Site Descriptions 25 

3.0 Site Descriptions 

Data acquisition in support of this project was performed at four different sites. 

 Mer Bleue Peatland:  This is the principal study site where the airborne hyperspectral image 

acquisitions were carried out; 

 U61 Cal/Val site:  Airborne hyperspectral imagery acquisitions were supplemented by in-situ 

field work to assist with calibration and validation issues related to this project;   

 NRC CCDL: Panel calibrations important to the development of a calibration and validation 

approach for the airborne data acquired in this project.   

 University of Arizona, College of Optical Science, BRDF  Facility: A contract was issued for 

calibrating a lab/project panel reference standard with respect to the NIST spectral reflectance 

standard.   

3.1 Mer Bleue Peatland 

3.1.1 Overview 

In Canada, a wetland is defined as an area “…with the water table at, near, or above the land surface for 

long enough to promote hydric soils, hydrophytic vegetation, and biological activities adapted to wet 

environments” (Waddington et al., 2009).   Peatlands are wetlands with at least 40 cm of accumulated 

peat. They can be categorized into four classes: bog, fen, swamp, and marsh.  These classes can take 

various forms, depending on factors such as hydrology, the underlying surficial geology, climate, etc. 

(Tarnocai et al., 2011).  

Peatlands play a significant role in the global carbon cycle and in the maintenance of biodiversity, 

however, less is known about their structure and function in comparison to other terrestrial ecosystems 

(Baird et al., 2013; Strachan et al., 2016). Northern peatlands (45°- 69° N) cover 3% of the global surface 

area and store one third of the terrestrial carbon derived from atmospheric CO2 (McGuire et al., 2009; 

Loisel et al., 2014). Models predict northern peatlands could undergo significant changes to their carbon 

cycling due to climate change by becoming reduced sinks or even reversing roles by turning into sources 

of carbon to the atmosphere (Wu and Roulet, 2014). 

In Canda, two types of peatlands are predominant: bogs and fens. Bogs are ombrotrophic, receiving 

incoming water and nutrients from precipitation and deposition rather than telluric sources.  In contrast, 

fens receive water and nutrients from both precipitation and adjacent mineral soils (Glooschenko et al. 

1993). In Canada, over 90% of the 1.1 million km
2
 of peatland are bogs (Tarnocai et al., 2011; 

Waddington et al., 2009).   

Today, Mer Bleue is a protected ombrotrophic bog with a hummock-hollow-lawn microtopography. It is 

located at the eastern boundary of the City of Ottawa, Ontario, Canada (45.401°, -75.490°, 70 m MSL) 

(Figure 3-1A). Its long axis in the east–west orientation is dissected by two longitudinal sections of fluvial 

sand/gravel separating three distinct arms of the peatland (Lafleur et al., 2005).  The climate is cool 

continental temperate with a 30-year (1971–2000) mean annual air temperature of 6.0 °C.  The mean 

annual precipitation is 943 mm, of which 235 mm falls as snow generally between December and March 

(Roulet at al., 2007). During the period of January to August 2016, the mean monthly air temperature 

ranged from -8.1°C in February to 22 °C in August, with minimum (26.2 mm) and maximum (91.6 mm) 

precipitation in May and August respectively (Environment Canada, 2016). The bog is slightly domed, 
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with a peat depth greater than 5-6 m across most of the area. In the northern arm, this decreases to 0.3 m 

towards the edge, where narrow beaver ponds are inundated year-round (Lafleur et al., 2005; Roulet et al., 

2007).  

  

Figure 3-1:  A) Location of the Mer Bleue peatland east of Ottawa, Ontario, Canada, outlined in white. 

B) The location of MBR within the Mer Bleue peatland is outlined in A) in yellow. C) The location of 

MBP within the Mer Bleue peatland is outlined in A) in red. Building U61, home of the FRL and the U61 

Cal/Val site at the Ottawa McDonald-Cartier International Airport, is also outlined in blue in A).  

Source: City of Ottawa (2005).  
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Mer Bleue is home to the MBPO, which provides important infrastructure for research activities. These 

have resulted in a considerable body of systematic research since its inception in 1998 (see Appendix A 

for a list of over 100 refereed publications and more than 50 student theses).  The peatland has controlled, 

restricted access with two boardwalks from which research can be conducted.  

The research boardwalk, referred to as MBR, located at the MBPO is shown in Figure 3-1B, with several 

aerial and ground-based photos of the site provided in Figures 3-2 and 3-3 respectively. A full 360° 

panorama of MBR can be accessed at: http://mbasss.geog.mcgill.ca/photos/panorama/June23Pano.htm. 

The location of the public boardwalk, referred to as MBP, is shown in Figure 3-1C, with several photos of 

the site, both airborne and ground-based, provided in Figure 3-4.  The low-lying horizons of the peatland 

provide an environment void of in-scattering from nearby protrusions, resulting in a site suitable for the 

acquisition of quality ground spectrometry measurements.  The proximity of the Mer Bleue peatland to 

the city of Ottawa and NRC aircraft home base facilitates convenient deployment of airborne imaging 

assets and field teams. 

An additional benefit, not directly related to the objectives of this project, but of significant interest to all 

parties involved, is that Mer Bleue can serve as a realistic surrogate site for Northern bogs (Moore et al., 

2011). It was with this in mind that the Mer Bleue Arctic Surrogate Simulation Site, or MBASSS, was 

originally conceptualized.   

  

http://mbasss.geog.mcgill.ca/photos/panorama/June23Pano.htm
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Figure 3-2: UAV acquired aerial overviews of the MBPO, including MBR, acquired from 35 m AGL 

on June 23, 2016.  A full 360° panorama can be accessed at: 

http://mbasss.geog.mcgill.ca/photos/panorama/June23Pano.htm. 

http://mbasss.geog.mcgill.ca/photos/panorama/June23Pano.htm
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Figure 3-3: Boardwalk infrastructure at MBR. A) UAV photograph of the MBR boardwalk from June 23, 

2016; B) beaver pond at the southern edge of MBR site, UAV photograph from April 27, 2016; C) UAV 

photograph of spectral measurements from the main boardwalk, June 23, 2016; D) diffuse panel 

measurements from the Open Water and Pond Margin boardwalk, July 2015; E) spectral measurement from 

the Blue Dome boardwalk, July 2015; F) spectral measurements of Open Water plot 1 along the main 

boardwalk, July 2015. Photographs: O. Lucanus and M. Kalacska. 
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A 

Figure 3-4: Boardwalk infrastructure at MBP. A) UAV mosaic of the West arm of the boardwalk from May 

24, 2016; B) spectral measurements of Open Water plot MBP-01 along the main boardwalk, 20
th

 May 2016; 

C) wetlands area along the boardwalk near MBP-P5, May 20
th

 2016; D) Aerial view of spectral 

measurements being taken from the main boardwalk near MBP-09 (bottom centre of image). Photographs: 

H. P. White and S. G. Leblanc. 

B 

D 

C 
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3.1.2 Plot Identification – Mer Bleue Boardwalks (MBR and MBP) 

At the MBR site, field plots were located based on vegetation physiognomic classes that are characteristic 

of this ecosystem as defined in Table 3-1. The hierarchical process of locating the plots included: 

 characterization of the vegetation physiognomic classes based on 18 years of studies from the 

site;  

 preliminary characterization of the spectra of the classes based on field work in 2015; 

 integration of microtopography data (Appendix B); 

 temporal spectral characteristics of the vegetation based on Kalacska et al. (2015). 

Physiognomic classes are defined here as the external morphological characteristics of the vegetation; the 

horizontal and vertical vegetation structure, and species composition at a scale of 1 m. The primary 

microtopographic classes are hummocks and hollows with a mean relief difference of 25 cm.   

Table 3-1: Physiognomic classes for the field plots at MBR and MBP. 

Class Description 

Open Water Exposed water in the beaver pond.  Main species 

include Sphagnum majus and Typha latifolia (cattail). 

Bog Margin Transitional area from the Open Water and Pond 

Margin, to the edge of the bog. In the bog margin, the 

deciduous herbs T. latifolia, Calla pallustris and 

Eleocharis smallii are common. 

Pond Margin Transitional area from Open Water into grasses at the 

edge. S. fallax is a common species. 

Hummock Hummocks account for approximately 70% of the 

peatland, and are primarily composed of Sphagnum sp. 

mosses, with shrubs up to 30 cm tall growing above 

the moss. In these areas, S. capillifolium is most 

common, however very little moss is exposed. 

Hollow Hollows are composed of different types of Sphagnum 

sp. mosses, and are where most of the Eriophorum 

vaginatum (cotton grass) and other herbs primarily 

grow. In these areas, the mosses S. angustifolium, and 

S. fallax are most common. 

Lawn Transition between hummocks and hollows (MBP only). 

Blue Dome This area is of interest because on Landsat imagery it 

appears to have a blue hue. This area contains mainly 

S. magellanicum. (Only present at MBR) 

 

In addition to the vegetation in the plots, Mer Bleue also contains a sparse number of trees: Betula 

populifolia (gray birch), Larix laricina (larch), Picea mariana (black spruce) and Pinus strobus (eastern 

white pine). Common shrubs can be found of either the evergreen (Chamaedaphne calyculata 

(leatherleaf), Kalmia angustifolia (sheep laurel) and Rhododendron groenlandicum (Labrador tea) or the 
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deciduous (Vaccinium myrtilloides (blueberry) variety. There are also a number of deciduous herbs, such 

as Eriophorum vaginatum (cotton grass) and Maianthemum trifolium (threeleaf false lily of the valley). 

The moss Polytrichum strictum can be found throughout the bog.  Plots and classes are primarily defined 

on structure and secondarily on species composition. Based on a rarefaction curve analysis at the MBR of 

the primary species (not including trees) growing outside the lag areas, within an area of 1.5 m
2
 (95% 

confidence intervals: 0.77–2.5 m
2
) a population of 13 sampled vascular plant and moss species can be 

found (Kalacska et al., 2015). A total of 17 field plots were established in MBR (Figures 3-5 and 3-6) 

based upon pre-project work performed in 2015. Their location was determined primarily by accessibility 

from the boardwalks in the research area.    

Figure 3-5: Location of the 17 field plots at MBR. OW= open water, PM= pond margin, BM= bog 

margin, HU= hummock, HO= hollow, BD= blue dome. Source: City of Ottawa (2005).  
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Figure 3-6: Oblique hand-held photographs of the 17 field plots in the six physiognomic classes 

at MBR.  Each row represents a class. Photographs illustrate the plots when they were 

established in July 2015. Photographs: P. Arroyo-Mora and E. Schaff. 
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The Public Boardwalk area of the Mer Bleue peatland had not previously been used as a research 

location.  The approach to the identification of the measurement plots at this secondary site, which was 

performed by visual inspection once the snow receded in early April 2016, was less robust than that 

applied to the plot selection at MBR. This is a publicly accessible site maintained by the NCC and is 

frequently visited by tourists. The site is well maintained as providing a natural setting, and identified 

plots are not expected to be impacted by public traffic. Site selection aimed to capture similar 

physiognomic classes as those identified at MBR, with the exception of the Blue dome and the addition of 

lawn. Similar to the selection process at MBR, the locations were limited to areas accessible by the 

boardwalk. Sixteen plots were established at the MBP (Figures 3-7 and 3-8). 

 

Figure 3-7: Location of the 16 field plots at MBP. Source: City of Ottawa 

(2005).  
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Figure 3-8: Spot photographs of the 16 field plots in five physiognomic classes at MBP as 

acquired with the SVC integrated camera.  Photographs illustrate the plots on May 24, 2016. 

Photographs: H. P. White. 
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3.2 U61 Cal/Val Site 

The NRC hyperspectral team has made use of an area adjacent to the NRC’s FRL building (45.325278°, -

75.664168, 113 m MSL), known as Building U61, as a Cal/Val site in recent years for the numerous 

airborne hyperspectral missions flown in the Ottawa area (Figure 3-9A).  The site has a large (60 m x 24 

m) concrete pad surrounded by a larger asphalt area (Figure 3-9B). When conditions allow, these targets 

were supplemented by a pair of deployable 8 m x 8 m calibration tarps, one black, one grey. Nominal 

spectra of the four targets are shown in Figure 3-10.  The smoothly varying spectra of the concrete, 

asphalt and black tarp make these surfaces ideal for use as vicarious calibration targets.  The grey tarp has 

sharp spectral features that make it better suited for use as a validation target.   

Figure 3-9: A) CASI image superimposed on a Geoeye image background of the NRC FLR hangar located 

at the McDonald Cartier International Airport. B) The U61 Cal/Val Site is divided into the illustrated 6 m 

x 6 m tiles used for specifying the location of the field spectrometer measurements.  The concrete target 

extends from location A1 to D10, the asphalt target in Rows E and F with the deployable black and gray 

tarps located to the east of the concrete pad. C) The light grey asphalt pixels that are part of McDonald 

Cartier Airport runway 07-25 (to the south of runway centre line) extend across the entire FOV of U61-04 

flight line images are used as a convenient uniform target to assess cross track calibration issues. 
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The main asphalt runway of the Ottawa McDonald-Cartier International Airport (RWY 07-25), located 

800 m SE of the U61 site, conveniently provided a spectrally smooth target transecting the entire width of 

any U61 Cal/Val hyperspectral imagery (even at high altitudes), normally flown parallel to the RWY 14-

32 (Figure 3-9C). This runway has proven valuable for evaluating atmospherically corrected reflectance 

images for unwanted spectral features that arise due to unresolved cross track spectral registration issues 

(i.e spectral smile).  Also, available for geometric validation purposes at the U61 Cal/Val site are GNSS 

locations of a number of ground targets determined to an accuracy of < 2.5 cm, suitable for airborne 

imagery. 

Although the U61 area is within the secure and active area of the international airport, activity in the area 

is limited to NRC coordinated aircraft and maintenance vehicles, allowing field crews safe and, for the 

most part, undeterred access to the site to perform ground measurements in support of airborne 

hyperspectral activities.  The aircraft and maintenance activity, however, means that the site, particularly 

the concrete, is subject to occasional discolorations. In particular, rubber tread-marks from the ground 

vehicles have been observed on several occasions. This and the overall uniformity of the site need to be 

considered during the data acquisition and data analysis (described in Section 7).  The concrete and 

asphalt regions of the U61 ramp are divided into 6 m x 6 m tiles that can roughly be identified in the 

geocorrected hyperspectral imagery. These tiles have been given a row (letter)/column (number) 

designation (i.e. C8) to assist with tracking the location of field spectrometer measurements as illustrated 

in Figure 3-9B. 

  

Figure 3-10: Example of spectral reflectance of the four Cal/Val targets acquired at the U61 site on 

May 11, 2016. 
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4.0 Equipment Description 

This section describes project field and airborne, as well as laboratory equipment used to perform 

absolute calibrations at the University of Arizona, and cross-calibrations at NRC CCDL.  UAV 

equipment used by ARSL is described in Appendix K and CCRS UAV equipment in a separate NRCan 

report (Leblanc and White, 2017) delivered as an accompanying document to this report.  The GNSS 

survey methodology and results performed by CCRS are provided in Appendix L. 

4.1 Equipment - Laboratory Measurements 

4.1.1 Equipment – University of Arizona Dark Lab 

The College of Optical Sciences at the University of Arizona operates a BRDF facility capable of 

measuring bi-conical reflectance factors (RF) of standard 10-inch (25.4 cm) or 12-inch (30.5 cm) field 

reflectance panels.  Measurements to determine reflectance factors, determined as the BRDF x π, are 

made using a relative method where the standard is a Spectralon™ panel that has been calibrated at NIST 

against the NIST spectral reflectance standard. The facility is capable of making nadir viewed RF 

measurements at 19 spectral locations between 400 nm and 2400 nm, using two filter-based radiometers 

over a wide range of illumination angles in the plane of illumination.  A Silicon-based radiometer with a 

1° FOV and 10 spectral filters is used for measurements in the VNIR spectral range. An Indium 

Antimonide-based radiometer with a 5.5° FOV and 9 spectral filters is used in the SWIR spectral region.  

A quartz halogen 1 kW lamp operated in constant current mode is used as the illumination source. The 

reader is referred to the calibration report produced by the University of Arizona as provided in Appendix 

J for further details. 

4.1.2 Equipment - CDDL 

Independent of the MBASSS Study, NRC has been developing expertise in the characterization and 

calibration of field reference panels for spectrometry measurements. This expertise was leveraged to 

support MBASSS. Equipment allowing for precise positioning of reflectance-reference panels within a 

stabilized illumination field has been added to the lab’s capabilities, allowing panel uniformity and cross-

calibration with a laboratory standard to be determined.  At this time, the laboratory standard is calibrated 

for 0°:45 ° geometry at an outside accredited facility (see Section 4.1.1). Goniometric calibration of the 

lab reference panel in the principal plane is not required for the lab calibration, but is of use understanding 

the application of the results in the field. 

The approach to these lab measurements was basically the same as that undertaken in the field where 

measurements acquired of the panel being characterized/calibrated were compared against a reference 

measurement.  NRC’s SVC HR1024i was used as a transfer radiometer positioned in a nadir viewing 

geometry with respect to the panel surface.  More information on the SVC HR1024i is provided in the 

following subsection on the field campaign equipment. Using a 4° FOV fore-optics and a fore-optics to 

panel surface separation of 30 cm, a spectrometer FOV of 2.1 cm was realized.   Stabilized diffuse 

illumination was provided by an ASD (Analytical Spectral Devices, Inc.) ProLamp (50 Watt USHIO 

Type JC14.5V-50 W halogen lamp with conical reflector) with a 45° illumination angle with respect to 

the panel surface position being realized, by evaluating the length of a shadow cast upon the panel under 

test.  Although the ASD ProLamp has a regulated power supply, it was still powered by a Kepco KLP 

150-16 power supply operating in constant current mode (14.1 V, 3.64 A) to ensure stability of the 

irradiance levels.   
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Movement of the panel rather than movement of the radiometer ensures that the spot on the panel viewed 

by the spectrometer remains under identical illumination conditions for all measurements. With this in 

mind, the panels were mounted on a XY Translation stage composed of two Newmark System eTrack 

Linear Stages driven by a NSC-G3 Series Motion Controller and controlled by a custom computer 

program.  The XY stage was created by orthogonally mounting a 200 mm stage (ET-200-11) on a 300 

mm stage (ER-300-11) (Figure 4-1). It was found during preliminary testing that the assembled system 

did not provide the required rigidity, adversely influencing the horizontal orientation of the panels as the 

X and Y stages were moved.  Teflon blocks were inserted in two positions in the assembly to provide 

stiffness (Figures 4-1B and C). Evaluation of test data sets showed that systematic changes were 

eliminated in SVC irradiance measurements made with the stiffeners in place when adjustments were 

made to the translation stage positions.   

For the uniformity measurements, the test panel is centred on the translation stage and then moved in a 

grid pattern.  A reference measurement is acquired at the panel centre with target measurements made at 

each grid location.  A grid spacing of 2.5 cm is used. The uniformity is specified as the coefficient of 

variation of the ratio of the target to the reference measurements.   

In the cross-calibration setup, the reference and test panel are positioned side by side on the translation 

table as shown in Figure 4-1A, with care taken to ensure that the surfaces of the panels are identically 

positioned in the vertical axis.  The panels are then shifted to centre first the reference panel, then the test 

panel, in order to acquire the required measurements.  The panel substitution equation (see Section 5) 

using the R(0°:45°) reflectance factors derived from the University of Arizona calibration of the reference 

panel are applied (see Section 8.1). The resulting reflectance spectra provides the new R(0°:45°) 

calibration spectra for the field panel under test. 

Figure 4-1: A) CCDL panel calibration facility in the cross-calibration setup with the lab reference panel on 

the right and the field panel under test on the left. B) and C) illustrate the multistage translational stage 

configuration with panel platform on top and platform stiffeners identified in green. 



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED  Equipment Description 40 

This development of a panel cross-calibration capability combined with the NIST traceable calibration of 

the NRC lab reference panel at the University of Arizona provides the following enhancements to NRCs 

field spectrometry capabilities: 

 spectral characterization of panel uniformity; 

 determination of an appropriate biconical spectral reflectance factor for application to the 

processing of field spectrometer data; 

 spectral calibration of multiple panels to a common reference; 

 ability to perform an uncertainty analysis with respect to the NIST spectral reflectance standard. 

4.2 Equipment - Field Campaign  

4.2.1 Field Spectrometers and Mounting Arrangements 

Obtaining field spectrometer measurements was of key importance at the various field sites (the two Mer 

Bleue boardwalk locations or the U61 Cal/Val site).  The project used three field spectrometers, two SVC 

HR-1024i manufactured and calibrated by SVC – henceforth referred to as the SVC field spectrometers - 

and one ASD FieldSpec3 (Analytical Spectral Devices, Boulder, CO) - henceforth referred to as the ASD 

field spectrometer.  Several differences were identified in the manner in which the three different 

instruments operate that impacted the way in which the field deployment methodology was developed.  

The location in which they were deployed (narrow boardwalk vs open hard surface ramp) was the primary 

consideration for the protocols.  A list of pertinent information on the three instruments is provided in 

Table 4-1.   

 

Table 4-1: Field Spectrometer information for the three project field spectrometers. 

Model SVC HR1024i ASD FieldSpec3 SVC HR1024i 

SN 2047 16478 2048 

Owner NRC ARSL CCRS 

Primary project use U61 Cal/Val Site      

Panel X-Calibration 

MB Research 

Boardwalk 

MB Public           

Boardwalk 

Calibration Date Aug. 2015 2011 Mar. 2015 

Calibration Expiry Date Aug. 2016 N/A Mar. 2016 

Recommended Minimum 

Warm Up period 

15 min – field               

30 min - lab 

15 min – field              

60 min - lab 

15 min – field                   

30 min - lab 

Fore-optics FOV 4° 8° on 3 m fibre optic 

extension 
4° 

Horizontal Displacement (m) 1.2 1.6 0.7 

Vertical Displacement (m) 1.4 2.0 1.2 

Spot Size (cm) 10 22 8 

 



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED  Equipment Description 41 

An important aspect of the field spectroscopy instrumentation setup was the manner in which it is 

deployed for data acquisition.  As illustrated in Figure 4-2 and described in the following paragraphs, 

three very different methods were devised to accommodate the three field spectrometers and site-specific 

characteristics.  A more detailed discussion on field spectroscopy issues is provided in Section 5.   

At the U61 Cal/Val site the method employed had the spectrometer head on the end of an extension arm 

mounted to a video camera tripod (Figure 4-2A).  By employing a counterbalance on the other end of the 

extension arm, the horizontal separation was extended to 1.2 m at a vertical separation of 1.4 m from the 

flat ground surface.  With the 4° FOV fore-optic, this resulted in a sample spot size of approximately 10 

cm.  A 3-axis adjustable head on the tripod allowed for quick adjustment of the spectrometer to provide 

nadir viewing conditions, something that was of particular concern for the Cal/Val measurements.  

At the MBR site, use of the fibre-optic extension with the ASD instrument, resulting in a 4 m overall fibre 

length, allowed for a light-weight monopod system to be employed (Figure 4-2B).  The horizontal 

displacement of the fore-optics from the monopod was 2 m, at a height of 1.6 m above the peatland, 

resulting in a 22 cm diameter sensor FOV at boardwalk height when used with the 8° fore-optics. This 

setup provided good separation with the operator, but created some challenges when attempting to 

properly orientate the optics in a nadir viewing position above the desired target location, as the operator 

needed to carefully center the bubble levels. Painted monopod ‘footprints’ on the boardwalk for each plot, 

and set bearings for each plot ensured the measurements were conducted as close to the same location as 

possible throughout the various deployments. The 3 m fibre extension used to lengthen the integrated 1 m 

cable is known to reduce the sensitivity of the instrument, resulting in reduced signal to noise levels in the 

SWIR2 region. Secondly, distribution of the input radiance to the three spectrometers, which was 

accomplished by separating the fibre bundle into three, results in an uneven distribution of the light from 

within the ‘FOV’ that will, depending on the spatial distribution within the FOV, result in potential 

differences in the ‘effective’ target being observed by the three internal ASD spectrometers.  

Without employment of a fibre optic bundle, positioning of the SVC sensor unit directly above the target 

location with a horizontal separation of any magnitude presented different challenges for the CCRS team 

at the Mer Bleue site (see discussion on operator proximity issues in Section 5). A monopod positioned at 

the edge of the boardwalk extending up and out at 60° angle from horizontal was developed (Figure 4-

2C).  The horizontal displacement of 0.7 m for this apparatus was less than for the other instruments.  The 

Figure 4-2: Field Spectrometer setups. A) NRC SVC HR1024 setup shown at the U61 Cal/Val site; B) McGill 

ASD FieldSpec3 setup shown at the Mer Bleue Research Boardwalk; C) CCRS HR1024i setup shown at the 

Mer Bleue Research Boardwalk. 
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height was 1.2 m above the ground resulting in a sensor FOV of approximately 8 cm diameter at 

boardwalk height when used with the 4° fore-optics.   

4.2.2 Spectralon™ Reference Panels 

The project made use of three 12” and one 10” 99% Spectralon™ reference panels in the field, and one 

newly acquired reference panel in the lab. Three of the four field panels (NRC-01, ARSL-03, CCRS-03) 

had been subject to various amounts of degradation due to use in past field campaigns rendering the 

R(0°:h) calibration provided by Labsphere Inc. at the time of their purchase outdated.  The fourth panel 

(NRC-02), introduced into the field late in the project as a replacement for the well-used NRC-01, had 

been previously used as the lab reference panel.  A new 99% reflectance panel (NRC-03) was used as the 

project’s primary reference panel.  The R(8°:h) calibration data for panel NRC-03 was provided by 

Labsphere as measured with a NIST traceable Lambda 950 dual beam spectrophotometer coupled to a 

Labsphere PELA-1000 integrating sphere.  The original Labsphere calibration certificates for primary 

project panel NRC-03 are provided in Appendix I. Details for the 5 panels are provided in Table 4-2. 

Table 4-2: Spectralon™ reference panel information. 

Model NRC-03 NRC-02 NRC-01 ARSL-03 CCRS-01 

SN 99AA02-1115-3164 12-7A33B-4077 12-MA21A-

0051 

99AA02-0313-

5847 
 

Size 12” 12” 12” 10” 12” 

Purchase Date Dec. 2015 Mar. 2012 Jan. 2011 2013 2006 

Calibration Date 

Labsphere R(8°:h) 
Dec. 21, 2015 Feb. 14, 2012 Sept. 30, 2010 Mar. 11, 2013 2006 

Calibration Date  

University of Arizona 

Mar. 24th, 2016 - VNIR 

Apr. 22nd, 2016 - SWIR 
Apr. 19th, 2016 NA NA NA 

Cross-Calibration Date 

NRC - R(45°:0°) 
June 16th, 2016 June 16th, 2016 June 17th, 2016 June 16th, 2016 June 16th, 2016 

Primary project use 
Project Lab Standard 

NRC Lab 

U61 Cal/Val 

Field Reference 

Replacement 

NRC Field 

Team 

U61 Cal/Val 

Field reference 

 

NRC Field 

Team 

MBR  

Field 

Reference  

ARSL Field 

Team 

MBR/MBP 

Field Reference  

CCRS Field 

Team 

Introduction to field 

work 
NA June 2016 April 2011 April 2013 1998 

History New for this project  
Previous Lab 

Reference panel  

Extensive field 

work - 

Significant UV 

degradation 

Minimal field 

exposure over 

3 years 

Old panel with 

little field 

exposure 
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4.2.3 Ancillary Field Measurements  

Additional data were collected to supplement the field spectrometer measurements.  These include spot 

target photos, sky photos, field photos, Microtops, and for the U61 Cal/Val site, SPN-1 measurements.  

Spot photos are photographs of the target of each field spectrometer measurement.  For the two SVC 

instruments, a camera was integrated into the system allowing automatic acquisition of coincidental spot 

photos with the spectral measurements.  No such capability existed with the ASD instrument, resulting in 

spot photos having to be made from an independent camera. 

Sky photos are images of the sky taken on a periodic basis at the location of the field spectrometry 

measurements, to provide a visual reference of the sky conditions.  On perfectly clear days, this data set is 

of limited use.  However, visually apparent changes in the atmospheric conditions, such as haze, high 

altitude cirrus, contrails, and persistent contrails were frequently encountered. These photographs provide 

a visual record of these changes in the atmospheric conditions.  

The sky photos at the U61 Cal/Val site were acquired with a tripod mounted Canon EOS 60D camera 

equipped with a Sigma 4.5 mm F2.8 Ex DC Circular Fisheye lens providing full hemispherical photos 

(Figure 4-3).  Digital images were acquired using a Hahnel Gig T Pro II Wireless Timer Remote acting as 

an intervalometer at 1 minute intervals.  Time lapse sequences of these data were generated providing a 

convenient way to observe changing atmospheric conditions.   

Sky photographs were acquired by the ARSL team using a Canon T3i with a Canon EF 8-15mm f/4L 

Fisheye USM lenses mounted on a tripod set to 1 m height (Figure 4-3B). Photographs were either 

automatically triggered with a a Hahnel Gig T Pro II Wireless Timer Remote acting as an intervalometer 

at 10-15 min intervals, or taken manually at each plot following the collection of the field spectra.  

Sky photographs taken by the CCRS team at the MBR and MBP sites were acquired with a handheld 

Nikon D7000 with a Nikon AF Fisheye Nikkor 10.5mm lens. These photographs were acquired 

concurrent with spectral measurements, with the camera aligned such that the top of the image always 

pointed north. 

Figure 4-3: Sky camera setups at A) U61 (NRC Team), and B) MBR (ARSL). In A) the camera with the 

hemispherical lens is located at the left end of the tripod cross–arm with the SPN-1 located the right end.  In 

B), a Microtops II measurement is being acquired by ARSL field personnel. 
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Field photos are photos taken with hand held cameras to supplement situational awareness of the site and 

measurement process. In the case of the CCRS team, oblique or downward photos of the plot sites were 

taken with their fisheye lens camera used for the sky photographs. 

Sunphotometer measurements were taken by each ground team using the Solar Light Company Microtops 

II units in coordination with the ground spectroscopy measurements.   

 ARSL – MBR – Microtops SN: 19714 – last calibrated 2012 – measurements were acquired 

following the collection of the field spectra at each plot.   

 CCRS – MBR and MPB – Microtops SN: 3782 - last calibrated 2010 – Measurements were 

acquired following the collection of the field spectra at each plot. 

 NRC – U61 and MBR- Microtops SN: 16787 – last calibrated March 2011 - acquired periodic 

sunphotometer measurements at the U61 Cal/Val and MBR (June 24th, 2016). 

Diffuse irradiance measurements were made of the field reference panels with the field spectrometers.  

Ideally a secondary field spectrometer would acquire measurements of an unobstructed and shadowed 

Spectralon™ panel (Figure 4-4A). This would be performed in close temporal and spatial synchronization 

with field spectrometer measurements of the ground target by a primary field spectrometer, allowing for 

calculation of the diffuse to global and the direct to global spectral irradiance ratios.  However, this would 

require a second field spectrometer at each site and additional field personal to operate the instrument, 

something that was not available to this project, and would probably not be to most teams performing this 

type of work.   

An SPN-1 Sunshine Pyranometer (Figure 4-4B) (Delta-T Devices Ltd, 2016) was also deployed at the 

U61 Cal/Val site to collect similar, albeit broadband (400 nm – 2700 nm), data. The SPN-1 is designed to 

acquire unattended diffuse and total irradiance measurements using a technique that involves no moving 

parts. SPN-1 measurements were acquired over 10 second integration periods and logging intervals. Use 

of this data combined with the spectral diffuse and global irradiance field spectrometer measurements 

performed at the end of each plot site sequence can help in assessing the potential influence on and 

possible correction to the applied panel reflectance factors.  This analysis was not undertaken, but is a 

research topic of interest for future consideration.   

In all cases, care was taken to synchronize the field equipment with GPS time to simplify correlation of 

the various data sets. 

Figure 4-4: Diffuse measurements at U61 Cal/Val site made with A) diffuse panel measurments made with SVC 

field spectrometer at U61 Cal/Val site and B) SPN-1 (broad band). 
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 Equipment - Airborne Campaign  4.3

4.3.1 Airborne Hyperspectral Imaging Facility 

The primary airborne systems used for this project were a CASI and a SASI.  The CASI-1500 (SN: 2511) 

and SASI-644 (SN: 3102) hyperspectral instruments (ITRES Research Limited, Calgary AB) are installed 

on the NRC Twin Otter research facility (Figure 4-5A). The CASI-1500 (ITRES Research Limited, 

2008), although owned by Defence Research and Development Canada (DRDC), has been operated since 

2013 by the NRC on a long-term loan.  The NRC owned SASI-644 (ITRES Research Limited, 2004) is 

one of the two first generation SASIs built in 2002, and has been in full operational use by NRC since 

2008 following resolution of a number of calibration issues. The Twin Otter provides a ‘low and slow’ 

platform well suited for the current project.  Nominal ground speeds for operational flights vary from 80 

to 130 knots (± wind speed) at altitudes from 152 m to 3050 m AGL. 

 

Both instruments were calibrated at ITRES Research Ltd. in March of 2015 in anticipation of this project.  

Geocorrection is performed using a bundling calibration approach (ITRES Research Limited, 2006). 

Bundling was performed using ground control points characterized for this purpose with an accuracy of < 

10 cm XYZ at the Green Belt Farm in Ottawa, Ontario (Soffer, 2008).  The bundling calibration imagery 

was acquired for the CASI on May 6
th
, 2015, following the spectroradiometric calibration, as adjustments 

to the system optics would compromise previous bundling efforts.  As the spectroradiometric calibration 

process with the SASI did not impact the system optics, the bundling process that occurred on April 9
th
, 

2013 was used, following validation of the results.  Table 4-3 provides a summary of the key operational 

characteristics of the two instruments.   

 

  

Figure 4-5: A) NRC Twin Otter research facility. B) CASI/SASI installation in the Twin Otter 22" belly port. 

The black box shows the location of the FLIR SC8300 camera. 
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Table 4-3: Key operational characteristics of the airborne hyperspectral instruments. 

 CASI-1500 SASI-644 

Serial Number 2511 3102 

Spectroradiometric Calibration Run March 26
th

, 2015 

ITRES Research Ltd 

March 26
th

, 2015 

ITRES Research Ltd 

Geometric Bundling Calibration May 6
th

, 2015 

NRC-FRL 

April 9
th

, 2013 

NRC-FRL 

# of cross-track pixels (detector) 1500 644 

# of cross-track pixels (image) 1498 640 

FOV ( ° ) 39.83 39.69 

Instantaneous FOV (IFOV) ( °  / mrad) 0.0277  / 0.483 (nadir) 

0.0245 /  0.428 (edge) 

0.0646 / 1.127 (nadir) 

0.0572 / 0.998 (edge) 

No of Channels 288 (selectable) 160 

Spectral Range (nm) 366 - 1053 883 - 2523 

Spectral Spacing (nm) 2.4 10.0 @ 883 

12.8 @ 1280 (max) 

6.2 @ 2523 

Spectral Resolution (nm) 3.2 16 @ 883 

12 @ 2523 

Frame rate (Frames/sec) Programmable -  

Max rate dependent on # of 

channels e.g. 

144 channels  40  

288 channels  23 

Fixed 

60 Hz 

Integration Time (IT) (ms) 1000 / Frame rate < 16.67 

(Typ. 2.0 – 6.0) 

Focal Length (FL) (pixels) 2067.36 886.57 
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4.3.2 Nadir Viewing High Definition Geopositioned Video Camera 

High definition nadir viewing video roughly aligned with the CASI/SASI instrumentation with GPS 

recording, and overlay was acquired in order to provide additional situational awareness when needed 

during flight line acquisition. An AV-HD Pro system video camera (Bad Wolf Technologies, Mequon, 

WI) was integrated in April 2016, with the recordings activated during hyperspectral image acquisition.  

The small form factor camera is co-aligned with the CASI/SASI instruments through the Twin Otter belly 

port.  The 16 megapixel camera (4608 x 3456) was operated in 1980 x 1080 mode (16:9).  

4.3.3 Midwave Infrared Video Camera 

Nadir viewing mid-wave infrared imagery, with a FLIR (Forward Looking Infrared Radiometer) SC8300 

camera system (FLIR 2014), was acquired on several of the project flights over Mer Bleue and the U61 

Cal/Val as part of NRC’s assessment of its potential use as an airborne imaging system.  Currently, the 

system is being evaluated for applications such as search and rescue, pipe/transmission line monitoring 

and wildfire detection/monitoring, along with potential ecological applications. Although this data is not 

being evaluated within this project, the imagery was acquired alongside the hyperspectral data sets and 

will be made available as part of the project data bank. A sample MWIR FLIR image of MBR is provided 

in Appendix M. 

The FLIR SC8303 MWIR camera is a highly sensitive, high definition InSb cooled detector capable of 

being operated in a laboratory setting or from an airborne platform (FLIR Systems, Inc., Wilsonville, OR) 

(FLIR Systems Inc., 2014; FLIR Systems Inc., 2012). The detector has a spectral range of 3.0-5.0 µm, a 

1344 x 784 resolution, and FL ranges from 25mm to 100mm. Since the detector has an operating 

temperature of -20°C to 50°C, it can be utilized throughout most of the year, both day and night. For all 

airborne data collection, NRC used the 50mm lens in a fixed-mounted location in the nose of the Twin 

Otter with an in-house designed focal mechanism and sapphire window. The detector is factory calibrated 

and therefore all measurements depict relative temperature contrasts, rather than absolute values. An 

assumed emissivity of 1 is used for all observed materials in real time; however, emissivities may be 

specified over ROI during the post-processing routine.   

  



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED  Field Spectroscopy Discussion 48 

5.0 Field Spectroscopy Discussion 

Determining ‘best practice guidelines’ for using field spectrometers to acquire and process ground 

reflectance values has been and continues to be problematic.  Spectroradiometrically calibrated field 

spectrometers can be used to acquire data in radiance, with the results converted to ground reflectance 

using atmospheric correction models to determine the expected downwelling irradiance. The accuracy of 

these results is dependent on the radiometric accuracy of the field spectrometer, as well as the accuracy of 

the atmospheric model.  Given that the downwelling irradiance will be affected by not only directly 

transmitted solar irradiance and diffuse sky illumination, but also from scattering objects located in the 

hemisphere above the target, accurate results with quantifiable errors can be difficult to produce.  An 

alternative approach that does not require frequent re-calibration of the sensor system that is not 

dependent on the accuracy of atmospheric modelling is the PSM.  

With respect to this project, issues arise in the application of the PSM approach to perform high quality 

ground reflectance measurements.  In this section, issues related to the acquisition and processing of these 

measurements are discussed, along with efforts to optimize the results when deployed under less than 

ideal conditions. 

The basic approach to determining target reflectance of a test object using the PSM is to compare a 

spectral measurement of the target under test with that of a target of known reflectance acquired under 

identical illumination conditions. Although straightforward in principal, there are numerous issues in its 

application that must be carefully addressed.  

The equation used in the generation of spectral reflectance factors using the PSM can simply be stated as: 

 𝑅𝑇(∅𝑖 , ∅𝑣, λ) =
𝑆𝑇(𝜃𝑖,𝜃𝑣,λ)

𝑆𝑅(𝜃𝑖,𝜃𝑣,λ)
× 𝑅𝐹(λ)  (1) 

 

where RT is the reflectance of the target under investigation, ST and SR are the measured signals from the 

field spectrometer of the target and reference respectively, and θi, θv are the illumination and view angle 

respectively.  The RF of the reference panel, can be defined many ways and requires further discussion 

before its dependencies are fully described. For simplicity in future discussions, inclusion of the term λ 

implying the spectral dependency will be dropped, yet implied. 

Successful application of this equation implies that several conditions are met: 

 the field spectrometer must have a stable response; 

 the field spectrometer must have a linear response; 

 there must be accurate removal of contributions to the measured spectra not originating from the 

test target (dark current, electronic offset); 

 the two measurements (reference and target) must be acquired under identical illumination 

(downwelling irradiance) conditions; 

 the appropriate RF of the reference panel must be accurately known for the given illumination 

conditions. 

Of initial interest, the accuracy of the instrument’s radiometric calibration is not mentioned.  The 

instrument spectroradiometric stability and linearity are of significance but these are relatively straight-
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forward to assess with relatively simple lab equipment.  This was undertaken for the field spectrometers 

used in this project.  

These tests also determined a recommended minimal warm-up period to be implemented in the data 

acquisition protocols, in order to ensure stable instrument response.  For the two instruments used in this 

work, this issue was of more significance to the ASD than the SVC as the ASD would sample the dark 

current only upon receiving a specific instruction from the operator, whereas the SVC sampled the dark 

current immediately prior to each measurement.  For the ASD, the impact of changes in the dark current 

has been observed in spectral regions with poor radiometric sensitivity (such as the top of the VNIR 

spectral regions) resulting in low signal levels. Such anomalies should be watched for in the processing of 

the field spectrometry data. 

The consistency of the downwelling spectral irradiance is influenced by changes in the atmospheric 

conditions, as well as changes in the positioning of nearby objects in the hemisphere above the panel 

(Soffer, 2014). Downwelling irradiance changes will also be realized due to changes in the SZA, should 

the time between the reference and target measurements be significant.  The first issue is impacted by 

clouds, aerosol loading, anthropological particulates, and variable water vapour levels.  Cloud cover 

issues that need to be considered near the Mer Bleue test site include contrails (both those that rapidly 

dissipate and those persist over long periods of time) and sub-visual clouds. With this in mind, field 

spectroscopy acquisitions are ideally undertaken on days with high visibility, low humidity and low 

aerosol loads.  The conditions encountered at our test site in southern Ontario (less than 100 m AGL) 

were less than ideal conditions, and are representative of operational conditions likely to be encountered 

at other validation sites. Unfortunately, much of the literature discusses operational approaches to 

locations identified as ideal to support satellite calibration activities, such as Railway Valley Playa, White 

Sands, etc. (Teillet et al., 2007). Understanding the impact of such effects on the acquisition, processing 

and assessment of field spectroscopy measurement will be significant. 

Efforts can be taken to minimize the contamination of the downwelling irradiance fields due to changes in 

the relative position of nearby objects between the reference and target measurements.  Objects include 

nearby obstructions standing above the horizon, the field spectrometer operator, the mounting apparatus 

and potentially, the instrument itself.   Obstructions above the horizon are relatively low both at the U61 

Cal/Val site as well as at Mer Bleue. Operator impact of at the U61 Cal/Val measurements is minimized 

by mounting the field spectrometer head to the end of a lengthy boom mounted on a tripod and operated 

with a remote control (Figure 4-2A).  As discussed in Section 4.2.1, the operational complexity 

encountered at Mer Bleue made the approach to the design of the mounting apparatus more complex.  The 

ASD FieldSpec was operated with a 3 m fibre-optic extension to the 1 m integrated fibre allowing the 

spectrometer unit to be positioned remotely from fore-optics.  The fibre-optic therefore allows the fore-

optics to be mounted at the end of a lightweight boom (Figure 4-2B).  Care was needed to be taken, as 

was the case with all setups, to ensure the correct nadir viewing attitude of the fore-optics.  The down side 

to the use of the fibre-optic extension was that it is known to significantly degrade the light levels entering 

the spectrometer, and therefore reduce the SNR.  This is particularly a problem in the SWIR2 region, 

which records low signal levels due to low sensitivity and low irradiance levels. The SVC HR1024i 

deployed at Mer Bleue presented even more of a challenge due to the bulk of the sensor head being 

mounted directly over the target. Although it was possible to deploy the fore-optics at the end of a fibre-

optic, the length was much shorter (1 m) and less flexible than with the ASD, making its use of little help.  

The spectrometer head with the directly attached fore-optics was mounted on a slanted monopole 

apparatus requiring the operator to remain in close proximity (Figure 4-2C). 
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Identification of the appropriate RF to most effectively process PSM field spectrometry data to nadir-

viewed reflectance was a particularly challenging issue. This was in large part due to the wide variety of 

reflectance factors that can be defined, lack of standardization of their use, and outright misuse of their 

definitions. The reader is referred to Schaepman et al. (2006) for a detailed description of the problems. A 

brief discussion of some of the issues pertinent to our work is described here.   

Of nine definitions of reflectance factors (Figure 5-1) only four (those identified in grey cells in Figure 5-

1) are achieved in practice. The others are conceptual constructs that can only be approximated. The BRF 

(case 1), which can be considered a subset of the BRDF, is commonly, albeit incorrectly, used to 

described surface reflectance measurement results. When properly used, this indicates that both the 

incoming and outgoing irradiance is contained within infinitesimally cones, something that can only be 

approached in laboratory conditions. Hunei et al. (2016) suggest that fore-optics with FOV’s greater than 

3° cannot be used to approximate directional view conditions. BCRF (case 5) would best define 

conditions in a carefully constructed lab experiment that eliminated scattered light within the room.  This 

could be used to consider outdoor conditions, if one were to consider strictly the direct solar illumination.  

CHRF (Case 6) describes the conditions consistent with integrating sphere measurements. The Helmholz 

Reciprocity Principal implies that these results would apply to the reverse geometry, that of an HCRF 

(Case 8). Integrating sphere measurements could be considered a special situation in which the incident 

radiation is Lambertian or equal in all directions. In a more generic case, this geometry best describes the 

illumination/view geometry that the field target under investigation is subject to – downwelling irradiance 

from the entire hemisphere illuminating the target with the field spectrometer FOV defining the cone 

collecting the emergent flux. 

 

 

Figure 5-1: Relation of incoming and reflected radiance terminology used to describe reflectance quantities 

(source: Shaepman-Strub et al., 2006) 
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The question arises as to how the reflectance factors of a reference panel can be appropriately calibrated.  

Specialized labs can make full goniometric spectral measurements of panel BRDF that could then be 

subject to complex geometric integrals in order to compute various other geometries (Haner et al., 1998).  

Specialized goniometric apparatus designed to make measurements of a test target in outdoor illumination 

conditions, are capable of calibrating panel HCRF’s (Sandmeier and Itten, 1999; Schopfer et al., 2008) 

but this calibration will be specific to the conditions encountered at the time of calibration. However, 

given the challenges of deploying reference panels in locations not subject to repeatable, stable 

atmospheric conditions, it would be difficult if not impossible to perform the panel calibration in this 

manner.  Currently two measures of reference panel RFs can be obtained in a traceable manner; HCRF, as 

acquired with a calibrated integrating sphere, and BCRF, acquired with specialized laboratory setups.  

NIST traceable HCRFs of the panels are provided by Labsphere when purchasing a calibrated 

Spectralon™ panel.  

Characterization of panel BCRFs is not typically offered as a standard calibration service and as such 

many groups performing field spectrometry simply make use of the HCRF, or in many cases, ignore it 

altogether. This continues to be an issue of discussion even in recent literature (Deadman et al., 2011; 

Milton et al., 2009).  The reference panel will be illuminated by the downwelling irradiance in the 

hemisphere above the panel and viewed within a limited FOV of the sensor. The appropriate reflectance 

factor would therefore be the HCRF (Milton et al., 2009).  This value is often mistakenly identified as the 

BRF which implies that both the illumination and the view angle are directional. Hunei et al. (2016) 

suggest that any fore-optics greater than 3° have a FOV too great to be defined as directional.  Project 

instrumentation makes use of either a 4° (SVC instruments) or 8° (ASD instrument) FOV and as such is 

more appropriately defined as conical.   

The downwelling irradiance can be viewed as a combination of two sources, the direct solar irradiance 

being a conical source with an angle of ~0.5° (solid angle ~0.00006 sr) and the diffuse skylight being a 

hemispherical source.  Merged together they form a complex hemispherical source. Typically, a 

hemispherical source is considered to have equal contributions to the overall illumination from all 

directions.  In the case of diffuse skylight this downwelling irradiance will be a function of solar position 

within the hemisphere, with a halo around the solar disk and brightening towards the horizons, both of 

which will be dependent on the atmospheric conditions (humidity, aerosols, visibility), and surface 

objects protruding above the panel surface, including operators, the instrument itself, and the mounting 

apparatus.  

It has been noted that some groups simply choose to ignore the reflectance factor value, effectively using 

an RF = 1.0 for all panels and illumination conditions.  For a 99% Spectralon™ panel this first order 

estimate fails to consider that the panel reflectance, although close, is not exactly unity and that it varies 

spectrally as well as with illumination and viewing conditions. For some applications, it is possible that 

the difference may not be of significance particularly if the SWIR and extreme blue spectral ranges are 

not of concern.  In an effort to define the best practices, proper handling of such controllable errors is 

desired. 

Labsphere delivers calibrated Spectralon™ panels with spectral 8°:h reflectance factors acquired with an 

integrating sphere system traceable to NIST reflectance standards.  This value is commonly used as the 

reflectance factor, yet it still does not consider the anisotropic hemispherical irradiance field.  Deadman et 

al. (2016) point out that numerous groups performing precision field spectroscopy measurements in 

support of satellite calibration activities continue to use this value in situations where it is not suitable.  

The authors recommend “that all panels that are used in the field, where illumination conditions are not 



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED  Field Spectroscopy Discussion 52 

close to nadir, have a bi-directional, goniometric reflectance factor calibration or where this is not 

possible, that a look-up table be created to correct 8°/hemispherical reflectance values”.   

The implication of this is that one must not only measure the spectral dependences, but also the 

directional dependences.  The difficulty in accomplishing this is reduced if one is only considering a 

single viewing geometry, i.e. nadir.  Despite this, modelling the impact of the complex illumination field 

striking the reference panel is a challenge that has been only been superficially addressed.  Further 

research is required to address the issue more fully.  Direct solar illumination accounts for most the 

downwelling irradiance under clear sky conditions.  It is therefore important to have a model of the BRF, 

a value not supplied with the Spectralon™ calibration certificate. Research reported by NIST (Yoon et al. 

2009) has shown a strong relationship between the 8°:h reflectance factor and the 0°:45° reflectance 

factor for new samples of Spectralon™.  This relationship has been shown to have a constant gain factor 

from 400 nm to 1600 nm, but this factor is shown to decay slightly at longer wavelengths. It must be 

noted that this was determined for samples of Spectralon™ that have not been subject to degradation 

processes. Since UV exposure is known to degrade Spectralon™ (Stiegman et al., 1993), degradation 

cannot be avoided when deploying these panels in the field. 

Systems that acquired data to determine goniometric reflectance factors are normally filter based 

radiometers, and as such, acquire spectral data points at a number of discrete, relatively broad, spectral 

locations.  8°:h data in contrast is often acquired at high spectral resolution, providing a complete 

spectrum.  A number of NIST produced papers suggest that a best fit of 8°:h spectrum to the discrete 

0°:45 data points be used to generate complete 0°:45 reflectance factor spectra (Georgiev et al., 2001). 

This project addressed this issue by sending a lab reference panel for goniometrically calibration (solar 

plane only) (see Section 4.1.1) and then transferring that calibration to the field reference panels (Section 

4.1.2).  With this approach to the determination of the panel reflectance factor, two additional benefits 

have been realised.  First the multistage calibration of the field reference panels will account for any 

degradation in the field panel reflectance factors that inevitably occurs to the panel after exposure to the 

elements (e.g. solar UV, dust, handling).  Secondly, it will link all the field measurements to a common 

reflectance standard. Ideally, as it was in this case, that standard will be a recognized national standard. 

Descriptions of the characterization and calibration of the reference panels and handling of the resulting 

data is provided in Sections 4.1 and 6.1 respectively. 

In an effort to follow the recommendations of Deadman et al. (2016) without actually having goniometric 

calibrations performed of all field reference panels, the RF of the reference panels in Equation 1will be 

defined as:  

 RF =  R(0°: 45°) x IACF(𝜃𝑖𝑅) (2)  

where IACF is known to be consistent for new samples of Spectralon™ (Jackson et al., 1992).  The 

impact of degradation processes to Spectralon™ on the IACF is unknown at this time.  What can be said 

is that if a panel is cross-calibrated at a 0°:45° geometry, the error that would be introduced by panel 

degradation is likely be minimized in measurements performed at similar geometries. This assumes that 

the time between the reference panel and target measurements is kept to a minimum.  If the time between 

becomes appreciable, then an extra factor must be introduced to consider the change in the downwelling 

direct illumination due to changing illumination angles.  The complete equation now takes the form: 
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 𝑅𝑇(0°, ∅𝑖) =

𝑆𝑇(𝜃𝑖𝑇)
𝐶𝑜𝑠(𝜃𝑖𝑇)⁄

𝑆𝑇(𝜃𝑖𝑅)
𝐶𝑜𝑠(𝜃𝑖𝑅)⁄

× R(0°: 45°) x IACF(𝜃𝑖𝑅) 3) 

where the view angle is assumed to be 0° and the θiT, θiR are the SZA at the time of the target and 

reference measurements respectively. 

One last issue is brought up for consideration.  The reflectance geometry could in fact be considered a 

combination of a BCRF and a HCRF where the conical incident flux is considered the direct solar 

illumination, and the hemispherical flux is considered the diffuse sky illumination.  In this situation, a 

weighted average of the R(0°:45) and R(0°:h) RFs can be used to estimate the overall RF, where the 

weighting functions are the % direct and % diffuse illumination respectively that could be obtained from a 

comparison of total and diffuse panel spectral measurements (direct = 1 – diffuse).  For Spectralon™ the 

hemispherical RF is known to vary only slightly at small illumination angles, so it is reasonable to assume 

that R(8°:h) = R(0°:h) would introduce little error, allowing one to apply the Labsphere calibration data to 

test this approach. This approach also assumes that the diffuse hemispherical illumination was 

Lambertian. An initial assessment of this approach could be applied with the data acquired at the U61 

Cal/Val site, which includes the both total and diffuse measurements of the panel at various SZA and 

atmospheric conditions. 
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6.0 Data Acquisition Methodology 

The approach to the airborne and supporting field campaigns at both the Mer Bleue Peatland and the U61 

Cal/Val Sites, along with the approach to the characterization and calibration of the lab and field 

reference panels, are provided in this section. 

6.1 Laboratory Measurements 

For this project to succeed, we needed to develop our ability to properly characterize and calibrate the 

field reference panels, as well to understand the uncertainties involved in the use of the PSM approach to 

field spectroscopy.  Continued uncertainty remains widespread within the remote sensing community on 

the exact definition of the reflectance factors to be applied when performing PSM measurements, and 

how those factors should be determined. Understanding and developing a capability to determine the 

appropriate reflectance factors within this project was therefore an important step forward.  Due to the 

development nature of this work, it was felt that these results should be included as part of the data 

acquisition section of this report. The data reported here is divided between that acquired by the College 

of Optical Sciences at the University of Arizona, and that acquired in the NRC Characterization and 

Calibration Dark Lab in the characterization and cross-calibration of the field reference panels. 

6.1.1 Lab/Project Panel Calibration  

A contract was issued to the University of Arizona, College of Optical Science, to have two Spectralon™ 

reference panels calibrated in their BRDF facility.  These panels were the lab/project reference panel 

(NRC-03), and a newly designated field reference panel (NRC-02). The second panel was sent to obtain 

results for validation of the panel cross-calibration methodology performed at NRC. It would have been 

preferable to make this second panel one with more field experience, and therefore greater degradation. A 

panel like NRC-01 would have resulted in more significant differences between it, and the lab reference.  

However, the non-standard enclosure for panel NRC-01 meant it was not compatible with the goniometer 

mounts in the University of Arizona’s apparatus.    

Nadir viewing panel reflectance factors were determined for both panels, using two filter based transfer 

radiometers at illumination angles spanning the range from 10° - 85° in 5° increments. The first 

radiometer used a silicon (Si) detector covering the visible and near infrared (VNIR) spectral range, with 

10 – 10 nm FWHM spectral filters ranging from 402 nm to 1071 nm and a 1° FOV.  The second 

radiometer was an Indium Antimonide (InPb) detector working in the shortwave infrared (SWIR) 

wavelength range, with 9 spectral filters of varying FWHM of 20 nm to 70 nm from 1244 nm to 2403 nm 

and a 5.5° FOV.  Relative measurements of our panel were made against the University of Arizona lab 

standard panel that had been calibrated at NIST. 

For a more detailed description of the University of Arizona measurements, please view the complete 

calibration report provided in Appendix L. 

6.1.2 Field Panel Characterization and Cross-Calibration 

Three types of panel measurements were made of the panels in the NRC CCDL laboratory: 

 System uncertainty; 

 Panel uniformity;  

 0°:45° cross-calibration with respect to the lab/project reference panel. 
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In each case the lamp was set up to have a 45° illumination angle on the surface of the panel, which was 

setup on the XY-translation stage in a perfectly horizontal orientation. Measurements were made with the 

SVC data acquisition software configured similarly to the measurements made in the field at the 

U61Cal/Val site. The overall scan time was set to 5 seconds with the VNIR integration time and SWIR 

gain settings automatically determined, and a dark offset measurement set to occur immediately prior to 

each measurement (this doubles the measurement time but makes for a more robust estimate of the offset 

correction). 

For the system uncertainty measurement, a single panel was centred on the translation stage platform. The 

SVC data acquisition software was used to first make a reference measurement followed by N target 

measurements at 15 second intervals with the system remaining motionless between measurements. 

The setup for the panel uniformity was similar, except the panel was moved between each target 

measurement in a raster pattern.  A 7 x 7 pattern was eventually settled upon with the centre point being 

repeated as the 50
th
 target measurement.  With a spot size of 2.1 cm and a grid spacing of 2.5 cm, each 

target spot is totally independent from the others while having close to complete coverage of the central 

region of the panel that is likely to be targeted during field reference measurements of the panel.  The 

standard deviation of this measurement set provides a measure of the uncertainty introduced by non-

uniformity of the panel under test combined with the measurement error. 

For the cross-calibration measurements, two panels - the lab standard and the field panel under test, were 

mounted side by side on the translation stage table, Care was taken to position the panel surface 

identically in the vertical axis to ensure the viewed FOV of the two panels were illuminated identically.  

This was simple to accomplish for field panels NRC-02, ARSL-03, and CCRS-01, as the panels were the 

same thickness.  More challenging had to be taken with panel NRC-01 as it was mounted in a dissimilar 

enclosure with a different thickness. The measurement sequence for this data acquisition had the 

translational table first centre the lab reference panel under the lamp/SVC for the reference measurement.  

The translation table then centred the panel under test for the target measurement.  This sequence was 

repeated a number of times to determine repeatability of the measurement. 

6.2 Field Campaign  

The ARSL owned ASD field spectrometer was the primary instrument used at the MBR location. Light is 

collected into the ASD spectrometer using a fibre-optic bundle.  As described in Section 4.22 (Table 4-1, 

Figure 4-2B), this approach allows the spectrometer to be mounted in an operator worn backpack, while 

the fore-optics are mounted at some distance on a mechanical arm connected to the spectrometer by a 

fibre optic cable.  Providing separation between the operator and the target site provides a way to 

minimize errors that result due to operator induced influences. To accurately repeat measurements at an 

exact position for each plot site for each field deployment, the monopod foot position was marked on the 

boardwalk with a noted bearing. 

The CCRS SVC (SN:2048) was the primary instrument at MBP. As described in Section 4.2 (Table 4-1, 

Figure 4-2C) they were deployed with the fore-optics directly mounted directly to the spectrometer units.  

The SVC mounting apparatus used by the CCRS team was designed to clip on the boardwalk itself, 

protruding perpendicular to the boardwalk at a fixed separation.  The mounting position on the boardwalk 

was marked for accurate redeployment of the system. 

The field spectrometry measurements followed the PSM described in Section 5. A measurement of a 

calibrated field reference panel was followed by a number of spatially distinct target measurements to 

determine the spatial variability of the target at a larger spatial resolution than the measurement spot 
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itself.  At the end of this sequence, two measurements of the reference panel were repeated as target 

measurements.  The first of these was of the panel under diffuse or shadowed conditions (Figure 4-5B) to 

have a spectral measurement of the diffuse vs global irradiance conditions.  The final measurement was a 

repeat of the original reference measurement as a target measurement to provide a measurement, albeit 

just for a single moment in time, of the magnitude of the changes in the downwelling irradiance between 

the original panel reference measurement and this final panel target measurement.   

The detailed sampling sequence at each of the Mer Bleue plots follow the following sequence: 

 position monopod in the center of the boardwalk; 

 reference measurement made of the Spectralon™ field reference panel situated on the boardwalk 

and mounted on a short tripod; 

 position monopod on the marked position on the boardwalk and orient the fore-optics according 

to the bearing of each plot; 

 target measurement made of the central site spot with the monopod boom in a prescribed 

direction; 

 target measurement of the Spectralon™ field reference in its original position under diffuse 

(shadowed) conditions; 

 target measurement of the unobscured Spectralon™ field reference. 

This measurement sequence included two additional target measurements offset clockwise and counter 

clockwise from the central point during the final data acquisitions on June 23
rd

 and 24
th
. Although the 

purpose of acquiring multiple measurements was to obtain a measure of the spectral variability of each 

site, the method of sampling sequence was limited to three samples. This was due to the need for 

sampling efficiency required to make measurements in quick succession, as near in time to the aircraft 

overpass as possible.  

The NRC SVC (SN:2047) deployed at the U61 Cal/Val site could move freely around the paved surface 

(Table 4-1, Figure 4-2A).  The squared grid described in Section 3 was used to note the positon of the 

tripod centre. Multiple measurements were made to be able to determine a mean and coefficient of 

variation for each test location.  For the concrete and asphalt locations, the tripod was set and multiple 

measurements were quickly acquired using the rotational head.  Previous tests had shown that the 

measurements were not impacted by relative orientation to the sun of the minimally obtrusive mounting 

system.  For the two tarps, multiple measurements were acquired as the tripod dolly was moved along the 

two anti-solar edges of the tarps with the boom extended perpendicularly over the tarp 

At the U61 Cal/Val site, multiple field spectrometer measurements were quickly made of the concrete, 

asphalt and vegetation sites making use of a tripod control to rotate the arm about a central location. An 

alternate approach was needed for the tarp measurements, as the tripod could not be centrally located.  

For these situations, the tripod, which was mounted on a dolly with wheels, was rolled from one position 

to another along the edge of the two tarp edges that were positioned away from the sun, with the 

extension arm extended perpendicularly over the tarp.   

The detailed sampling strategy employed for these measurements was as follows: 

 reference measurement made of the Spectralon™ field panel laid directly on the ground; 

 for the concrete, asphalt, and vegetation targets:  N target (asphalt, concrete, and vegetation) 

measurement of the ground with two revolutions of the tripod rotational control between each; 

positions obviously over the shadow of the horizontal cross member were skipped over; 
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 for the black and grey tarps: N target measurement made with the tripod moved 1 step between 

each along the two anti-solar (the sides away from the sun) tarp edges; 

 target measurement of the Spectralon™ field reference under diffuse (shadowed) conditions; 

 target measurement of the unobscured Spectralon™ field reference. 

On each airborne data acquisition, an image of U61 Cal/Val was acquired both before and after the Mer 

Bleue imagery. Whenever possible field spectrometry data of each of the 5 Cal/Val targets was acquired 

as close in time to each of the aircraft passes as possible. Field spectrometry of each of the five targets 

would ideally be acquired under identical illumination conditions to the airborne imagery. However, 

equipment and personal had to move clear of the Cal/Val targets as the aircraft passed overhead so the 

measurements would be made as close in time to the overpass possible, either before or after. With this in 

mind, the targets were generally prioritized for measurements as close in time to the aircraft pass as 

follows: concrete, asphalt, black tarp, grey tarp, vegetation. 

6.3 Field Spectrometry Cross-Comparison Exercise 

In an effort to: 1) validate the calibration of field panels, 2) validate the methodology for processing field 

spectroscopy data acquired using PSM, and 3) compare reflectance spectra results acquired by different 

instruments, different deployment approaches, and different field personal/teams, a comprehensive cross-

comparison exercise was performed at the U61 Cal/Val site.  Each of the three field teams was present 

with the instrument configuration that they were using to perform their various field acquisitions (three 

field spectrometers with mounting apparatus, four field reference panels).   Three similar locations were 

selected on the concrete and asphalt Cal/Val targets to allow coincidental measurements of each target 

type to be acquired.   

Two test procedures were defined and carried out.  One was designed to test the panel calibration and a 

second to test the repeatability of the measurement by the various field spectrometer/reference panel/field 

team combinations.  The procedures followed the steps outlined below: 

1) Panel calibration test 

 Each of the four panels was used to perform a PSM measurement of a specific spot – this 

was performed by each of the three teams using their equipment setup; 

2) Measurement repeatability 

 Each of the three teams, using their own field spectrometer and panels, acquired PSM 

data of the same three concrete and asphalt locations. 

6.4 Airborne Campaign 

Acquisition of the airborne hyperspectral mosaic imagery was coordinated with satellite overpasses on 

clear sky days. Time and budgetary constraints did not allow these activities to be undertaken with 

sufficiently frequency to fully appreciate seasonal changes in the phenological conditions of the peatland 

and atmospheric conditions impacting the acquired data sets.  The mosaic imagery was therefore 

supplemented with imagery of individual flight line imagery centred over the MBR. By leveraging flights 

being performed near Mer Bleue for other NRC hyperspectral projects, these additional images were 

acquired with minimal impact to budget or resources. 
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6.4.1 Coordination with Satellite Image Acquisition 

Coordination with Landsat 8 was designated as the priority during pre-project organizational work, and 

early in the project.  Project preparations were sufficiently advanced to attempt an early project, Landsat 8 

coordinated, mosaic acquisition during late senescence and winter.   

Starting April 18
th
, 2015, the Landsat 8 overpass schedule was tracked to identify clear sky opportunities 

to acquire sample airborne hyperspectral images of Mer Bleue.  On identified satellite overpass days with 

sufficiently clear atmosphere to yield satellite imagery of usable quality of the peatland, the airborne crew 

supported by field teams prepared for deployment to Mer Bleue and U61.  This resulted in sufficient data 

acquisitions to complete two Landsat 8 mosaics of the area. 

With the completion of Sentinel-2 commissioning phase, a decision was made on March 9
th,

 2016 to shift 

the focus from Landsat 8 to Sentinel-2.  During the period between the recession of the snow cover and 

the end of June, as many mosaics as possible were to be acquired of Mer Bleue using Sentinel-2 clear sky 

day acquisitions.  Although the budget would not allow for airborne and ground campaigns on all 

potential overpass dates, the number of clear skies was expected to limit the number of suitable 

opportunities.  

6.4.2 Flight Line Planning 

The Mer Bleue study area extents are shown in Figure 6-1.  An optimal flight line track of 162° TN , or 

342° TN in the reverse track, was decided upon to provide coverage of both boardwalks within a single 

flight line in an orientation that will be similar to the solar azimuth angle at the time of either the Sentinel-

2 or Landsat 8 overpass.  A nominal image swath width of 800 m given an aircraft altitude 1103 m AGL 

of was assumed (FOV ±20°).  The peatland itself is 68 ± 3 m MSL (32 m HAE) with the surrounding 

treed areas no more than 10m higher. A 30% overlapped should be assumed to absolutely ensure that 

there are no gaps in the data between flight lines.  20% overlap has been found to be adequate for most 

NRC work in situations where maximization of coverage is deemed more important than certainty of 

100% coverage.  This approach was applied resulting in a 640m flight line spacing.  After positioning an 

initial flight line directly over the boardwalks, 11 additional flight lines were required to provide complete 

coverage of the Mer Bleue extents. These 12 flight lines were designated MB-A (west most) through MB-

L (east most) as shown in Figure 6-2 with flight line MB-E covering the boardwalk areas. The ground 

level of the peatland is relatively flat between 64 and 71 m MSL.   
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6.4.3 Sensitivity Analysis Flight. 

A sensitivity analysis flight was planned for a day with a clear and stable atmosphere in which to acquire 

numerous flight lines focused on the MBR site to evaluate the impact of various flight and sensor 

parameters.  By targeting a day close to the summer solstice, the range of SZAs could be maximized.  A 

day with a Sentinel-2 or Landsat 8 overpass would be ideal but not necessary. 

A carefully constructed flight plan was developed to acquire hyperspectral imagery designed to assess the 

impact of the following flight line and sensor parameters: 

 SZA 

o Four flight lines centered on MBR in the solar plane at various SZAs – 70°, 55°, 40°, 

22°; 

 RAA 

o Seven flight lines acquired in quick succession centred on MBR at various relative 

azimuth angles with respect to the SAA – RAA = -90°, -60°, -30°, 0°, 30°, 60°, 90°; 

 Altitude 

o Five flight lines acquired in quick succession centred on MBR in the solar plane at 

various altitudes AGL – 305 m, 650 m, 1100 m, 2000 m, 3000 m; 

 

 

Figure 6-1: Mer Bleue extents identified for this project with the 12 mosaic flight lines (MB-A through MB-L) 

shown.  Flight Line MB-E is the primary flight line that runs through the scientific (MBR) and public 

boardwalk areas (MBP). 
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 Spectral Resolution; 

o Five flight lines acquired in quick succession centred on MBR with a constant track 

near the solar plane with different CASI configurations – 72 channels (4 ross per 

channel), 96 channels (3 rows per channel), 144 channels (2 rows per channel), 199 

channels (variable rows per channel), 288 channels (1 row per channel); 

 Cross Track Illumination; 

o Three flight lines in quick successions at large SZAs and perpendicular to the solar 

plane with significant FOV overlap 

 Line 1 west of MBR 

 Line 2 in opposite direction directly over MBR 

 Line 3 in the same direction as Line 1 east of MBR. 

In addition to flight lines planned for Mer Bleue, additional MB-E lines and associated flight lines of U61 

Cal/Val Site were also flown. 

6.5 Satellite Imagery 

One of the primary objectives of the MBASSS project was to develop a systematic validation capability 

of the Landsat 8 OLI and/or Sentinel-2A MSI instruments, using the Mer Bleue peatland research site.  

As such, coordination of the airborne and field data acquisition with the satellite overpasses of the study 

area, during the 2016 growing season in the study area, was of primary concern. Ultimately, the focus 

became coordination with the Sentinel-2, with Landsat 8 becoming a secondary concern. During the 

planning stage, atmospheric considerations were defined for satellite data acquisition, aiming for periods 

of cloud free or minimal cloud cover (partially cloudy) days. Several ESA documents fully describe the 

Sentinel 2A MSI mission and instrument (ESA, 2012; ESA, 2015). We present only a brief description 

related to the validation methodology employed by the MBASSS project for Sentinel 2A products (e.g. 

reflectance, spectral indices). 

A brief description of the Sentinel 2A MSI instrument characteristics are provided prior to a discussion on 

data access. 

6.5.1 Sentinel-2A MSI Overview 

The Sentinel-2 mission has three primary objectives. First is the systematic acquisition, at global scale, of 

high resolution, multispectral imagery with high revisit frequency; second is the provision of temporal 

continuity to long-term satellite missions (i.e. Landsat and SPOT programs) and third, the provision of 

operational products such as land-cover and/or change detection maps, and geophysical variables (ESA, 

2015). For the validation of the Sentinel-2 products the two main aspects considered here are the spectral 

and spatial resolutions, as well as the product levels. The Sentinel-2 data are acquired in three spectral 

band groupings in the solar reflective portion of the electromagnetic spectrum at three different spectral 

resolutions (Figure 6-2A). Spectral response functions are provided as metadata with Sentinel-2 image 

downloads (Figure 6-2B).  It should be noted these differed slightly from those published prior to launch. 
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Sentinel-2 imagery is available as Level 1C (Orthorectified TOA Reflectance) either from the Senintel-2 

data hub or from the USGS Earth Explorer portal. The imagery available from the later site was found to 

provide Level 1C imagery in more manageable granules (smaller footprints resulting in ~1 GB vs ~5 GB 

image file sizes).  Tools for conversion of the data from Level 1C to the required Level 2A (orthorectified 

BOA Reflectance) have been made available to the scientific community by ESA.  These tools are 

described in Section 8.4.1. 

 

 

Figure 6-2: A) Spectral and spatial resolution of Sentinel-2 MSI instrument (Modified from ESA 2012). B) 

Spectral response function (SRF) for Sentinel-2 MSI in the VNIR and SWIR spectral regions based on image 

metadata. 
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6.5.2 Sentinel-2A Image Selection 

The Sentinel-2 MSI database on the ESA Sentinel Hub was examined to select cloud free or partially 

cloud images for the validation of the satellite products at Mer Bleue the beginning of the 2016 growing 

season (April 1
st
) through the end of the project data acquisition phase (June 30

th
). Seventeen candidate 

Sentinel-2 images were identified for further examination. A summary of those images and their 

conditions is provided in Table 6-1. Assessment of these images for processing in this project was based 

upon: 

 cloud free coverage over Mer Bleue  

 corresponding airborne hyperspectral mosaics 

 corresponding ground measurements (field spectroscopy) 

An explanation how images were identified for assessment in this project is provided in Section 4.5.  

Table 6-1: MBASSS project candidate Sentinel-2 MSI images acquired during the April to June 2016 period. 

Date 

(2016) 

Time of 

Collection 

(GMT) 

Cloud 

Coverage 

(%) 

Scene Identifier (S2A_OPER_PRD_MSIL1C_PDMC_) 
Sentinel 2 Granule 

Conditions 

APR-01 16:00:29 87.8 20160402T012320_R054_V20160401T160029_20160401T160029 Cloudy 

APR-01 15:49:22 93.5 20160401T235305_R054_V20160401T154922_20160401T154922 Cloudy 

APR-11 16:00:31 87.5 20160413T044513_R054_V20160411T160031_20160411T160031 Cloudy 

APR-14 16:03:42 0.0 20160415T001035_R097_V20160414T160342_20160414T160342 Clear 

APR-21* 16:00:34 1.6 20160421T212421_R054_V20160421T160034_20160421T160034 Partially Cloudy 

APR-24 16:10:32 0.0 20160424T222435_R097_V20160424T161032_20160424T161032 Clear 

MAY-01 15:55:44 92.1 20160501T223348_R054_V20160501T155544_20160501T155544 Cloudy 

MAY-04 16:10:34 69.0 20160505T014445_R097_V20160504T161034_20160504T161034 Cloudy 

MAY-11* 16:00:38 0.0 20160512T044322_R054_V20160511T160038_20160511T160038 Clear 

MAY-14 16:04:01 90.9 20160515T044417_R097_V20160514T160401_20160514T160401 Cloudy 

MAY-21 15:52:50 79.0 20160521T230234_R054_V20160521T155250_20160521T155250 Cloudy 

MAY-24* 16:10:35 0.8 20160524T220300_R097_V20160524T161035_20160524T161035 Clear 

JUN-10 15:52:09 25.8 20160610T233430_R054_V20160610T155409_20160610T155409 Partially Cloudy 

JUN-13 16:10:32 60.0 20160614T034435_R097_V20160613T161032_20160613T161032 Partially Cloudy 

JUN-20 16:00:34 7.7 20160620T213215_R054_V20160620T160034_20160620T160034 Clear 

JUN-23* 16:06:52 1.8 20160623T235022_R097_V20160623T160739_20160623T160739 Clear 

JUN-30 16:04:24 0.02 20160702T005726_R054_V20160630T155407_20160630T155407 Clear 

*: Denotes images used for product development and validation in this report. 
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7.0 Data Acquisition Results Summary 

In this section, we summarize the data acquisitions resulting from the various campaigns pursued as part 

of the MBASSS Project. This summary is divided into four sections: laboratory, field, airborne, and 

satellite.  A summary of the UAV and GPS data acquired in the project are presented separately in Annex 

A for the ARSL work and in White and Leblanc 2016 for the CCRS work. 

 Data Acquisitions Results - Laboratory Panel Calibration Summary 7.1

7.1.1 Project Reference Standard Calibration - University of Arizona 

Panel reflectance factor calibration was carried out on the two NRC panels at the University of Arizona in 

late March and April 2016.  Panel NRC-03 was originally calibrated on March 29
th
, but due to problems 

noted in the InPb radiometer results, that data set was repeated on April 22
nd

.  Panel NRC-02 was 

calibrated on April 19
th
. Report and data files, one file for each filter for both panels, were delivered 

electronically on April 28
th
.  Results are discussed in Section 8.  

7.1.2 Field Reference Standards Characterization and Cross-Calibration – NRC 

With the XY translation table in place and operational software developed and tested, characterization 

and calibration measurements in the CCDL commenced on Feb 9
th
, 2016. 

7.1.2.1 System Uncertainty 

A set 98 static SVC measurements of panel NRC-02 illuminated at 45° was acquired on February 11
th
, 

2016 to assess the combined uncertainty of the SVC measurements and ASD ProLamp illumination 

system. 

7.1.2.2 Panel Uniformity 

Panel uniformity measurements were performed with an illumination angle of 45° on the four field panels 

as well as the lab standard on the following dates: 

 Panel NRC-01   9- Feb-2016   10 data points 

 Panel NRC-02  8-Mar-2016   64 data point  

 Panel NRC-03  8-Mar-2016  45 data points 

 Panel ARSL-03  11-Feb-2016  41 data points 

 Panel CCRS-01  16-Mar-2016  50 data points 

7.1.2.3 0°:45° Cross-Calibration of Field Panels 

Panel cross-calibration measurements with an illumination angle of 45° were made on the four field 

reference panels on the following dates: 

 Panel NRC-01  17-Jun-2016  

 Panel NRC-02  16-Jun-2016 

 Panel ARSL-03  16-Jun-2016 

 Panel CCRS-01  16-Jun-2016  
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 Data Acquisition – Field Campaign 7.2

Field data acquisitions were divided between Mer Bleue and the U61 Cal/Val site.  Data acquisition at 

Mer Bleue was overseen by ARSL although both ARSL and CCRS acquired data. The primary MBR data 

sets were acquired by ARSL with CCRS collecting the MBP data sets.  NRC provided coverage at the 

U61 Cal/Val site. Pre-project field activities commenced at MBR on June 17
th
, 2015 to develop and test 

data acquisition methodologies.  Intense field activities work began on April 20
th
, 2016 at MBR and May 

11
th
, 2016 at MBP. U61 Cal/Val data acquisitions have been on-going for several years but began in 

support of this project on May 20
th
, 2015. A detailed overview of all project data activities is provided in 

Appendix A.  Details of each data set are provided in the sections below.   

7.2.1 Mer Bleue Site 

Nadir viewing spectral reflectance factors were measured at the two Mer Bleue Sites (MBR and MBP) 

(Figures 3-6 and 3-8) following the methodology described in Section 6.  The 17 plots measured by 

ARSL at the primary MBR site were acquired with an ASD Fieldspec3 full range spectrometer during 5 

dates covering the April through June 2016 time period (April 20
th
, April 27

th
, May 11

th
, May 24

th
 and 

June 23
rd

). An additional 16 plots were measured by CCRS at the secondary MBP site, acquired with a 

SVC HR-1024i spectrometer on 4 dates (March 4
th
, May 11

th
, May 24

th
 and June 23

rd
) with the first one 

occurring during the snow-covered mosaic acquisition in March 2016. Coincident with the spectral 

measurements, plot and field photographs were collected along with Microtops measurements and sky 

photographs.  A summary of the data acquisition is provided in Table 7-1. The spectra were processed 

according to the methodology described in Section 8.  

 

Table 7-1: Field data acquisitions performed at MBR (by ARSL) and MBP (by CCRS). Solar Zenith (SZA) 

and Azimuth (SAA) angle range indicate the first and last acquisition times for each date. For reference, local 

solar noon occurs at approximately 17:05 GMT and Sentinel-2 overpass occurs at approximately 16:00 GMT 

(local noon time). 

Date 
Site 

Area 

Time Range 

(GMT) 

SZA 

(Range) 

SAA 

(Range) 
Comments 

04-Mar-16 MBP 16:03 – 16:38 54° – 52° 158° – 168° 

Only MBP-02 through MBP-

08 acquired. Data not yet 

processed. 

20-Apr-16 MBR 15:12 – 18:11 41° – 37° 137° – 210°  

27-Apr-16 MBR 13:54 – 16:30 50° – 32° 114° – 167°  

11-May-16 
MBR 14:35 – 16:41 41° – 27° 121° – 170°  

MBP 14:01 – 16:59 45° – 27° 111° – 180°  

24-May-16 
MBR 14:10 – 15:41 42° – 29° 111° – 140°  

MBP 14:07 – 16:08 43° – 26° 110° – 153°  

23-Jun-16 
MBR 13:51 – 16:54 45° – 22° 102° – 174° Missing site MBR-HO3. 

MBP 14:46 – 15:45 35° – 27° 116° – 137°  
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7.2.1 U61-04 Cal/Val Site 

A summary of the data acquisitions performed at the U61 Cal/Val site is found in the chart in Appendix 

A. Groupings of the U61 Cal/Val target field spectrometry measurements were acquired between May 

20
th
, 2015 and June 23

rd
, 2016 on 14 days in coordination with hyperspectral airborne image acquisitions. 

Details of this data set are provided in Appendix D.  Ancillary measurements acquired in coordination 

with the field spectrometer measurements are summarized in the final column of the table.  

7.2.2 Field Spectrometry Cross-Comparison Exercise 

Field spectrometry data was acquired on June 15
th
, 2016 at the U61 Cal/Val site by all three teams, each 

operating their own spectrometer configured as it would be for their respective project measurements.  All 

four project field panels were involved in the measurement sequence.  Sky conditions, which were 

originally clear, began to deteriorate (Figure 7-1) resulting in the exercise being terminated prematurely. 

Despite this, the acquisition of temporally coordinated data sets meant that even the later data sets would 

still be of value.   

 

 

Three similar concrete and three similar asphalt locations were identified and clearly marked.  With one 

team set up with their spectrometer at each of the 3 concrete locations, coincidental PSM measurements 

were acquired as the four field reference panels were rotated through the three setups (Figure 7-2).  The 

teams rotated with their equipment to the next location in anticipation of repeating the process. However, 

with it now becoming clear that the sky conditions would soon deteriorate, the process was truncated so 

that each team only used their standard field panel. This was repeated after rotating to the third concrete 

location and then again at each of three asphalt locations. The measurement sequence at each spot was to 

acquire a reference measurement followed by three target measurements. 

A detailed listing of the data sets acquired is provided in Table 7-2. 

Figure 7-1: Sky conditions at (A) the start (14:58 GMT),  (B) the mid-point (15:24 GMT), and  (C) the 

completion (15:50 GMT) (C) of the prematurely terminated June 15th, 2016 Field Spectroscopy Cross-

Comparison Exercise. 
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Table 7-2: Field Spectroscopy Cross-Comparison Exercise data sets on June 15
th

, 2017. 

Time (GMT) Target Team Instrument Panel Comment 

14:58-14:59 

Concrete A ARSL ASD ARSL-03  

Concrete B CCRS SVC (2048) CCRS-01  

Concrete C NRC SVC (2047) NRC-02  

15:02-15:03 

Concrete A ARSL ASD NRC-01  

Concrete B CCRS SVC (2048) ARSL-03  

Concrete C NRC SVC (2047) CCRS-01  

15:07-15:07 

Concrete A ARSL ASD NRC-02  

Concrete B CCRS SVC (2048) NRC-01  

Concrete C NRC SVC (2047) ARSL-03  

15:11-15:13 

Concrete A ARSL SVC (2048) CCRS-01  

Concrete B CCRS SVC (2048) NRC-02  

Concrete C NRC SVC (2047) NRC-01  

15:21-15:22 

Concrete A NRC SVC (2047) NRC-02  

Concrete B ARSL ASD ARSL-03  

Concrete C CCRS SVC (2048) CCRS-01  

15:23-15:24 

Concrete A NRC SVC (2047) NRC-01  

Concrete B NA NA NA  

Concrete C NA NA NA  

15:29-15:30 Concrete A CCRS SVC (2048) CCRS-01  

Figure 7-2: Field spectrometry cross-comparison comparison exercise.  The NRC, CCRS, ARSL field teams, 

shown here from left to right, preparing with the three field spectrometers for cross-comparison 

measurements on the U61 Cal/Val concrete target.  Safety vests were removed for data acquisitions. 
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Concrete B NRC SVC (2047) NRC-02  

Concrete C ARSL ASD ARSL-03  

15:31-15:32 

Concrete A NA NA NA  

Concrete B NRC SVC (2047) NRC-01  

Concrete C NA NA NA  

15:36-15:37 

Asphalt D ARSL ASL ARSL-03  

Asphalt E CCRS SVC (2048) CCRS-01  

Asphalt F NRC SVC (2047) NRC-02  

15:39-15:39 

Asphalt D NA NA NA  

Asphalt E NA NA NA  

Asphalt F NRC) SVC (2047) NRC-01  

15:43-15:45 

Asphalt D NRC SVC(2047) NRC-02  

Asphalt E ARS ASD ARSL-03  

Asphalt F CCRS SVC (2048) CCRS-01  

15:48-15:51 

Asphalt D NA NA NA  

Asphalt E NRC SVC (2047) NRC-01  

Asphalt F NA NA NA  

 

7.3 Data Acquisition – Airborne Campaign 

A high-level summary of all airborne and field data acquisitioning activities along with corresponding 

useable Sentinel-2 MSI and Landsat 8 OLI is included in Appendix A.  Detailed information on the 

airborne data acquisition is provided below grouped together in four sections: 1) Mer Bleue mosaics, 2) 

Mer Bleue Research boardwalk flight lines, 3) U61-04 Cal/Val Site flight lines, and 4) Sensitivity 

analysis flight lines. 

7.3.1 Mer Bleue Mosaics 

A data acquisition summary is provided in Table 7-3 including pertinent information related to the Mer 

Bleue mosaics acquired between Nov. 4
th
, 2015 and June 23

rd
, 2016. In total, seven mosaics were 

acquired, five complete mosaics of 12 flight lines, and two partial mosaics composed of nine flight lines 

each.  All mosaics were acquired in the heading that took advantage of the headwind to reduce ground 

speed, the exception being Nov. 4
th
, 2015 when data was acquired in both track directions (one track 

immediately followed by the other).  The partial mosaic collected on Nov. 4
th
, 2015 (nine flight lines), 

was the first attempt to acquire a Mer Bleue mosaic. The April 15
th
. 2016 mosaic was acquired on a test 

flight performed after reinstallation of the equipment following a major service to the Twin Otter aircraft.  

Table 7-5 also includes information about the availability of corresponding Sentinel-2 or Landsat 8 

satellite imagery and supporting field spectrometer.  
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Table 7-3:  Summary of airborne hyperspectral mosaic imagery of Mer Bleue.  For each Mosaic flight, flight 

lines of the U61 Cal/Val site were flown immediately prior to the first Mer Bleue flight line and immediately 

after the last Mer Bleue flight line. 

Date 
Flight 

Lines 

Time 

GMT 

Heading   

(° TN) 

Altitude 

(m MSL) 

SZA 

(°) 

SAA 

(°) 

CASI 

Chann

els 

Satellite 

Imagery 

Field 

Measure

ments 

Comments 

4-

Nov-

15 

9* 

MB-D 

through 

MB-L 

16:50:57 

± 

00:39:08 

169.73 

± 0.98 

1044.45 

± 8.52 

61.09 

± 0.25 

180.91 

± 6.98 
199 

L8 

5-Nov 

MB 

None 

U61 

None 

Initial Mosaic 

Effort -  

Repeated in both 

directions – Late 

senescence 

3- 

Mar-

16 

12 

MB-A 

through 

MB-L 

16:06:48 

± 

00:22:22 

337.14 

± 0.93 

1130.39 

± 2.97 

54.33 

± 1.44 

158.86 

± 6.65 
288 

L8 

3-Mar 

MB 

4-Mar 

U61 

3-Mar 

Winter scene  

(Snow and Ice) 

15-

Apr-

16 

9 

MB-A 

through 

MB-I 

TBD TBD TBD TBD TBD TBD 
S2 

14-Apr 

MB 

None 

U61 

None 

Commissioning of 

equipment after 

reinstallation 

20-

Apr-

16 

12 

MB-A 

through 

MB-L 

16:19:49 

± 

00:27:46 

335.86 

± 1.04 

1143.05 

± 4.60 

35.28 

± 1.63 

161.68 

± 11.48 
288 

S2 

20-Apr 

L8 

21-Apr 

MB 

20-Apr 

U61 

20-Apr 

Snow off - Prior 

to green up - 

frozen roots 

(unverified) 

11-

May-

16 

12 

MB-A 

through 

MB-L 

16:11:33 

± 

00:26:51 

341.68 

± 0.76 

1151.39 

± 5.37 

29.62 

± 1.92 

156.09 

± 12.47 
288 

S2 

11-May 

MB 

11-May 

U61 

11-May 

Greening 

24-

May-

16 

12 

MB-A 

through 

MB-L 

16:28:07 

± 

00:31:35 

340.09 

± 1.48 

1258.74 

± 6.69 

26.18 

± 1.68 

162.42 

± 16.53 
288 

S2 

24-May 

L8 

20 - May 

MB 

24-May 

U61 

24-May 

Greening 

23-

June-

16 

12 

MB-A 

through 

MB-L 

15:44:06 

± 

00:25:52 

338.79 

± 0.53 

1123.67± 

4.63 

27.83 

± 3.17 

136.80 

± 11.15 
288 

S2 

23-June 

L8  

23-Juns 

MB 

23-Jun 

U61 

23-Jun 

Full foliage on 

vascular plants 

S2 – Sentinel-2   L8 – Landsat 8 

* Flight lines MB-E through MB-L on Nov. 4th, 2015 were acquired in both track directions, 162° and 342°; MB-D was only acquired in track 

162° TN. 

7.3.2 MBR Flight Lines 

A summary of all individual flights over MBR, including those that were part of a mosaic acquisition, is 

shown in Table 7-5.  In total 51 images were acquired on 17 different days.  Twenty-seven of these were 

acquired as part of the June 24
th
 Sensitivity Analysis Flight.  Once the mosaic lines were defined in time 

for the initial mosaic on Nov.4
th
, 2015, this line was consistently flown with a Track of 162° TN as flight 

line MB-E.  In pre-project work in which the flight parameters were being investigated, flight lines at 

different track angles yet centred directly over the MBR boardwalk were acquired (MB-04 - 175° TN, 

MB-05 - 165° TN, MB-06 - 159° TN, MB-07 - 162° TN).  Flight lines over MBR on June 24 were 

approached from numerous different angles as required in the flight plan to accommodate requirements to 

flight at various specified angles with respect to the SAA. 
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Table 7-4: Summary of acquired airborne hyperspectral imagery centered over MBR.  The parameters 

provided are from the CASI image although both CASI and SASI imagery were acquired of each flight line. 

The June 24th, 2016 flight lines were acquired at a variety of times (SZA, SAA), track angles, and altitudes as 

part of the Sensitivity Flight (SF).  U61-04 Cal/Val site flight lines were acquired prior to and after each of 

these image acquisitions. 

Date Flight Line 
Time 

(GMT) 

Track 

(°TN) 

Headi

ng 

(°TN) 

Altitude 

(m 

HAE) 

SZA 

(°) 

SAA 

(°) 

CASI 

Channels  

Satellite 

Imagery 

Field 

Measurements 

MB / U61 

29-Apr-15 

MB-04A 18:03:56 175 TBD TBD TBD TBD 199 

NA NA / NA MB-04B 18:12:16 175 172.3 720 34.29 211.49 199 

MB-04C 18:19:37 175 171.9 691 35.01 214.46 199 

6-May-15 MB-04A 16:26:39 355 343.5 717 29.67 163.65 199 
L8        

04-May 
NA / NA 

20-May-15 MB-04A 19:17:51 355 343.5 688 37.79 239.22 199 L8 NA / U61 

4-Jun-15 
MB-05A 17:16:35 165 162.5 707 23.14 188.57 144 L8 

29-May 
NA / U61 

MB-06A 17:21:52 339 336.9 699 23.31 191.74 144 

17-Jun-15 
MB-07A 14:59:05 162 155.1 1006 33.63 120.28 199 L8  

14-June 
MB / U61 

MB-06A 15:04:46 339 338.4 1000 32.79 122.04 199 

28-Aug-15 MB-07B 17:45:49 162 166.6 907 36.82 196.85 199 NA NA / U61 

16-Sep-15 

MB-06A 17:23:55 339 327.0 1011 43.19 189.28 199 

L8 

16-Sept 

MB (18-Sept) / 

U61  

MB-07A 17:28:46 162 164.5 1016 43.33 190.86 199 

MB-07B 17:38:05 162 170.5 1097 43.67 194.01 288 

MB-07C 17:48:52 162 167.6 1093 44.18 197.74 199 

4-Nov-15 MB-EB 16:21:30 162 170.0 1032 61.12 172.58 199 
L8 

05-Nov 
NA / NA 

3-Mar-16 MB-EA 15:57:23 342 337.9 1135 54.77 155.96 288 
L8 

3-Mar 
NA / U61 

15-Apr-16 MB-EA TBD TBD TBD TBD TBD TBD 288 
S2 

14-Apr 
NA / NA 

20-Apr-16 MB-EA 16:09:01 342 345.9 1143 35.50 156.79 288 

S2 

21-Apr 

L8 

20-Apr 

MB / U61 

27-Apr-16 MN-EA TBD TBD TBD TBD TBD TBD TBD 

S2 

24-Apr 

L8 

29-Apr 

MB / U61 

11-May-16 MB-EA 15:59:39 342 342.0 1155 30.11 150.03 288 

S2 

11-May 

L8 

06-May 

MB / U61 

24-May-16 MB-EA 16:13:07 342 340.2 1231 26.43 153.81 288 

S2 

24-May 

L8 

22-May 

MB / U61 
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10-Jun-16 MB-EA 16:12:05 342 338.6 1156 24.73 150.17 288 
S2 

10-Jun 
NA / NA 

23-Jun-16 

MB-EA 15:32:50 342 339.5 1156 29.05 131.33 288 S2 

23-Jun 

L8 

23-Jun 

MB / U61 

MB-EB 16:13:51 342 337.0 1150 24.48 149.52 288 

24-Jun-16 

MB-SF01A* 11:45:46 77 77.1 1150 66.79 79.61 288 

S2 

23-Jun 

L8 

23-Jun 

MB / U61 

MB-EA 11:51:39 342 339.2 1144 65.86 80.50 288 

MB-SF02A 11:59:33 169 169.3 648 64.45 81.84 288 

MB-SF03A 12:02:51 352 349.7 643 63.84 82.42 288 

MB-SF04A 12:05:59 173 172.9 647 63.32 82.92 288 

MB-EB 12:31:15 342 338.0 1179 59.02 87.10 288 

MB-SF05A 12:37:36 348 358 1189 57.74 88.37 288 

MB-SF06A 12:42:19 29 21.1 1187 56.92 89.18 288 

MB-SF07A 12:47:41 60 53.5 1197 56.01 90.11 288 

MB-SF08A 12:52:58 91 85.6 1181 55.17 90.97 288 

MB-SF09A 12:58:47 122 121.6 1185 54.04 92.14 288 

MB-SF10A  153   tbd Tbd 288 

MB-SF10B 13:07:37 153 156.9 1181 52.50 93.76 288 

MB-SF11A 13:12:47 184 192.7 1194 51.53 94.81 288 

MB-EC 13:17:19 342 339.6 1181 50.92 95.46 288 

MB-SF12A 14:03:24 104 565.5 3055 42.84 105.20 288 

MB-SF12B 14:08:11 104 103.2 3063 42.08 106.22 288 

MB-SF13A 14:15:12 107 103.6 2060 40.89 107.91 288 

MB-SF14A 14:23:52 109 110.8 1180 39.50 109.96 288 

MB-SF15A 14:29:05 111 115.9 611 38.56 111.44 288 

MB-SF15B 14:34:23 111 114.8 613 37.72 112.78 288 

MB-SF16A 14:40:07 125 115.3 271 36.83 114.28 288 

MB-ED 16:48:53 342 339.7 1188 35.54 116.55 288 

MB-SF17A 16:55:29 0 355.9 1163 22.12 173.56 72 

MB-SF17B 17:00:46 0 356.6 1164 22.04 176.70 96 

MB-SF17C 17:05:47 0 355.1 1167 22.02 179.60 288 

MB-SF17D 17:11:36 0 355.1 1158 22.04 183.30 144 

MB-SF17E 17:16:48 0 354.2 1168 22.13 186.60 199 

MB-EE 17:23:11 342 345.07 1165 22.26 189.78 288 

S2 – Sentinel-2   L8 – Landsat 8 

* Instrumentation problems at the start of the June 24th flight resulted in CASI flight line MB-SF01A not being available. Flight line 

characteristics are provided from the corresponding SASI image. 
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7.3.3 U61 Cal/Val Site Flight Lines 

Information related to the U61-04 Cal/Val flight lines are provided in Table 7-5. In total 32 images of the 

site were acquired on 19 days.  Two of these Cal/Val images were acquired on most of the days, one at 

the beginning of the flight and on at the end.  Eleven of these images were acquired as part of the June 

24
th
 Sensitivity Analysis Flight. 

 

Table 7-5: Summary of acquired airborne hyperspectral imagery of U61-04 flight line between 2015 and 

2016.  The parameters provided are for the CASI imagery although both CASI and SASI imagery was 

acquired of each flight line. 

Date 
Flight 

Line 

Time 

(GMT) 

Heading 

(°TN) 

Altitude 

(m HAE) 

SZA 

(°) 

SAA  

(°) 

CASI 

Channels 
U61 Field Measurements2 

29-Apr-15 
U61-04A 17:57:15 -52.35 706 32.89 204.91 199 

 
U61-04B 18:42:37 -49.03 729 37.34 222.52 199 

6-May-15 
U61-04A 15:01:45 -59.77 719 38.11 129.25 199 

 
U61-04B 16:34:52 130.17 730 29.26 167.21 199 

20-May-15 
U61-04A 16:44:05 -57.88 693 25.58 170.37 199 

C-A-V 
U61-04B 19:27:54 -57.52 689 39.30 242.20 199 

4-Jun-15 
U61-04A 14:42:26 -61.43 734 36.51 116.99 144 

C-A 
U61-04B 17:31:22 -58.95 682 23.62 196.81 144 

17-Jun-15 
U61-04A 14:51:08 -53.76 683 34.84 117.72 199 

C-A-BT-GT 
U61-04B 17:28:51 -58.76 738 22.47 194.45 199 

28-Aug-15 
U61-04A 14:48:32 -61.69 580 46.28 129.51 199 

C-A-V 
U61-04B 17:54:37 -62.49 921 37.20 200.13 199 

16-Sep-15 U61-04B 17:57:44 -60.19 737 44.68 201.16 199 C-A-V 

4-Nov-15 
U61-04A 16:03:14 -63.70 1044 61.55 167.88 199 

 
U61-04B 17:41:04 137.06 1042 61.93 194.50 199 

6-May-15 
U61-04A 15:01:45 -59.77 719 38.11 129.25 199 

 
U61-04B 16:34:52 130.17 730 29.26 167.21 199 

3-Mar-16 
U61-04A 15:21:08 -52.48 1171 57.80 145.79 288 

C-A 
U61-04B 16:53:01 -58.23 1171 52.04 172.92 288 

4-Mar-16 U61-04A 19:07:48 -55.82 939 56.99 213.30 144  

20-Apr-16 
U61-04A 15:22:07 -44.30 1203 39.84 139.27 288 

C-A-BT-GT-V 
U61-04B 17:18:38 -51.57 1162 33.66 187.10 288 

27-Apr-16 U61-04A 14:23:43 -58.36 355 45.57 120.42 96 C-A-BT-GT-V 

11-May-16 

U61-04A 15:18:13 -46.52 1165 34.53 133.66 288 

C-A-BT-GT-V U61-04B 15:22:13 117.15 1161 34.02 135.11 288 

U61-04C 17:11:04 123.06 1204 27.24 183.42 288 

20-May-16 U61-04A 15:01:05 -63.46 397 35.25 125.59 96 C-A-V 



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED  Data Acquisition Results Summary 72 

24-May-16 
U61-04A 15:33:15 -47.97 1170 30.37 136.16 288 

 
U61-04C 17:36:09 -58.70 1168 25.37 198.84 288 

10-Jun-16 U61-04A 15:54:17 -53.23 1165 26.42 141.56 288  

23-Jun-16 
U61-04A 14:56:21 -52.45 1187 34.51 118.26 288 

C-A-BT-GT-V 
U61-04B 16:39:45 -52.30 1212 22.65 163.03 288 

24-Jun-161 

U61-04A* 11:39:30 -54.09 1192 67.89 78.54 288 

BT-GT-V3 

 

U61-04I 

Cloud shadow in image 

- U61 clear 

- Runway in cloud shadow. 

U61-04B 12:14:01 310.82 649 62.00 84.16 288 

U61-04C 12:23:08 306.15 1182 60.38 85.72 288 

U61-04D 13:25:44 305.40 277 49.38 97.10 288 

U61-04E 13:32:30 306.66 621 48.23 98.41 288 

U61-04F 13:42:05 307.02 1196 46.55 100.39 288 

U61-04G 13:51:16 310.58 2074 45.05 102.22 288 

U61-04H 13:58:22 309.48 3062 43.76 103.87 288 

U61-04I 14:57:57 307.10 1151 34.07 119.19 288 

U61-04J 16:48:53 304.19 1168 22.23 169.22 288 

U61-04K 17:32:12 105.90 1168 22.53 195.29 288 

1 Instrumentation problems at the start of the June 24th flight resulted in CASI flight line U61-04A not being available. Flight line characteristics 

are provided from the corresponding SASI image. 

2  Legend for U61 Field Measurements column: C - Concrete, A - Asphalt, BT - Black Tarp, GT - Grey Tarp, V – Vegetation 

3  Black and gray tarp were deployed and measured in the parking area of Mer Bleue 

 

7.3.4 Sensitivity Analysis Flight 

The Sensitivity Analysis Flight was performed on June 24
th
, 2016, three days after the summer solstice to 

optimize the SZA range.  This flight took place one day after a full Mer Bleue mosaic acquisition which 

also coincided with a Sentinel-2 and Landsat 8 overpass.  With the exception of one very diffuse contrail 

(14:30 – 14:40 GMT), the skies remained extremely clear for the duration of the data acquisitions (Figure 

7-3).  The acquired flight lines, along with pertinent metadata information, are shown are provided in 

Table 7-6 broken down into various flight line groupings.  Both the Mer Bleue and U61 site flight lines 

are shown in the table. 
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Table 7-6: Summary of sensitivity analysis airborne hyperspectral imagery acquired on June 24th.  The 

parameters provided are for the CASI imagery although both CASI and SASI imagery was acquired of each 

flight line. 

 Flight Line 
Time 

(GMT) 

Track 

(°TN) 

Heading 

(°TN) 

Altitude 

(m HAE) 

SZA 

(°) 

SAA 

(°) 

CASI 

Chan

nels 

CASI 

I.T. 

(ms) 

Comment 

SZA 

Sensitivity 

MB-SF01A1 11:39:30 77 77.1 1150 66.79 79.61 96 20 

Each Flight Line 

flown in solar 

plane 

MB-SF08A 12:52:58 91 85.6 1181 55.17 90.97 96 20 

MB-SF14A 14:23:52 109 110.8 1180 39.50 109.96 96 20 

MB-SF17C 17:05:47 0 355.1 1167 22.02 179.60 96 20 

SAA 

Sensitivity 

MB-SF05A 12:37:36 348 358 1189 57.74 88.37 96 20 

Target track angles 

relative to SAA of 

-90°, -60°, -30°, 0°, 

30°, 60°, 90° 

MB-SF06A 12:42:19 29 21.1 1187 56.92 89.18 96 20 

MB-SF07A 12:47:41 60 53.5 1197 56.01 90.11 96 20 

MB-SF08A 12:52:58 91 85.6 1181 55.17 90.97 96 20 

MB-SF09A 12:58:47 122 121.6 1185 54.04 92.14 96 20 

MB-SF10B 13:07:37 153 156.9 1181 52.50 93.76 96 20 

MB-SF11A 13:12:47 184 192.7 1194 51.53 94.81 96 20 

Altitude 

Sensitivity 

MB-SF12B 14:08:11 104 103.2 3063 42.08 106.22 288 48 

Each Flight Line 

flown in solar 

plane 

MB-SF13A 14:15:12 107 103.6 2060 40.89 107.91 288 48 

MB-SF14A 14:23:52 109 110.8 1180 39.50 109.96 288 48 

MB-SF15B3 14:34:23 111 114.8 613 37.72 112.78 288 48 

MB-SF16A 14:40:07 113 115.3 271 36.83 114.28 288 48 

CASI 

Band 

Config 

Sensitivity 

MB-SF17A 16:55:29 0 355.9 1163 22.12 173.56 72 16 

Constant Track 

close to SAA 

MB-SF17B 17:00:46 0 356.6 1164 22.04 176.70 96 20 

MB-SF17C 17:05:47 0 355.1 1167 22.02 179.60 288 48 

MB-SF17D 17:11:36 0 355.1 1158 22.04 183.30 144 24 

MB-SF17E 17:16:48 0 354.2 1168 22.13 186.60 199 32 

XTrack 

Illuminati

on 

Sensitivity 

MB-SF02 11:59:03 169 169.2 648 64.5 98.2 96 20 
Parallel flight lines 

with significant 

overlap 

MB-SF03 12:02:51 -8 -10.3 644 63.8 97.6 96 20 

MB-SF04 12:05:59 173 172.9 648 62.3 97.1 96 20 

MB-E See flight line MB-E June 24th records in Table 7–4 images 

U61-04 See June 24th records in Table 7-5 images 

1 Instrumentation problems at the start of the June 24th flight resulted in CASI flight line MB-SF01 not being available. Flight line 

characteristics are provided from the corresponding SASI image. 

2 All flight lines were acquired with a target ground speed of 80 knots with the exception of those acquired at the two highest altitudes which 

were acquired with target ground speeds of 120 knots and, the Twin Otter maximum, 145 knots respectively. 

3 A diffuse contrail passed in front of the sun at MBR between 14:30 and 14:40 GMT. 
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 Satellite Data 7.4

7.4.1 Sentinel 2A MSI 

Complete airborne mosaics in the data acquisition time window were acquired on April 20
th
, May 11

th
, 

May 24
th
, and June 23

rd 
with a partial mosaic acquired on April 15

th
 (9 of 12 flight lines acquired as part 

of an equipment commissioning flight). For three of these days, May 11
th
, May 21

st
 and June 23

rd,
 

Sentinel-2 images were fully compliant with the criteria noted in Section 1.4. However, for the April 21
st
 

Sentinel-2 image, the airborne and ground data were collected on the previous day. Given that the 

difference was one day and that the atmospheric conditions were similar with no intervening weather 

events, we assume minimal differences in vegetation characteristics (i.e. greenness). A clear atmosphere 

Sentinel-2 image was acquired on April 14
th
, the day prior to the partial mosaic acquisition.  However, no 

corresponding field data was acquired on or near that date. 

For the four images identified for product development in this project, the Sentinel-2 MSI Level 1C 

imagery was downloaded from the USGS EarthExplorer data portal.  

7.4.2 Landsat 8 OLI 

As previously noted, while Landsat 8 OLI imagery suitable to the project has been identified (Appendix 

A), no further work has been undertaken with those data sets at this time.   

11:57 GMT 14:35 GMT 17:17 GMT 

Figure 7-3: MBR sky conditions at (A) the start (11:57 GMT), (B) the middle (14:35 GMT), and (C) the 

completion (17:17 GMT) of the June 24
th

, 2016 Sensitivity Analysis Flight.  The diffuse contrail transecting the 

sun at 14:35 was the only visually apparent cloud encountered until the completion of the data acquisition. 
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8.0 Data Processing Methodology 

Once the various data sets were acquired (lab, field, airborne and satellite), different methodological steps 

were applied to convert the raw data into processed data (e.g. digital number to reflectance for airborne 

data). This section describes the methods applied to each dataset.  Example data sets are shown when 

necessary to explain the methodology.   

 Laboratory Measurements 8.1

8.1.1 Development of Lab Standard Reflectance Factors from U of A Calibration Data 

The development of the processing methodology to determine the reflectance factors for the lab standard 

reference panel from the data provided by the University of Arizona was developed as part of this project.  

The development of this process is therefore provided as part of the data assessment discussion in Section 

9. 

8.1.2 Processing of Laboratory Characterization and Calibration Data Sets 

The processing methodology applied to the CCDL lab data acquired to characterize and calibrate the field 

reference panels makes use of the processing methodology common with that developed for the field data 

described in Section 8.2.  Specifics of how those results characterize and cross-calibrate the panels were 

developed as part of the project.  The development of that portion of the process is therefore provided as 

part of the data assessment discussion in Section 9. 

 Field Data Processing 8.2

8.2.1 Processing of Field Spectrometer Data 

Data acquired with the field spectrometry equipment, whether acquired in the field or in the CCDL, was 

processed to reflectance spectra with the same tools.  A common explanation of that tool is provided here. 

SVC and ASD data is processed to reflectance using PSM techniques with a common processing 

approach in Microsoft Excel (2010) using a template developed at NRC making extensive use of Visual 

Basic for Application macros. The approach ensures that the results are made available in the most 

fundamental form (both reference and target responses provided in digital numbers) and that the approach 

provides as much control and flexibility as possible to assess the data. Due to significant differences in 

how the spectral data and associated metadata is made available for the two instruments, individual 

templates are currently in use for each.  The approach can be broken down into 9 steps: 

1. Identification of measurement groupings; 

2. Specification of processing parameters;  

3. Introduction of the raw data into the spreadsheet; 

4. Removal of spectral overlap data (if required, SVC version only); 

5. Determination of spectral ratios; 

6. Determination of SZA and SAA angles; 

7. Determination and application of reference panel RF; 

8. Assessment and removal of outlier spectral; 

9. Spectral smoothing (when appropriate). 
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Details of each step are provided below. 

1. Identification of measurement groupings - Measurement of each project target site, whether 

performed in the lab, at the U61 cal/val site, or at Mer Bleue, yielded a sequence of spectral acquisitions 

to be viewed as a mean and coefficient of variation. The first step therefore is to identify the filename for 

each spectral measurement belonging to the specific measurement grouping. Typically, the grouping 

includes a pair of target measurements of the Spectralon™ reference panel at the completion of the data 

group, one of the diffusely illuminated panel (shadowed) and one of the fully illuminated panel.  These 

data sets are useful in assessing data quality, but are not included in the determination of the mean 

spectrum as currently defined. 

2. Specification of processing parameters  – For each measurement, a number of parameters need to 

be specified.  Key parameters include the reference panel being used, its calibration date, and the 

calibration approach. Although an RF = R(0°:SZA) is used for the field data and laboratory cross-

calibration data sets, the spreadsheet allows for other options, including looking simply at the ratio (RF = 

1) as was used for the laboratory uniformity tests, and R(8°:h).  

3. Introduction of the raw data into the spreadsheet  – Each data file is read into the spreadsheet. 

For both instruments, electronic and dark current offset are not made available separately, and have 

already been applied to the most fundamental output data assessable. For the SVC, the raw data is in 

ASCII form and all required information is saved in each file.  The header information, channel 

wavelengths, and offset corrected reference panel and target signal levels are each placed in separate 

spreadsheet tabs. With the ASD, the raw data is saved in a proprietary format that must be processed by 

the ASD ViewSpec Pro program (Ver 6.0) to convert to ASCII format.  Unfortunately, the resulting 

ASCII data file contains only the channel wavelengths, and either the ratio or the target measurement 

signal levels as specified by the user. QA steps performed in the spreadsheet noted to be of concern to the 

ASD acquired data requires that raw reference and target signal levels are available. To accomplish this, 

each ASD file is initially processed in ViewSpec Pro as target signal levels and read into the spreadsheet 

as was done for the SVC data. ViewSpec Pro is then used to produce an ASCII file containing the spectral 

ratio once for each reference panel measurement.  The corresponding target data is divided by the ratio in 

order to back out the raw reference panel data which is then manually copied to the processing 

spreadsheet. 

4. Removal of spectral overlap data (if required, SVC version only)  – Overlap exists in the SVC 

instrument between the VNIR and SWIR1 spectral regions as well as between the SWIR1 and SWIR2 

regions.  The SVC data acquisition program provides the opportunity to either retain all 1024 spectral 

channels or to remove the overlap regions at user specified spectral locations either when the data is 

originally acquired or as a follow up step.  The in-house field processing spreadsheet also provides an 

option to remove the overlap region so that a comparison of data acquired by the two spectrometers can 

be performed.  For this project, it was the intention to acquire SVC field spectrometer data with full 

spectral content and to use the SVC program to subsequently remove the overlap area once optimal 

spectral threshold locations were identified.  A number of data sets, however, were acquired with the 

overlap data removed in the initial data acquisition file.  This issue is not a concern with the ASD 

instrument as the data made available to the user has already been resampled to a 1 nm spectral grid with 

any potential overlap already removed. 

5. Determination of spectral ratios  – This step simply ratios the spectral target signal level by the 

reference panel signal levels. Additional capability has been added to this step to allow the user the option 

of specifying offset corrections to either the reference or target signal levels for each of the three spectral 
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regions or to the ratio itself.  The functionality was added to assess and correct for discontinuities in the 

spectra between the spectral regions.  For the ASD instrument, the method for estimating dark current 

commonly results in discontinuities resulting in small offset errors between the VNIR and SWIR1 regions 

where the signal levels are normally extremely small. 

6. Determination of SZA and SAA angle – The SZA and SAA are determined from the latitude, 

longitude and time for both the reference panel and target measurement for each data file.  The SVC 

instruments have a built-in GPS providing the necessary input information.  The latitude and longitude 

must be manually recorded and input into the spreadsheet for processing of the ASD data with the 

computer system time being saved to the data file. 

7. Determination and application of reference panel RF  – The RF, whether R(8°:h), or R(0°:45°), 

for each reference panel is saved to the processing template as parameters describing a piecewise 

polynomial (see Section 9.1.1.1).  This approach allows the RFs to be computed for any input spectral 

array between 350 and 2500 nm. For determination of the R(0°:SZA°) RF, the wavelength independent 

Illumination Angle Correction Factor (see Section 9.1.1.2) is computed for the SZA determined for the 

reference panel measurement and applied to the R(0°:45°). 

8. Assessment and removal of spectral outlier – A chart of the individual spectra is generated, 

providing the user the ability to identify outliers.  As mentioned above, diffuse and fully illuminated panel 

measurements are normally acquired at the end of the measurement sequence that will need to be 

removed from the determination of the mean spectra.  The diffuse panel data was acquired for future 

assessment of the impact of diffuse illumination on the panel RF determination. The target measurement 

of the reflectance panel with full illumination is there to perform a single point assessment of the stability 

of the conditions over the duration of the measurement sequence by its comparison with the panel 

reference measurement acquired at the beginning of the sequence.  Under perfectly stable conditions, the 

Target to Reference ratio of the panel will equal 1.0.  A measure of the stability is provided as the mean 

and standard deviation of that ratio. 

9. Spectral smoothing (when appropriate)  – Field spectrometry measurements often contain spectral 

noise, particularly in wavelength regions with low signal levels such as the extremes of each of the three 

spectral regions, water absorptions bands, and the SWIR2 region in general.  The in-house processing 

approach has adopted a methodology of fitting a piecewise polynomial to remove the noise in spectra that 

are smoothly varying (without sharp spectral features). This is the case when working with the panels in 

the laboratory as well as with concrete, asphalt, and the black tarps at the U61 Cal/Val site (see Figure 3-

9). Care must be taken when applying this approach to smoothing the resulting reflectance curves, and as 

such both the unsmoothed and smoothed curves are provided so that the quality of the fit can be visually 

inspected. It should be noted that the water vapour bands, particularly the one between 1800 and 1900 nm 

can create significant issues in the fitting.  Since the airborne hyperspectral data is normally impacted 

even more significantly that the ground spectra, this region will be removed from the fitting process when 

necessary. The sharp spectral features that are part of the grey tarp and most natural targets such as those 

encountered at Mer Bleue make it unsuitable for smoothing in this manner. 

Other comments on Field Spectrometry Processing Template – it is appropriate to point out a 

number of other features built into the Field Spectrometry Processing Template.   

 All header data is inserted into a table to allow the user to compare parameters;  

 When available, spot, sky, and field photos are automatically attached as hyperlinks as identified 

through time tags; 
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 Although the entire spreadsheet is saved and made available, a summary sheet of significantly 

reduced size is saved for each group of measurements. 

 Airborne Image Processing 8.3

Tracking data planning, image acquisition, and image processing results as well as automating the 

generation of the processing batch files is handled by an in-house tool referred to as the NRC 

Hyperspectral Database.  Spectroradiometric calibration and geocorrection of CASI and SASI imagery is 

handled by a suite of software produced by ITRES Research Ltd (ITRES Research Limited, 2009).  

Atmospheric correction and Scene-Based-Calibration is undertaken in one of two approaches; 1) the 

ATCOR4 Atmospheric / Topographic Correction for Airborne Imagery processing package developed by 

DLR and distributed by ReSe Applications (Richter and Schlapfer, 2016); or 2) the ENVI (Version 5.3) 

implementation of FLAASH.  The NRC has been applying and evaluating the results of the 

spectroradiometric and geometric aspects of the calibration process for several years.  ITRES, at times in 

collaboration with NRC, continues to enhance the software processing capabilities (Kalacska et; al. 2016).  

NRC used the ENVI (Version 5.3) image processing package (Harris Geospatial Solutions, Broomfield, 

CO) for performing in-house image analysis functions.  While ITRES’ software suite produced files in 

PCIDSK pix format (PCI Geomatica, Markham ON), ENVI reads the PCIDSK format and as such, image 

products produced by NRC are provided in PCIDSK format.  An important difference in the two formats 

is how header information is handled.  Header information in PCIDsk imagery is stored as an internal 

segment in the image file whereas ENVI header information is contained in a separate ASCII format 

header (*.hdr) file sharing a common base filename with the image file and residing in the same folder.  If 

ENVI is reading a PCIDSK file and no corresponding *.hdr file exists, it will read the header information 

from the internal PCDSK header segment.  If the ENVI style header information file is in place, it will 

use that information, and ignore the internal header information.  The NRC processing approach makes 

significant use of the ENVI header information (see Appendix E).  For that reason, it is critical that the 

*.pix and corresponding *.hdr file be managed as a pair. 

The processing flow for CASI and SASI imagery is shown in Figure 8-1.  The entire process with the 

exception of the atmospheric correction step (shown in green), is part of the ITRES instrument software 

or processing suite. All data processing was performed at NRC with the exception of the radiometric and 

spectral calibration of the instruments, which was performed by ITRES at their facilities.   

8.3.1 Spectroradiometric Calibration 

Spectroradiometric calibration of the imagery was performed using the process detailed for the first 

generation CASI (Babey and Soffer, 1992). Although a number of incremental improvements have been 

implemented since, the basic premise remains the same. The spectroradiomtic calibration process, broken 

down by processing module, addresses the following artifacts in the raw hyperspectral imagery (Kalacska 

et al. 2016): 

 CalibCorr( ) 

o spectral alignment issues based upon in-scene atmospheric feature detection – required 

for SASI only. 

 RadCorr( ) 

o dark and electronic offsets removal 

o frame shift smear correction (CASI only) 
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Figure 8-1: Calibration process flow of the airborne hyperspectral imagery.  The green box showing the 

atmospheric correction and in-flight radiometric correction is further developed in Section 8.3.3.   Potential 

data products are outlined in red. 
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o first order correction of scattered light (CASI only) 

o modelled correction of 2
nd

 order scattered light (CASI only) 

o Summation in the frame, channel, or pixel (column) dimension 

o application of laboratory determined spectroradiometric sensitivity coefficients. 

 SpecCorr( ) 

o correction of the laboratory characterized spectral smile in output raster file. 

At the AGL altitudes and integration times used in the acquisition of the CASI imagery, the imagery is 

significantly oversampled in the cross-track dimension.  Since the geocorrection process described below 

will discard oversampled pixels, functionality in the Radcorr( ) routine was used to sum multiple pixels in 

the cross-track direction. This approach reduces the amount of data that is ‘lost’ in the geocorrection 

process and in doing so improves the resulting signal to noise levels. 

8.3.2 Geocorrection/Mosaicking 

Although the geocorrection software permits digital elevation models be used to better geoposition the 

resulting image pixels, the flat surface topography of Mer Bleue means that a single ground elevation 

value will suffice.  Prior to the project ITRES made enhancements to their geocorrection software that 

resulted in a slight but noticeable improvement in the absolute and relative pixel geolocation accuracy.  A 

quantitative assessment of these improvements for this projects imagery remains to be done. 

Processing of GPS and Inertial Navigation System (INS) data was performed using a series of programs 

to generate raw navigation files providing the required location (northing, easting, and altitude) and 

attitude (roll, pitch, and heading) needed to geoposition the data.  A final step generates a corrected 

navigation file that uses the bundling calibration results to make final adjustments for relative position 

and attitude between the GPS and INS system and the instrument aperture.  This file is then used by the 

geocorrection program in concert with the surface altitude, which as mentioned above is a constant value 

for this work, to geolocate each pixel.  The geocorrection program will resample the data to a user 

specified X and Y resolution employing a nearest neighbor approach. 

8.3.3 Atmospheric Correction 

All atmospheric correction models and their associated implementation GUIs have implicit strengths, 

weaknesses, and assumptions. Two implementations of the MODTRAN-5 radiative transfer code (Berk et 

al. 1998, 2008) were considered for atmospheric correction of the airborne hyperspectral imagery in this 

project, ATCOR4 and FLAASH.  The different spectral ranges of the CASI and SASI sensors results in 

different prevailing atmospheric interactions influencing how to optimize the atmospheric correction. 

Ultimately the best results (as compared with ground validation spectra (see Section 9)) for the CASI 

imagery were produced when using an integrated approach making use of ATCOR4 (ver 4.7.0), ENVI 

(ver 5.3) and MATLAB (ver 2016a). For the SASI imagery, FLAASH (as implemented in ENVI 5.3) was 

found to produce superior results. As the wavelength region covered by this instrument is minimally 

affected by atmospheric scattering and absorption (with exception of the 1400 and nm and 1900 nm 

spectral regions), a simplified approach to the atmospheric correction of the imagery such as that found in 

FLAASH can be justified (Kalacska et al., 2016). For both CASI and SASI data, the atmospheric 

correction was applied to the non-geocorrected data to preserve the original image geometry (i.e. both 

CASI and SASI are smile sensors) (Allux and Leblanc, 2010; Richter and Schlapfer, 2016).  
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Atmospheric correction was applied to both the Mer Bleue flight lines for each of the four 2016 mosaic 

datasets identified for processing (i.e. April 20, May 11, May 24 and June 23) and the corresponding U61 

Cal/Val flight lines. For the CASI data, the U61 Cal/Val site imagery was used to compute the in-flight 

radiometric calibration coefficients, determined with the use of the u61 Cal/Val ground spectra, and to 

determine the sensor smile response.  The results were then applied to the Mer Bleue flight lines.  

8.3.3.1 Calibration/Validation CASI Imagery Processing (U61 Site) 

For the atmospheric correction of the Cal/Val imagery (U61) CASI data, a methodological framework 

using ENVI, ATCOR4 and MATLAB was employed to obtain the spectral reflectance product for the 

CASI airborne data (Figure 8-2). This framework made use of the radiometrically corrected image (i.e. 

radiance) as an input and included three main steps: (1) sensor definition and spectral smile detection, (2) 

ground pixel target selection (asphalt and concrete) and (3) atmospheric correction procedure. A brief 

explanation of these three steps is provided below. 

Figure 8-2: Workflow outlining the main steps employed in the atmospheric correction process through the 

integration of ENVI, ATCOR4, and MATLAB. The framed workflow represents the ATCOR4 atmospheric 

correction routine. 
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8.3.3.1.1 Sensor definition and Spectral Smile Detection 

Sensor specific parameters for the CASI (288 bands) were defined as a new airborne sensor in ATCOR4. 

This process involved generating the sensor spectral filter function based on the sensor’s specifications 

(i.e. number of bands, center wavelength, and FWHM) and generating a RESLUT for the sensor (Richter 

and Schlapfer, 2016). A Butterworth order 4 (close to rectangular) spectral filter function was applied to 

the CASI imagery (ITRES Research Limited, personal communication, 2016). To account for the spectral 

smile in the CASI data (i.e. shift in the wavelengths in across-track pixels), the Spectral Smile Detection 

tool in ATCOR4 was applied. This routine provides smile coefficients that become part of the sensor 

definition and aims to correct the spectral distortion typical of hyperspectral sensors (Richter and 

Schlapfer, 2016). Note that the original spectroradiometric calibration of the imagery attempts to remove 

the spectral smile from the data based on the laboratory calibration.  What is detected at this time is the 

residual, or remaining smile.  

8.3.3.1.2 Ground pixel target selection (In-flight radiometric calibration) 

The in-flight radiometric calibration is described in this report as a fine-tuning of the sensor radiometric 

response arising from potential spectral misalignments, as well as residual effects from the atmospheric 

correction applied to the data.  For this study, an in-flight radiometric calibration routine using two targets 

(i.e. bright - concrete and dark - asphalt) was performed for the CASI data.  As the ground calibration 

targets cover multiple pixels, it was necessary to assess the spectral variability of the bright and dark 

targets in the CASI imagery at U61.  This spectral variability assessment was implemented in ENVI 5.3 

based on a preliminary reflectance image created in ATCOR4 using a standard sensor definition, a rural 

aerosol model and 1 cm water retrieval at 1000 m MSL sensor altitude (sensitivity tests not shown here).  

Based on the ground spectral data (see Section 3.2) for concrete and asphalt (resampled to match CASI 

spectral response), upper and lower 2% boundaries (reflectance) were calculated using MATLAB 

R2016a.  In addition, the atmospheric absorption features and noise (bands, 366 nm to 450 nm and 854 

nm to 1050 nm), were removed.  A final spectral library for the targets and respective 2% boundaries was 

created. The spectral reflectance library data were compared to the CASI image and pixels within the 2% 

boundaries were identified.  A final step aiming to select the spatial coordinates (column and row) of the 

two targets for the radiometric calibration took into consideration the original pixel location based on the 

field spec GPS locations (horizontal error ~ 5-6 meters).  The spectral variability assessment provides a 

final map that indicates the “best” pixels for the radiometric calibration. 

Figure 8-3 shows the spectral reflectance of the selected concrete and asphalt pixels for the four acquired 

Cal/Val datasets. No ground data was collected on May 24, 2016; therefore, May 11 ground data was 

used for the pixel selection and scene-based radiometric calibration. The May 11 ground data was 

considered appropriate because both Cal/Val flight lines were acquired approximately at the same time, 

15:18:13 GMT for May 11 and 15:33:15 GMT for May 24, and have similar solar zenith angles (i.e. 34.5˚ 

for May 11 and 30.4˚ for May 24), solar azimuth (i.e. 133.7˚ for May 11 and 136.2˚ for May 24), heading 

(-46.52˚TN for May 11 and -47.98˚TN for May 24), and sky conditions. In addition, no changes in the 

ground targets were observed between May 11
th
 and May 24

th
.    
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8.3.3.1.3 Atmospheric correction application  

Given the characteristics of the U61 Cal/Val site and Mer Bleue, we used the ATCOR4 flat terrain tool. 

This atmospheric correction routine integrates, among other parameters, the target pixels location from 

the in-flight radiometric calibration to produce the offset (c0) and gain (c1) coefficients. These calibration 

coefficients are computed by an optimization procedure that minimizes the deviation between the image 

surface reflectance and the corresponding ground data (Richter and Schlapfer, 2016). Table 8-1 displays a 

summary of the parameters used for the ATCOR4 routine of the U61 Cal/Val site.  

 

 

 

 

Figure 8-3: Spectral reflectance of selected asphalt (red) and concrete (blue) CASI pixels compared against 

the average field spectrometer ground data for CAL/VAL CASI imagery collected on (A) April 20, 2016, (B) 

May 11, 2016, (C) May 24, 2016, and (D) June 23, 2016. The selected pixels fall within two percent boundary 

from the field spec ground data.  
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Table 8-1: Summary of parameters needed for the ATCOR4 routine in the atmospheric correction process of 

the Cal/Val imagery. 

Parameter\Date April 20, 2016 May 11, 2016 May 24, 2016 June 23, 2016 

Flight altitude (km) 1.129 1.130 1.138 1.170 

Ground elevation (km) 0.113 0.113 0.113 0.113 

Flight heading (˚.) 308.40 313.48 312.02 308.00 

SZA (˚) 33.70 34.50 30.39 22.60 

SAA (˚) 187.10 133.70 136.16 163.00 

Nadir pixel size (m) 2.00 2.06 2.10 1.96 

Visibility (km) 30 23 24 30 

 

8.3.3.2 Mer Bleue Atmospheric Correction - CASI 

Atmospheric correction of the twelve Mer Bleue (MB) flight lines for each of the four processed 

mosaicked data sets was performed in ATCOR4 using a similar routine as previously described. The 

results obtained from the sensor definition and calibration at the U61 ca/val site (i.e. smile correction and 

in-flight radiometric calibration) provides a baseline for the atmospheric correction of flight lines in 

locations without ground spectra (e.g. Mer Bleue E). Figure 8-4 displays the workflow for the 

atmospheric correction for all MB imagery of the four datasets. The details of the parameters used for 

each of the MB images are provided in Appendix G.  

  

Figure 8-4: Workflow outlining the main steps employed in the atmospheric correction process of the Mer 

Bleue CASI flight lines. 
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8.3.3.3 Atmospheric Correction of SASI Imagery  

Atmospheric correction of the SASI imagery was performed with the FLAASH tool in ENVI 5.3. Figure 

8-5 shows the main steps followed in the atmospheric correction process. Based on site location, the 

Summer Subarctic Atmospheric Model and the Rural Aerosol Model, along with a water absorption 

feature at 1135 nm, were applied. 

The specific sensor altitude of the flight line and a ground elevation of 70 m MSL were used in the 

atmospheric correction. The initial visibility used in the correction model was derived from ATCOR4 

during the processing of the CASI imagery. The CO2 mixing ratio was retrieved from NOAA’s database 

(Tans and NOAA/ESRL, 2016). As recommended by ENVI (2009) a value of 20 ppm was added to the 

reported value for that specific month. Table 8-2 shows the CO2 mixing ratio used in the atmospheric 

correction of acquired SASI imagery. At the time of writing, no scene based calibration was performed 

for the SASI imagery. Appendix G contains the specific scene parameters used in the atmospheric 

correction process for the 12 individual flight lines (i.e. MB-A to MB-L) that were further georectified 

and mosaicked.  

Table 8-2: CO2 mixing ratio (ppm) used in the atmospheric correction process of the acquired SASI imagery. 

CO2 mixing ratio retrieved from the NOAA database (Tans and NOAA/ESRL 2016) plus the 20 ppm 

recommended by ENVI (2009). 

Date CO2 Mixing Ratio (ppm) 

2016-04-20 422.26 

2016-05-11 422.55 

2016-05-24 422.55 

2016-06-23 422.87 

Figure 8-5: Workflow summarizing the main steps followed in the atmospheric correction process for the 

SASI imagery. 
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8.3.4 Derived Data Products from Airborne Imagery 

To compare the spectra obtained from airborne hyperspectral imagery and the satellite imagery, it was 

necessary to resample the airborne reflectance mosaics to the spatial and spectral characteristics of the 

Sentinel-2 MSI instrument.  The airborne images were first spectrally resampled using the ENVI 

‘Spectral Resample’ tool to the Sentinel-2 SRF as defined in the metadata provided with the downloaded 

Sentinel-2 satellite imagery. Next, the images were spatially resampled using the ENVI ‘Resize Data’ tool 

applied in ‘Pixel Aggregate’ mode.  This provides simple averages when the resampling factor is an 

integer of the baseline resolution. Spatial resampling for all Sentinel-2 10 m and 20 m channels were only 

performed at 20 m x 20 m – 60 m channels were ignored.  A single resampled pixel is therefore the 

average of 400 of the original 1 m x 1 m CASI pixels.  

With the CASI ground reflectance mosaics now resampled spectrally and spatially to mimic the Sentinel-

2 imagery, those results can be used to generate spectral indices in a manner consistent with their 

generation from the actual Sentinel-2 imagery as described in the following section. 

 Satellite Imagery 8.4

8.4.1 Sentinel-2A MSI 2C Reflectance Data Product 

8.4.1.1 Image Preparation 

Following selection of the Sentinel-2 MSI images for comparison, they were downloaded at Level 1C, 

which is orthorectified TOA reflectance (ESA 2015).  To produce Level 2A or BOA reflectance products 

necessary for comparison with the airborne imagery, the images were first visualized in SNAP version 4.0 

(ESA 2016) and then processed to Level 2A or BOA reflectance images using Sen2cor 2.2.1 (Müller-

Wilm 2016).  The Sen2cor version available at the time (v2.2.1) presented several issues when installed in 

a Windows environment running it as a Toolbox within the SNAP4.0 software or as a stand-alone 

application.  The software operated without issue in a Mac OS X environment as a standalone application 

from the prompt command.  This platform was used for the BOA conversion process. BOA reflectance 

images were created at 20 m resolution output as an image with 9 spectral bands.  The 9 bands correspond 

to three 10 meters channels resampled to 20 meters (B2, B3, B4), plus the six 20 meters bands (B5, B6, 

B7, B8a, B11 and B12) (Figure 4-6). Channel B8 and the three 60 m channels (B1, B9, and B10) have not 

been processed in this manner. 

The BOA Sentinel-2 data produced from Sen2cor was clipped to the spatial extent of the CASI mosaics. 

Then, to preliminarily assess the Sen2cor reflectance values a sample of ground spectra of the BOA 

images were selected in SNAP 4.0. After careful assessment of the reflectance data, it was found that the 

central wavelengths in SNAP 4.0 did not correspond to the central wavelength reported in the metadata of 

the BOA data (i.e. xml file). Due to this difference, the central wavelengths used for data products and 

simulations were calculated from the BOA metadata as shown in Figure 6-2B. For instance, for Band 2 

and Band 12, the difference between reported and metadata central wavelengths are 6.6 nm and 12.4 nm, 

respectively. Differences for bands 3 to 11 range from 0 nm to 3.7 nm.  

8.4.1.2 Derived Data Products 

In order to assess the utility of Sentinel-2 satellite reflectance for measuring Mer Bleue vegetation 

changes throughout the growing season 2016, a comparison between CASI 1500 data mosaics (Section 9) 

and satellite simulations (Section 10) was carried out. As an example, the CASI mosaics (Figure 9-8) 
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were spatially and spectrally resampled to the characteristics of the Sentinel-2 images yielding a CASI 

data final image product at 20 m spatial resolution with the same band set of the Sentinel-2 ground 

reflectance data (e.g. one for each time period). To compare the Sentinel-2 data, the CASI resampled 

imagery and the satellite simulations, reflectance values were extracted from each image. In addition, 

based on the reflectance data from each image dataset, three vegetation indices commonly used to 

measure vegetation changes in different ecosystems, were applied (Table 8-3). Both the reflectance 

datasets and vegetation index outputs were extracted in spatially consistent areas. These areas 

corresponded to 20 one-hectare (5 x 5 pixels) plots that were selected randomly over the entire peatland at 

Mer Bleue (Figure 8-6). Once the pixel values were extracted from each image product (i.e. reflectance or 

vegetation index) the mean and standard deviation was calculated for each period and plotted (see Section 

10).  

Table 8-3: Vegetation indices used to evaluate Sentinel-2 products at Mer Bleue growing season. Wavelength 

values for the Sentinel-2 channels can be found in Figure 4-7. 

Vegetation Index Formula (Sentinel-2 reflectance channels) Reference 

NDVI (NIRB8-RB4) / (NIR B8+R B4) Rouse et al. (1974) 

SR NIR B8 / R B4 Birth and McVey (1968) 

RENDVI (NIRB6-NIRB5) / (NIRB6-NIRB5) Gitelson and Merzlyak (1994) 

 

 

Figure 8-6: Random 1-ha plots (5 x 5 pixels) used to extract reflectance and index values from various 

datasets (CASI resampled mosaics, Sentinel-2 and ISDASv2 Sentinel-2 simulations). 
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8.4.2 Landsat 8 OLI Level 2C Reflectance Data Product 

Once again, discussion with respect to the Landsat 8 data products has been deferred. 

  Satellite Simulations 8.5

8.5.1 The Imaging Spectrometry Data Analysis System (ISDASv2) 

The ISDASv2 tools and their development were introduced in Section 4.6, and have been applied in this 

project to provide both an independent data quality evaluation of the airborne imagery (discussed in 

Section 6.2.2) and to derive simulations mimicking acquired space borne imagery. Simulations of 

hyperspectral systems using ISDASv2 have been previously demonstrated (for example, see White, 2011; 

and White et al., 2010), however recent advances to the methodology have been incorporated here. The 

aim is to provide the foundation to improve understanding of the sensitivity of the information extraction 

methodologies with respect to the characteristics of the remotely acquired imagery, and to allow for the 

capacity to produce simulations at other view/illumination orientations subject to other 

sensor/atmospheric characteristics for further evaluation.  

8.5.2 Processing Steps Overview 

The following processing chain was used to derived simulated image products for a specified 

view/illumination orientation and specified sensor/atmospheric characteristics. Specific constraints were 

required as outlined in Figure 8-7.  

Step 1: The Initial At-Surface Spectral Reflectance Scene  

The first step in the ISDASv2 processing chain was to produce an at-surface reflectance product. An 

airborne-based image mosaic of validated at-surface nadir directional reflectance at 1 m spatial and 3-7 

nm spectral resolution was used as the simulation starting point (see above for airborne mosaic imagery 

discussion). As the simulated imagery will be at a coarser spectral and spatial resolution, the airborne 

mosaic can treat each pixel as a unique end-member fraction with assigned spectral reflectance. If 

required, areas outside the mosaic can be included by using other high resolution image sources and 

spectral fractions assigned. However, in this project the airborne imagery of the Mer Bleue Peatland 

provides complete coverage of the region of interest. Thus the regions outside the mosaic area are 

assumed to have been masked out and the simulated area is assumed to be at-nadir in the simulated 

imagery. Bi-directional effects within the scope of the view/illumination geometries provided by the 

mosaic and derived simulations have not been addressed at this time.  

Step 2: Upwelling At-Sensor Radiance  

Once the at-surface spectral reflectance imagery is defined, the next step is to determine the upwelling 

radiance that will be received by the sensor. This involves applying the view/illumination geometry and 

the atmospheric contribution to the upwelling radiance. To do this, a high spectral resolution atmospheric 

contribution LUT is derived using Modtran4r2 as presently implemented in ISDASv2. Atmospheric 

model parameters and view/illumination orientation as provided with the airborne mosaic are used. In the 

case of atmospheric water vapour (H2Ov), while ISDASv2 is capable of utilizing a per pixel 

concentration, the reported scene average water vapour column derived for the airborne mosaic is used as 

a set value. Solar zenith and azimuth angles as derived for the image centre date, time, latitude and 

longitude are used, instead of the reported scene derived mean zenith and azimuth angles. It should also 

be re-iterated here that a simulation of a nadir viewing sensor capturing only the Mer Bleue Peatland 
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scene is being performed. Thus at 786 km altitude, the scene which is approximately 9.9 km wide has a 

angular swath width of approximately ±0.36º. In comparison, the Sentinel-2 system observes a swath of 

290 km, providing a swath width of ±10.45º.  

Future simulations can incorporate variability in the water vapour column, or other variations in 

atmospheric conditions, to examine the impact of various atmospheric conditions to the remotely 

observed signal. Non-nadir viewing of up to 10.45º to capture the acquisition of this site at edge of an 

overpass rather than the centre could also be pursued. As with atmospheric water vapour concentrations, 

future simulations can be derived for alternative view/illumination geometries or for alternate areas 

(assuming a Mer Bleue scene at more northern latitudes, as an example).  

Step 3: Convolve to Sensor Parameters  

To determine the at-sensor radiance as reported by the sensor of interest (in this case a simulated sensor 

mimicking the Sentinel-2a system), the upwelling at-sensor radiance is convolved to the sensor 

Figure 8-7: Workflow outlining the main steps employed to derive a simulated imagery product from an 

airborne mosaicked at-surface reflectance product. 
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characteristics. This includes such parameters as the spatial and spectral resolutions and response of the 

system. For the purposes of this activity, impacts of pixel gain offsets (“bad pixels”), spectral curvature 

and keystone have not been included in the simulation. The spectral response as reported in the Sentinel-2 

Level-1C product xml report is used, and a Gaussian PSF with a FWHM of a pixel of 20m and extent of 

40m is used. Once convolved, a straight Signal-to-Noise ratio is applied following the pre-launch values 

as a guideline (reference page 39 of SP-1322/2 report). Thus a Level-1B simulated product is derived. 

Future simulations considering variations of these parameters to evaluate the impact on derived 

information products could also be pursued.  

As the aim of these simulations was to examine the spectral character and spectral index derived products 

with respect to airborne mosaics and space borne data sets, all simulations were derived for 20 m pixels. 

Future derivations to match the 10m and 60m pixel sizes of select Sentinel-2a bands, or the spectral and 

spatial resolutions and signal-to-noise of other sensors (such as Landsat-8 OLI) can be done.   

Step 4: Atmospheric Normalization  

By design, ISDASv2 implements an atmospheric normalization to directly derive an at-surface (Level-2A 

or Bottom-of-Atmosphere) reflectance product from the at-sensor reported radiance imagery. It is not set 

up to produce the Level-1C (Top-of-Atmosphere) reflectance product presently provided for Sentinel-2. 

As with the previous atmospheric model, an atmospheric correction LUT is independently derived 

specific to the simulation with appropriate view/illumination orientation and atmospheric parameters. The 

H2Ov value as previously used is also utilized here, however H2Ov concentrations (or other atmospheric 

parameter) could be altered to evaluate the implications on the derived at-surface reflectance product.  

Once applied, the simulated at-surface spectral reflectance can be compared to the initial mosaicked at-

surface reflectance used to start the simulation procedure, or to the sensor at-surface reflectance product 

derived from another sensor.  

8.5.3 Simulated Satellite Derived Spectral Indices Data Products 

The methodology outlined in Section 8.4.1.2 describing the derivation of Spectral Indices Data Product 

from satellite imagery is similarly applied to the simulated satellite imagery to generate corresponding 

data products for comparison. 
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9.0 Data Assessment 

9.1 Data Assessment – Laboratory Measurements 

9.1.1 Calibration of Lab Reference Panel to NIST Reflectance Standard  

9.1.1.1 Determination of Lab Reference Panel R(0°:45°) Reflectance Panel 

Cross-calibration of the field panels in the CCDL were performed with a 0°:45° geometry. Application of 

the R(0:45) Reflectance Factor to field (or lab) acquired field spectrometer data must then be adjusted for 

the illumination angle correction factor.  It is these two parameters that needs to be derived from the 

University of Arizona dataset for the lab reference panel.   

The calibration measurements undertaken and delivered by the University of Arizona provides 19 discrete 

spectral locations. A method therefore needs to be devised to determine the reflectance factors for any 

wavelength spanning the field spectrometer wavelength range of interest.  The spectral shape of the 

Labsphere R(8°:h) has been suggested (Georgiev et al. 2001) as a best approach for producing a full 

R(0°:45°) spectrum from the discrete spectral results. The R(8°:h) calibration that Labsphere performs is 

provided on the calibration certificate at 50 nm increments between 250 nm and 2500 nm.   This data is 

shown in Figure 9-1A as the red data points along with the certificate specified uncertainty levels.  A 1 

nm data set is also provided by Labsphere in a digital file of which the 50 nm data appear to be a subset – 

the 50 nm data values are identical to the corresponding data values in the 1 nm dataset. A plot of the 1 

nm, shown in Figure 8-1A in blue, illustrates a high level of noise in the spectral domain are apparent in 

that data set (Figure 9-1 – blue data).  Knowing that this high frequency noise is not expected in a new or 

fresh sample of Spectralon™, a piecewise (6 segments) 10
th
 order polynomial fit, as described in the field 

data processing section in the previous section, is fit to the 1 nm data.  This results differs substantially 

from the fit to the 50 nm provided in the Labsphere calibration certificate (Appendix I).  A careful 

assessment of the 2 fits suggests that our fit to the 1 nm data is likely a better representation of the true 

Spectralon™ spectrum and will therefore be use to fit to the University of Arizona data. 

Upon close examination of the 1 nm data, a number of unexpected sharp discontinuities are noticed 

between 1000 nm and 1450 nm. These anomalies are not apparent in calibration data for other panels that 

we are familiar with. These are presumed to be data acquisition anomalies in the NRC-03 panel 

calibration data. Without further information on these anomalies and given the relative small magnitude, 

the polynomial fit remains our approach to their removal. 

The 19 RF data points determined by University of Arizona calibration data for the 0°:45° geometry is 

shown in as the discrete red data point in Figure 9-1B along with the uncertainties provided with respect 

to the NIST spectral reflectance standard.    A bilinear best fit of the polynomial fit to the Labsphere 1 nm 

R(8°:h) data (black line) is shown as the solid red line.  Without the University of Arizona data, the ‘best 

guess’ would have been to multiply the R(8°:h) by a factor of 1.02 as suggested in literature (Yoon et al. 

2009).  This result would have resulted in the spectra shown in green which suggest errors of around 1% 

over from 350 nm to 1700 nm would have been encountered. 

The parameters describing the six-region piecewise polynomial fit to the red line in Figure 9-1B are used 

for cross calibration work performed with lab reference panel NRC-03. 
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9.1.1.2 Determination of an Illumination Angle Correction Factor  

The University of Arizona is illustrated as a function of illumination angle in Figure 9-2.  The RFs 

obtained with the Si (VNIR) detector transfer radiometer are shown in Figure 9-2A with those obtained 

with the InSb (SWIR) detector transfer radiometer shown in Figure 9-2B.  As expected if looking at the 

shape of the spectral curves in Figure 9-1, the illumination correction factor would not change 

significantly in the as a function of wavelength but would in the SWIR range.  However if the data is 

normalized to the R(0°:45°) RF for each channel as illustrated in Figure 9-2C, the curves are tightly 

bundled across the entire spectral range.  From this, a single illumination correction factor can be derived 

as a 6
th
 order polynomial fit (fit and parameters shown in Figure 9-2C) that would introduce less than 

0.3% error in the results for illumination angles less than 70°. 

Figure 9-1: A) 8°:h reflectance factor calibration data supplied by Labsphere for Spectralon™ panel NRC-03. 

The calibration certificate provides the data in 50 nm increments (red data points), a subset of a 1 nm 

increment that is provided digitally (blue data).  The piecewise polynomial (6 segments) is fit to the 1 nm data 

to remove the instrument noise (black line).   B) Fitting of the Labsphere R(8°:h) spectra data to University of 

Arizona R(0°:45°) data points for project reference panel NRC-03 (red line).  A ‘best guess’ for performing 

this conversion without the University of Arizona calibration (green line) is based upon a factor of 1.02 

suggested in literature. 



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED  Data Assessment 93 

  

Figure 9-2: University of Arizona reflectance factor data as a function of illumination angle: A) ten VNIR 

channels; B) nine SWIR detector channels; C) all 19 channels after normalization to the R(0°:45°) data point 

for each channel. 
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9.1.2 Field Reference Panel Characterization and Calibration 

9.1.2.1 Calibration System Assessment 

Prior to performing the panel characterization and calibration work in the CCDL, an assessment was 

performed of the overall calibration system.  This was accomplished by repeating the same measurement 

of the lamp illuminated panel by the field spectrometer.  The variability in the results will be due to the 

combined instabilities of the spectrometer and illumination system.  Each measurement was ratio’d 

against the initial reference measurement made of the same panel location.  The mean, max/min, and ± 1 

standard deviation from 98 measurements are shown in Figure 9-3. The coefficient of variation, shown on 

the right-hand side scale provides an indication of stability levels.  The SWIR1 region (1000 nm – 1950 

nm) appears to have the best stability with a CoV of less than 0.1%.  The stability of VNIR spectral 

region appears to grow with wavelength.  An investigation into this would be useful.  The extreme blue 

end and SWIR both show increase noise lie to reduced signal levels from low irradiance levels and low 

instrument sensitivity. Between 400 nm and 2350 nm the CoV remains less than 0.25%.  Knowing that 

the stability of the field spectrometer is no worse than the levels shown here provides a useful insight into 

its capability. 

 

9.1.2.2 Field Panel Uniformity 

The uniformity of each panel was tested making use of the computer controlled xy-translation table. This 

was deemed necessary to assess the potential influence of non-uniformities in the panel reflectance on the 

field spec procedure.  For a lightly used panel this would likely have a negligible effect but may be of 

significance in a well-used panel.  Measurements were made of a grid of each panel with 2.5 cm spacing 

between each grid point.  The results are shown for the four panels (NRC-01, NRC-02, McGill-03 and 

CCRS-01) in Figure 9-4.  As the spot size is considerable smaller in these tests than will be experienced 

Figure 9-3: The results of a system stability test of the calibration system (spectrometer/lamp) setup. 
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in the field, the effective variability in the field due to inconsistent positioning on the panel will likely be 

less than observed here. 

 

9.1.2.3 Field Panel Cross-Calibration 

Panels were cross calibrated in the 0°:45° geometry against the NRC-03 lab reference.  The measurement 

sequence repeatedly took measurements of the centre point of the reference panel followed by the centre 

point of target panel under test. Figure 9-5A shows the five new R(0°:45°) calibrations including that 

derived for panel NRC-03. For validation purposes, Figure 9-5B shows a comparison of the NRC-02 

cross-calibration results with University of Arizona calibration results for R(0°:45°).  Figure 9-5C 

provides a comparison of a ‘best guess’ approach (Labsphere R(8°:45°)  scaled by 1.02), with the results 

obtained here.  The UV degradation caused by exposure to solar illumination is readily evident reducing 

the RF by up to 4% at 400 nm.  

  

Figure 9-4: Variability of the project panels as measured under controlled conditions in the lab.  Panel NRC-

01 (grey line) has had the most field use and was expected to be the most degraded as is reflected by the 

highest CoV in the VNIR spectral region.  The lab reference is shown in red. The black line is the stability 

CoV results from Figure 9-3 providing an indication of the relative contribution of the instrumental error vs. 

the panel uniformity. 
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Figure 9-5: A) The 0°:45° reflectance factors for the five panels used in this project with NRC-03 acting 

as the lab/project reference panel.  The R(0°:45°) reflectance factors as derived from the University of 

Arizona and Labsphere data (Cyan line) are provided for comparison.  B) Cross-calibration results of 

Panel NRC-02 (red line) in comparison with the University of Arizona Panel NRC-02 results (Red 

circles) and a ‘best guess’ based upon the original Labsphere R(8°:h) calibration data (green line).  C) A 

comparison of the field experienced NRC-01 panel 0°:45° reflectance factors as they would have been 

derived from a ‘best guess’ approach (red line - Labsphere R(8°:h) calibration (blue line) data scaled by 

1.02) with that determined from the cross-calibration process (green line). The degradation in the blue is 

believed to be due to exposure to ultraviolet light. 
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9.2 Data Assessment – Field Measurements 

9.2.1 Mer Bleue 

The field spectrometer data acquired at Mer Bleue, along with corresponding field and spot photos, has 

been collected into charts summarizing the processed spectra at each of the 17 MBR plots and the 16 

MBP plots.  An example is provided in Figure 9-6 for MBR and Figure 9-7 for MBP. A complete set of 

charts is provided in Appendix B.  Interactive versions of the MBR spectra can be viewed at 

http://bit.ly/merbleue. 

 

  

Figure 9-6: Mean spectra for plot PM1 in the MBR for the period of April 20 – June 23, 2016. Photographs 

illustrate the landscape in the immediate vicinity of the plots (images top row) and plot spot photos (images 

bottom row) at the time of measurement with the ASD FieldSpec3. 

http://bit.ly/merbleue
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9.2.2 U61 Cal/Val Site 

The goal of the field spectrometry data acquisitions performed at the U61 Cal/Val ground site was to 

provide high quality ground reflectance spectra for use in the in-flight radiometric calibration and/or 

validation of the airborne hyperspectral imagery.  With that in mind, understanding the impact of various 

influences and the quality assurance of the acquired field spectra was of prime concern. This section 

provides a review of these activities using samples of the data acquired. 

Raw field spectrometry measurements can be evaluated when needed as shown in Figure 9-8A for the 

June 23
rd

, 2016 Concrete C9 Trial 2 data set obtained with the NRC SVC.  Of interest are the regions of 

low signal levels.  The low signal levels shown in Figure 9-8B are due to low sensitivity of VNIR 

spectrometer at the upper end of its spectral range.  The regions shown in Figures 9-8C and D are low due 

to low atmospheric transmission through these water absorption bands.  These low signal levels make 

these spectral regions particularly susceptible to high noise levels and errors in the offset correction 

process due to even small offset correction issues. Poor SNR levels can be seen in these spectral regions 

Figure 9-7: Mean spectra for plot MBP-P1 (Pond Margin) in the MBP for the period of May 11 – June 23, 

2016.  Photographs illustrate the landscape in the immediate vicinity of the plots (images top row) and plot 

spot photos (images bottom row) at the time of measurement with the SVC HR-1024i..  

 

May 11                       May 24                      June 23 
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in the ground reflectance data in the spectra that follow.  In some cases in the SWIR water vapour 

regions, the spectra becomes indeterminable resulting in sections that are left blank as seen in the lower 

chart of Figure 9-9C. In addition to the high noise levels in the upper wavelengths of the VNIR 

spectrometer (940 to VNIR cut-off wavelength), offset in the reflectance data are noticed on occasion. 

This is normally due to errors in the dark current correction that might occur is the instrument has not 

been allowed to properly stabilize.  This artifact can be corrected for by introducing what often amounts 

to a small correction offset to the target signal (often 1-5 DN) that impact this spectral region but has 

negligible impact to the channels with larger signal levels.  As the SVC performs a dark current prior to 

each reference or target measurement, this is not commonly found to be a problem. This tends to be a 

bigger issue with the ASD where the dark current is only acquired upon command from the operator. 

Sample of measurement sets acquired on June 23
rd

, 2016, as viewed in the field spectrometry spreadsheet, 

are shown in Figure 9-9. Concrete C9 Trial 2, Asphalt EF9 Trial 2, Black Tarp Trial2, and Grey Tarp 

Trial 2 are shown in Figures 9-9 A, B, C, and D respectively.  For each target, the individual spectra are 

shown in the upper chart (i.e. A.1).  In this view outliers can be identified and removed if required.  

Removal of outliers must be done with care as the variability of the various spectra can be due to not just 

unwanted changes the downwelling irradiance, but also due to reasons that we want to include such as 

real variations in the extended target reflectance levels. The supporting photographs (Figure 9-10) and 

SPN-1 (Figure 9-11) data assist the data user in distinguishing between wanted and unwanted variations.  

Figure 9-8: A) Raw signal from the June 23rd, 2015 concrete C9 Trial 2 field spectrometry measurment set 

acquired with the NRC SVC. The Spectralon™ reference measurment is shown in orange.  Signal levels 

lower than those from the concrete target spectra in the VNIR is due to the application of different 

integration times– 20 ms for the reference, 50 ms for the concret targets. Three regions with low signal 

levels due to low instrument sensitivity (B) and low atmospheric transmission (C and D) are shown in the 

insets.   
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Figure 9-9: Sample field spectrometer results from June 23
rd

, 2016 of the U61 Cal/Val targets - A) Concrete 

(C9); B) Asphalt (EF9); C) Black Tarp; and D) Grey Tarp. In the upper chart of each group, the individual 

reflectance spectra from a group of field spectrometer measurements is plotted.  In the lower chart, the 

mean of that group, ±1standard deviation, and the min/max are provided along with the CV (in orange) as 

plotted on the right hand side vertical axis.  The ‘smoothed’ spectra resulting from the piecewise polynomial 

fit is shown in black (grey tarp excepted).  
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Figure 9-10: A sample set of the associated field photos (A), sky photos B), and spot photos for the target (D), 

the Spectralon™ reference (D) and the diffuse Spectralon™ (E) measurements for the June 23rd Concrete 

C9 Trial 2 measurements sets at the U61 Cal/Val site. 

Figure 9-11: SPN-1 measurements at the U61 Cal/Val site acquired at 10 second intervals on June 23rd, 2016. 

The diffuse to global ratio of these broadband (400 to 2700 nm) measurements are shown in orange on the 

right-hand scale. 
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Sky photos were acquired at 1-minute intervals with the camera clock synchronized to GPS time allowing 

the operator to visually assess the sky conditions.  Time lapse videos generated from the sky photos, 

available at https://mbasss.geog.mcgill.ca/skyphotos/index.html, assist with this process.  Spot photos 

have identified creases in the tarps that resulted in both brighter and darker spectra that will contribute to 

the signal of the extended target and should be retained. SPN-1 measurements of the broadband diffuse to 

global irradiance ratio was acquired at 10 second intervals which provides information on the impact of 

cloud covers at a high temporal resolution.  The full usefulness of this data set has yet to be accessed. 

The CV spectra shown in the lower charts (i.e. A.2) provides a measure of the variability of the individual 

spectra.  For relatively uniform targets such as these, this provides quick feedback on the quality of the 

dataset that becomes more meaningful with the repetition of the measurement process for a given target.  

(This feature is significantly more meaningful for the laboratory measurements).  The quality of the 

smoothing process originally developed for the laboratory measurements of the Spectralon™ panels can 

be seen in these figures.  The process is useful in the removal of unwanted noise, including that found in 

the low signal regions previously discussed, for our concrete, asphalt and black tarp targets.  The spectral 

features found in the grey tarp spectra make this approach unusable.  Both the original spectra and the 

smoothed spectra are retained for further analysis. The noise in the water absorption bands, particularly 

that at 1900 nm, can make it impossible to model across the feature. 

Figure 9-12A shows the ratio of the ‘target’ measurement of the Spectralon™ panel acquired at the end of 

the measurement set with respect to the original Spectralon™ reference measurement (Figure 9-10 D) for 

four measurement sets on June 23
rd

, 2015. Although the signal levels in much of the measured spectral 

range remains relatively stable (ratio ~ 1), the transmission in water absorption bands appear to be 

varying significantly suggesting that care must be taken in how data in those channels is made use of.  

Similar spectra on days that had high cirrus clouds of fluctuating thickness produced offsets across the 

entire spectral region.  This information can be used to determine a rough estimate of the error in the 

resulting spectra due to such irradiance level fluctuations on days. 

Finally, the diffuse to global irradiance ratio produced from the diffuse Spectralon™ measurements 

(Figure 1-10E) is shown in Figure 1-12B.  The usefulness of this information, potentially in combination 

with the sky photos and SPN-1 data has yet to be evaluated.   

9.2.3 Field Spectrometry Cross-Comparison Exercise 

This data set has yet to be systematically analyzed. A preliminary visual inspection of a subset of the 

processed field spectra results has not identified discrepancies of any significance. 

  

https://mbasss.geog.mcgill.ca/skyphotos/index.html
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Figure 9-12: A) Spectral Irradiance stability check for four field spectrometer measurement sets on June 23
rd

, 

2016. B) Diffuse to global irradiance measurements derived from shadowed field spectrometer measurements 

of diffuse Spectralon™ compared to fully illuminated Spectralon™ for three measurment sets. 
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 Data Assessment – Airborne Measurements 9.3

A preliminary assessment of the spectroradiometrically corrected imagery is performed as each radiance 

and geocorrected radiance image is produced using in-house knowledge and expertise to visually inspect 

several issues as described in Kalacska et al. 2016.  Detailed assessment and validation of the 

spectroradiometrically corrected hyperspectral imagery will, for the most part, be performed once it has 

been converted to ground reflectance and as such the reader is referred to relevant sub-sections below. 

The exception to this is the assessment of the spectral curvature or smile which is determined from the 

radiance imagery prior to geocorrection (described in Sections 8.3.1.1 and 9.3.1.3.3).   

9.3.1 MB Mosaics 

Of the seven Mer Bleue mosaics that were acquired, six mosaics have been generated for both CASI and 

SASI.  Two of these (Nov 4
th
, 2015 and March 3

rd
, 2016) have yet to be atmospherically corrected to 

ground reflectance and as such were created from radiance imagery.  Once the display is stretched for 

viewing, RGB displays of the two types of imagery (at-sensor radiance and ground reflectance) using 

channels that avoid atmospheric features are difficult to distinguish. As such, a series of thumbnails of the 

mosaics composed of the two source data products for both instruments are provided in Figure 9-13. 

Larger versions of these images can be viewed in Appendix C along with additional parameters 

describing the images.  RGB channels used in this display are R-756.64 nm, G-689.70 nm, B-550.99 nm 

for the CASI and R-1051.96 nm, G-1623.88 nm, B-2121.83 nm for the SASI which have been linearly 

stretched over then entire image with a 2% clip.  The extents of each image are 9.90 km by 6.46 km.  
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Figure 9-13: Thumbnails of the 6 CASI (left) /SASI (right) mosaic images of Mer Bleue.  As the Nov. 4
th

 , 2015 

and March 3
rd

, 2016 mosaics are yet to be atmospherically corrected to reflectance, radiance imagery is 

presented for those two dates. 
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9.3.1.1 Geocorrection Assessment of Mosaic Imagery 

The mosaicked imagery was visually examined for misalignments along the seams of adjacent flight 

lines.  With the new versions of the geocorrection software, the seam misalignment was eliminated with 

the exception of a single flight line found within the SASI May 24
th
 Mosaic.  Figure 9-14A shows the 

overall SASI mosaic image.  Enlargements of the CASI imagery in Figure 9-14B illustrates results 

typically of spatial alignment found between image seams, both CASI and SASI, throughout the project 

mosaics.  Figure 9-14C shows the exception where a misalignment is apparent between SASI flight line 

MB-G with the adjacent flight lines. Further assessment must be undertaken to determine the source of 

this problem but as it was only found in the SASI imagery and not the CASI, both of which use the same 

GPS/INS data stream, it is believe a processing error. 

The seams were also carefully inspected for gaps.  Despite using an overlap less than recommended to 

ensure full coverage, only two small gaps were found in the 6 mosaics that were produced. As shown in 

Figure 9-14D and 9-14E, the two gaps found in the May 11
th
 and May 24

th
 CASI (not shown) and SASI 

(shown) mosaics were found in almost identical locations.  It is speculated that the gaps were found at this 

location as the aircraft transited over the boundary of the peatland where significant down- or up-drafts 

were frequently encountered. 

9.3.1.2 Cross-track Illumination Effects 

Further evidence of the quality of the image geocorrection can be viewed in the summary of the mosaic 

imagery found in Appendix C.  Cross-track illumination variations are apparent in most of these mosaics.  

The SAAs for each flight line are shown to illustrate the impact of the relative angle between the aircraft 

heading and the SAA on the magnitude of the radiometric discontinuity along the flight line seams in the 

mosaics. 
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Figure 9-14: Two issues related to the geocorrection of the imagery are identified in these images.  A) The May 

24
th

, 2016 SASI Mer Bleue mosaic. B) The quality of the seams between flight lines (identified by the yellow 

parallelograms) typical of the mosaicking process showing little to no spatial misalignment.  C) A spatial 

alignment issue, only recognised in flight line MB-G the May 24
th

, 2016 mosaic, is identified in the SASI 

mosaic. For the 6 mosaics that have been processed, only two gaps were identified between flight lines as shown 

in D) and E) for May 11
th

 and May 24
th

 SASI mosaics respectively. Similar gaps reside in the corresponding 

CASI mosaics.   
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9.3.2 Image Data Quality Evaluation Using ATCOR4 

The following section provides a summary of the quality assessment of the atmospheric correction 

reflectance product, with a focus on the U61 Cal/Val imagery. Analyses on the impacts of the water 

column retrieval, in-flight radiometric calibration, smile correction along with the spectral variability 

analysis between airborne and ground spectrometry data were performed and are briefly covered below. 

The impacts of the water column retrieval on the reflectance output were tested in ATCOR4, which 

provides broad values for water column thickness. The water column retrieval can often fall between two 

water retrieval values. For example, the calculated U61 Cal/Val water column for June 23, 2016, has a 

value of 1.6 cm. To test the implications of using a 1 cm or a 2 cm water column thickness, results of 

atmospheric corrections were compared with the June 23, 2016, U61-04 flight line imagery using a 

standard sensor definition and a rural atmosphere at 1000 m flight altitude and 26 km estimated visibility. 

Overall, negligible differences between both water columns values were found in the CASI data with the 

exception of the 900 to 1000 nm wavelength range (Figure 9-15).  As a result, 1 cm atmosphere water 

thickness value was applied to the computations of the preliminary reflectance product. 

The atmospheric correction model in ATCOR4 has the option to improve the radiometric calibration of 

the imagery (RADCORR input, Section 6.1). This is important for the CASI imagery because it improves 

the low signal levels in the blue wavelengths. The impacts of the in-flight radiometric calibration were 

tested using an ATCOR4 smile sensor definition at a visibility of 26 km and 1 cm water retrieval (Figure 

9-16). A significant improvement can be seen following both smile and radiometric calibration for dark 

and bright targets, specifically residual atmospheric absorption features that are corrected for. The 

radiometric correction resulted overall in a relative difference from the ground at a mean of -2.95 ± 0.97% 

reflectance for the asphalt and 4.2 ± 2.3% reflectance for the concrete across all wavelengths. Meanwhile, 

Figure 9-15: Comparison between 1 cm (ATCOR4 - 26 km - 1 cm water column thickness) and 2 cm 

(ATCOR4 - 26 km - 2 cm water column thickness) water column thickness at 26 km visibility using ATCOR4 

for the asphalt and concrete cal/val targets acquired on June 23, 2016 for CASI. 
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the atmospheric correction performed without radiometric calibration resulted in an overall greater 

difference from the ground data (> 5%), especially over the 366 nm to 550 nm wavelength range. This 

indicates that smile and radiometric correction during the atmospheric correction routine improves the 

spectral response (400-450 nm), especially in the low signal levels in the blue wavelengths. 

 

As discussed in Section 8, the Smile Detection tool available in ATCOR4 was used to compute the smile 

for each of the CASI channels. Figure 9-17 illustrates the detected cross-track smile determined for a 

subset of eight spectral channels from an individual U61 flight line for each of the 4 analyzed days. The 

results indicate that the detected smile on May 11, May 24 and June 23 datasets are of similar magnitude 

and shape varying between +0.1 nm and 1.0 nm. The April 20 results were similar in shape but 

significantly larger in magnitude varying between -0.5 nm and -2.0 nm. This compares to a channel 

spacing of 2.4 nm and a FWHM of 3.2 nm.  A more complete view of the ATCOR4 derived smile as a 

function of wavelength can as an animation at  https://mbasss.geog.mcgill.ca/Animations/index.html. 

Figure 9-16: Comparison of June 23
rd

, 2016 CASI reflectance derived with (green-line) and without (red-line) 

application of an in-flight radiometric calibration for asphalt (A) and concrete (C) U61 cal/val targets.  

Corresponding relative difference between the airborne derived reflectance and the ground field 

spectrometer results are found in B) and D).  

https://mbasss.geog.mcgill.ca/Animations/index.html
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Figure 9-17: Examples of cross-track smile detection for eight of the 288 channels computed using ATCOR4 

for the four processed 2016 CASI datasets.  A value of 0 would indicate no spectral shift detected at that 

column. 
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The spectral reflectance of a homogeneous target (i.e. asphalt) following the smile correction, part of the 

atmospheric correction routine, indicates that while the signal was improved, the remnant noise can be 

observed below 400 nm and above 1000 nm, for the rest of the target the reflectance is consistent (Figure 

9-18). These regions also show a higher coefficient of variation from the mean spectral reflectance of the 

asphalt ramp (map in Figure 9-18). In this case, an average of 1000 pixels was used to calculate the mean 

asphalt spectral reflectance. Overall, the coefficient of variation is within 2 % from the mean, except 

below 400 nm and at the edge of the imagery at column 700.  

To better understand the impact of the residual smile, reflectance values for various wavelengths of a 

cross section of the asphalt runway were inspected. For a single flight line from each of the four analyzed 

days, the charts on the left-hand side of Figure 9-19 illustrates the profiles of 13 wavelengths. The right-

hand side charts displays those as a percent difference with respect to the mean from the entire cross 

section. The results indicate that the 400 nm wavelength is significantly impacted by the residual smile, 

especially at the edges of the image (Columns 1-50 and 650-749). In comparison, wavelengths of 430 nm 

and higher show little impact from the smile, following similar trends of less than 5% difference for all 

days. These results are consistent with those shown in Figure 9-18 where the impact of the smile is seen 

to intensify at the blue end of the spectrum near the edges of the image.   

The spectral reflectance of a homogeneous target (i.e. asphalt) following the smile correction indicates 

that while the signal was improved, the remnant noise can be observed for wavelength approaching 400 

nm and below, with the rest of the target the reflectance is consistent across wavelength and the FOV 

(Figure 9-19). These regions also show a greater deviation from the mean spectral reflectance of the 

asphalt runway. In this case, an average of 1000 pixels was used to calculate the mean asphalt spectral 

reflectance. Overall, the coefficient of variation is within 2 % from the mean, except below 400 nm and at 

the edge of the imagery at column 700. 

As previously described Section 8.3.3.1, the in-flight radiometric calibration routine computes offset (c0) 

and gain (c1) and offset coefficients are applied to improve the spectral response during the atmospheric 

correction process. Figure 9-20 shows the gain and offset coefficients applied to the four acquired 

datasets. Even though the data were collected on different dates, time of day, the coefficients of variation 

from the mean are at an average of 0.05% for the gain and 1.5% for the offset. For May 24 U61 Cal/Val 

image, the offset coefficient shows lower values in comparison with the other datasets. The lower 

reported offset values can be caused due to using the May 11 field spectral ground data to calculate the 

May 24 radiometric calibration coefficients. Overall, these results can suggest that vicarious calibration 

might not be needed and similar improvements over basic atmospheric correction can be expected for 

flight lines, such as the Mer Bleue ones, that do not have corresponding ground spectra because both 

radiometric and smile corrections are part of the sensor definition. However, more research needs to be 

done to test the variability in radiometric calibration between datasets to have a better understanding of 

the implication of using pre-existing radiometric and smile correction for datasets where no field ground 

spectral data was acquired.  

To validate the atmospheric correction routine and the quality of the reflectance data, the spectra of 

concrete and asphalt targets was compared to the field spectral ground data for the four datasets (Figure 9-

21). The bands 366 nm to approximately 450 nm and beyond 1000 nm show more variability and noise 

for all datasets, especially for the April 20, 2016, dataset.  However, the absolute relative difference of the 

airborne imagery is overall within 5 % from the acquired field spectra ground data. These results indicate 

that integration of the radiometric routine within the atmospheric correction process, improves the 

spectral response of the data, especially in the low signal blue wavelengths.  
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Figure 9-18: Across-track variability in asphalt spectral reflectance of the acquired U61 Cal/Val during the 

MBASSS 2016 flight campaign. Location of selected pixels of corresponding non-geocorrected imagery 

columns shown on the geocorrected U61 Cal/Val flight line (640 nm, 550 nm, 460 nm) acquired on June 23, 

2016. 
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Figure 9-19: Cross-sectional reflectance profiles for 13 spectral channels of the runway asphalt site for four 

CASI data sets (April 20
th

, May 11
th

, May 24
th

, and June 23
rd

, 2016).  The reflectance spectra are shown in the 

left-hand charts with the corresponding relative difference between the cross section and the mean cross-

section on the right-hand side.  The impact of the smile for the 400 nm channel clearly similarly distinguishes 

itself from the other examined channels (430 nm and above) for each of the assessed data sets, particularly at 

the edges of the FOV. 
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Figure 9-20: A) Gain (C1) and (B) offset (C0) coefficients derived from the ATCOR4 in-flight radiometric 

calibration and their variability from the mean of the acquired U61 Cal/Val imagery. 
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Figure 9-21: Comparison between airborne asphalt and concrete targets (N=15) and field spectrometer 

spectra for the acquired U61 Cal/Val imagery collected on April 20
th

, May 11
th

, May 24th, and June 23
rd

, 

2016. The left-hand charts show the reflectance spectra with the relative difference (%) between the airborne 

and field spectrometer reflectance shown in the corresponding right-hand charts. 
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9.3.3 Image Data Quality Evaluation Using ISDASV2  

An independent data quality evaluation of CASI was performed for November 2015 acquisitions using 

ISDASv2 tools.  An introduction to ISDASv2 is provided in Section 10.1.  

9.3.3.1 Image Noise CASI 

The imagery was inspected for noisy bands and bad pixels (vertical stripes). The first two bands were 

found to be noisy and to have non-consistent across-track profiles. These two bands have been noted and 

were masked in subsequent analysis. It was also noted that the last column of the provided image cubes 

was near-zero and also masked. There were no obvious stripes (no zeroed columns of data or columns 

with large gain discrepancies). A statistical evaluation of “similar” pixels (a per pixel comparison of 

twenty pixels of similar spectral radiance) suggests that random noise in the imagery < 2%.   The results 

of a noise reduction applied to various ground surface type spectra is provided in Figure 9-22. 

Figure 9-22: Impact of noise reduction (NR) on various land cover type radiance spectra. A) Pre- and post-

noise reduction radiance spectra. Noise reduced spectral radiance is determined as the mean of 20 similar 

pixels, statistically determined as “most similar to” the select pixel. The NR spectra are almost 

indistinguishable from the original spectra at the presented scale.  B) Differences in the pre-and post-noise 

adjusted pixel spectral radiance. Pixel locations are indicated in the legend. 
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9.3.3.2 Keystone Evaluation 

The keystone correction module first automatically detects the spatial shifts in the cross-track direction 

for all bands by selecting one band (usually the central band) as a reference.  The swath-width 

misalignments are detected using feature-based image matching between band images. Analysis of the 

imagery suggests a keystone range of -0.07 to 0.07 pixels, relative to the central band (Figure 9-23). 

 

 

9.3.3.3 Detection of Spectral Curvature  

A per pixel (column) spectral offset of the image plane wavelength band centres was performed. This 

Spectral Curvature detection relies on an evaluation of the result of atmospherically correcting spectral 

regions which are influenced by absorption features of atmospheric constituents. Poor spectral assignment 

of the image planes will result in discontinuities in the atmospheric correction process that can be reduced 

by iteratively adjusting the spectral calibration until the discontinuities are minimized. Two select 

evaluations are provided as examples, however all imagery analyzed demonstrated similar results. Similar 

to the ATCOR4 results previously discussed, spectral curvature offsets of up to 2nm from the nominal 

reported image plane band centres were determined for the CASI spectral imagery (Figure 9-24). Further 

analysis of how ATCOR4 and ISDASv2 differ in the determination and application of this information 

would be required to assess any comparisons of the two systems.    

Figure 9-23: Pseudo-colour plot of the spatial shifts of each of the spectral bands of a CASI image acquired 

during the Mer Bleue Summer 2016 acquisitions. Shift is relative to spectral band number 100. 
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Figure 9-24: Example of ISDASv2 smile detection for 9 absorption features in the at-sensor radiance spectra.  

The Red line indicates the anticipated spectral band centre alignment.  The Blue and Green curves represent 

the spectral offset curves (smile/frown) determined through an iterative best-fit matching of a spectral shift to 

the November 4
th

, 2015 Mer Bleue CASI imagery for flight lines MB-DA and MB-EB respectively. 
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9.3.3.4  Sample Information Product: Derived Atmospheric Water Vapour  

One result of performing a data quality evaluation is to provide improved system coefficients and 

ultimately improve the potential extraction of information products from the imagery. One example 

product to demonstrate this improvement is the derivation of per pixel water vapour values across the 

image area. By evaluating the shape and depth of the atmospheric water vapour absorption features on per 

pixel level, it is possible to derive the range of water vapour column depths (in grams per square 

centimeter – g/cm
2
) for the provided hyperspectral imagery (Champagne et. al. 2003). In clear sky 

conditions, the range of water vapour values should be small. However, when the per-pixel spectral 

calibration is slightly off, the determination of the shape and depth of the absorption feature will be 

impacted. The impact of applying the derived spectral curvature can be demonstrated by viewing this 

information product determined with the data provider’s spectral calibration, and as determined using the 

spectral curvature results.  

In this case, as the spectral offset and curvature of the evaluated casi imagery is small, the impact on the 

derived per-pixel H2Ov is small (Figure 9-25). However, note how the frequency of dervied values 

increases around the mean, and how the standard deviation decreases, when the spectral calibration is 

refined.  

 

  

Figure 9-25: Histogram of atmospheric water vapour derived using the initial spectral calibration (blue) and 

derived using the spectral curvature table derived for the May 11
th

, 2016 MB-EB image. Note how the range of 

derived values decreases with the improved spectral calibration applied.  
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10.0  Satellite Simulations 

An introduction to the Imaging Spectrometry Data Analysis System (ISDASv2) is provided prior to a 

description of the generation of satellite simulations from the airborne imagery, and the data products 

derived from those simulations. 

10.1 Imaging Spectrometry Data Analysis System (ISDASv2) 

When airborne hyperspectral remote sensing systems were first introduced, it became apparent that 

existing processing and calibration methodologies were often insufficient. Designed for coarse spectral 

resolution and non-continuous spectral sampling, commercially available traditional calibration 

methodologies could not take advantage of the full range of information present in the contiguous high 

spectral resolution data. CCRS thus developed one of the first systems to process hyperspectral data - the 

Imaging Spectrometer Data Analysis System (ISDAS) (Staenz et al., 1998).  

The initial objectives when developing ISDAS were to assist collaborators in visualizing and analyzing 

hyperspectral data, and to establish a software environment for hyperspectral remote sensing research and 

development (Boardman et al., 2006). With complementary capabilities, ISDAS would enhance 

processing capacity by addressing the gaps in existing packages. As spectral remote sensing technologies 

continued to advance, a need for improved understanding of the spectral characterization of the remotely 

acquired data was also required. Further development of ISDAS has continued with these fundamental 

objectives, and the system (ISDASv2) now includes image simulation tools that can be applied to derived 

imagery for a variety of imaging system characteristics. These tools are based on physical modelling of 

the atmospheric and sensor contributions to the remotely measured signal established when developing 

the tools necessary to quantify the data quality of imagery from existing systems.  

As will be later expanded upon, the tools have been applied here to provide an independent data quality 

evaluation of the airborne data.  The aim is to provide the foundation to improve understanding of the 

sensitivity of the information products derived from remotely acquired imagery. In developing the various 

ISDASv2 pre-processing modules for hyperspectral imagery, the philosophy has been to focus on 

utilizing the within-scene spectral and spatial features, using scene targets and recognized atmospheric 

impacts to further refine the data provider supplied calibrations. Thus, the data quality calibrations are per 

image and not per sensor. This allows for refinement to the calibration when processing to at-surface 

reflectance factor. 

As with other optical imagery, hyperspectral imagery often comes packaged with the gain and offset 

information required to convert the digital numbers to at-sensor radiance values. The mean image plane 

(band) centre wavelengths and per-image plane bandwidths are also provided. This is used by ISDASv2 

as the starting information in the data quality evaluation chain. Note that the data quality evaluation and 

adjustments need to be performed before any roll correction or orthorectification steps are applied, as the 

resampling involved in these steps can mask the impacts of the sensor design on the data. Contributions 

of the sensor design (so called sensor artefacts) are often more easily revealed when viewed along the 

column of data as collected (per pixel level).  

10.2 Satellite Simulation Summary 

Satellite simulations for a Sentinel-2-like sensor (referred to here as SimS2) were derived with ISDASv2 

tools using the at-surface spectral reflectance provided from four airborne CASI mosaics. A similar 
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simulation based on the airborne SASI mosaic of 23-June-2016 was also produced. Spatial resolutions of 

all SimS2 imagery has been set at 20 m at this time with the image plane spectral response functions 

taken directly from the Sentinel-2a metadata as outlined in Section 6.5.1. The initial purpose of these 

simulations is to demonstrate the ability to reproduce space borne acquisitions from a highly detailed at-

surface information data set. This provides the ability to examine impacts of sensor design or atmospheric 

condition to the remotely acquired signal, and ultimately to the derived information products. Later effort 

can be directed to evaluating simulations of other sensor parameters, atmospheric conditions, or 

view/illumination orientations to investigate the sensitivity of the information extraction methodologies to 

these varying acquisition conditions.  

At this time, only CASI-based simulations were pursued with respect to potential information products, as 

most vegetation-based information products being evaluated use the Sentinel-2a VNIR bands. One SASI 

mosaic was derived to examine the overlap region at Sentinel-2a Band 9 (940nm), setting the stage for 

producing full SimS2 products for later evaluation. 

While it is routine to derive the simulated at-sensor radiance product and compare to the equivalent 

Level-1B product from the sensor of interest, this Sentinel-2a product was not available at this time. This 

is unfortunate as geometric resampling can often mask the impacts of sensor design on the acquired signal 

(impacts that were once aligned along a column of data are resampled such that the resulting impact is no 

longer column aligned), impeding the ability to examine the influence of specific Sentinel-2a sensor 

characteristics to derived information products. Thus, specific issues related to such items as pixel gain 

non-uniformities, spectral curvature, and keystone are not examined. Only the magnitude of the signal 

(radiance and reflectance) is evaluated here. 

10.3 Derived Simulation Data Products 

The first simulated product to be produced by ISDASv2 is the upwelling radiance that will be observed 

by the (simulated) sensor. This is at the more detailed spatial and spectral resolution of the initial at-

surface product, but impacted by the atmospheric contribution to the signal and by the view/illumination 

geometry at the time of acquisition (considered here as a Level-0s simulated product).  

As expected, note the impact of the atmospheric model on the observed signal (Figure 10-1) with the 

increased atmospheric contribution at the shorter wavelengths, and the impact of atmospheric constituent 

absorption features (such as O2 (760 nm) and H2Ov (940 nm)). Also, note the range of at-surface spectral 

reflectance within the 20 m area of each target, indicating the range of composition variability that can be 

observed at this finer spatial/spectral resolution. This is especially apparent at the MBR OW2 (open 

water) field site, where the 20 m area will include variable proportions of open water, emergent 

vegetation and shoreline vegetation. 
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An examination was also performed with the SASI mosaic for the June 20
th
, 2016 acquisition. It was 

noted that minor offsets are sometimes observed between the provided CASI and SASI spectral 

reflectance data product in the overlap region (914 nm – 970 nm).  The range of offsets is demonstrated in 

the derived at-surface reflectance product provided from the airborne acquisitions shown in Figure 10-2. 

The simulated TOA radiance shows the strong influence of the atmosphere in this spectral region.  Given 

this issue, along with the low spectral sensitivity of the sensor in this spectral region, this discontinuity is 

not unexpected. The significance of the atmospheric impact on this spectral region can be noted by 

observing the overlap of the derived upwelling top-of-atmosphere radiance values, indicating that the 

upwelling at-surface radiance is only a minor component of the radiance observed by a space borne 

sensor (supporting the significance of properly characterizing the atmospheric water vapour when 

performing atmospheric corrections). Future tests will determine if this discontinuity needs to be 

minimized when creating the mosaics, or, for sensor simulation purposes – how to resolve such 

discontinuity situations.   

 

Figure 10-1: Examples of mean at-surface spectral reflectance (blue) for a 20-m area surrounding the A) MBR 

OW2 (open water) field point and B) MBR BD2 (Blue Dome) field point based on the April 20
th

, 2016 CASI 

mosaic. Note the standard deviation range around each point (dotted lines) indicating the mix of at-surface 

spectral reflectance which will be captured by the coarser resolution simulation. Upwelling at-sensor radiance 

(red) demonstrates the impact of solar illumination and atmospheric contribution to the remotely sensed 

signal. 
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Once the upwelling at-sensor spectral radiance is determined, it can be convolved to the sensor 

characteristics. At this time, only the spectral response of the sensor is utilized. Spatially, a Gaussian point 

spread function with a FWFM of 20 m and an extent of 40 m is assumed. No spectral curvature, keystone, 

or pixel gain offsets (striping) is applied.  

The resulting at-sensor radiance for the SimS2 simulation provides what the space borne sensor would 

report as the acquired remotely sensed imagery. Figure 10-3 provides the results for the two MBR 

example regions. For the open water field site (OW02), the wide range of surface compositions within the 

20m area results in the SimS2 pixel reporting values larger than the calculated mean, indicating a bias 

towards the “brighter” surface constituents. In the Blue Dome area (BD02), where the surface 

composition variability is more spectrally uniform, the SimS2 bands more closely match the upwelling 

spectral radiance means.  

 

Figure 10-2: Example mean at-surface spectral reflectance (blue) for a 20 m area surrounding the Open Water 

02 field point (left) and the Blue Dome 02 field point (right) based on the 2016-04-20 CASI and SASI mosaics. 

The corresponding derived upwelling at-sensor radiance is also provided (red). Note the minor offset in the 

instrument overlap region, which corresponds to the 940 nm atmospheric water vapour absorption feature and 

the Sentinel-2a Band 9 (945 nm). 
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Given this simulated at-sensor spectral radiance, an at-surface spectral reflectance can be derived using an 

atmospheric model as previously discussed (Figure 10-4). Note again how the derived surface reflectance 

values are slightly higher for the Open Water field site area relative to the basic mean spectral reflectance 

provided in the CASI mosaic for this 20 m area. This might suggest that information products derived for 

areas of high spectral diversity could be biased in some fashion that would require further evaluation, and 

that linear spectral reflectance factor combinations (as often used in linear unmixing for example) may 

not be an appropriate method for understanding the sub-pixel constituent distribution in such situations. 

The final simulated Level-2A at-surface reflectance factor products produced for this study (Figure 10-4) 

can now be compared to the equivalent products from the Sentinel-2a sensor and the CASI mosaic to 

examine various information products.  

 

 

 

Figure 10-3: Example SimS2 simulated at-sensor spectral radiance values (blue) compared to the derived 

upwelling radiance from the CASI mosaics (red) for A) MBR OW2 and B) MBR BD2. The Sentinel-2a band 

spectral response curves are provided for reference (dashed line). 
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Figure 10-4: Example SimS2 simulated at-surface spectral reflectance values (red) compared to that provided 

from the CASI mosaics (blue) for A) MBR OW2 and B) MBR BD2. 
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11.0 Data Product Comparison Results 

11.1 High Level Comparison of Sentinel 2A-MSI Imagery with CASI 1500 Mosaics 

Prior to discussions on the data product comparisons, a visual comparison is provided in Figure 11-1 of 

the prepared Sentinel-2A L2A imagery with the CASI mosaics. 

Figure 11-1: Visual comparison of Senitnel-2 L2A Imagery with the CASI ground reflectance mosaics. 

Sentinel-2 (B8A: 865 nm, B4: 664.5 nm, B2: 560 nm) and corresponding CASI mosaics (288 bands and 1 

m resolution) for validation of satellite products. The band combination for CASI is B164: 756.64 nm, 

B136: 689.7 nm and B78: 550.99 nm. 
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11.2 Data Product Comparisons – Airborne Vs Ground Reflectance Spectra 

11.2.1 MBR 

Once the CASI data was atmospherically corrected, a comparison between field plot spectra (see Sections 

3.1.2 and 7.2) and CASI spectra (at 1 meter spatial resolution) for the same locations was carried out. To 

compare the spectral response, the ground data was spectrally resampled to the CASI band set (288 band 

ranging from 366.75 nm to 1053.03 nm). However due to the spectral noise in both the CASI and ASD 

ground data in both ends of the spectra, we compare the data between 450.52 nm and 866.59 nm, which 

also corresponds to a similar range for the Sentinel-2 data in the VNIR range.  The spectral comparison 

was done for the four periods where there was ground, airborne and Sentinel-2 data. Although there are 

positional differences between the location of the plots (GPS error ~ 5 m) and the images for each season, 

we established a buffer of 5 metres around the plot GPS locations and assessed both the spectra of the 

pixels selected within the buffer as well as did a visual assessment (i.e. identified common features when 

possible) of the pixel geolocation in order to be as consistent as possible in finding the correct pixel 

(Figure11-2).  Figures 11-3 through 11-6 show the results of the comparison performed here as a quality 

check for the four accessed dates. 

 

Figure 11-2: Location of vegetation plots and 5 m buffer used for pixel selection (Inset: cross indicates GPS 

point) in order to compare CASI atmospherically corrected data to ground spectroscopy data. The orange 

dot in the inset corresponds to the region of interest (pixel) selected for the CASI image, June 23
rd

, 2016. 
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Figure 11-3: Spectral response comparison between CASI airborne and ASD ground spectra for April 20
th

, 

2016. Dotted lines correspond to 1 standard deviation from the mean. ASD spectra were spectrally resampled 

to match the CASI band set. 
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Figure 11-4: Spectral response comparison between CASI airborne and ASD ground spectra for May 11
th

, 

2016. Dotted lines correspond to 1 standard deviation from the mean. ASD spectra were spectrally resampled 

to match the CASI band set. 
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Figure 11-5: Spectral response comparison between CASI airborne and ASD ground spectra for May 24
th

, 

2016. Dotted lines correspond to 1 standard deviation from the mean. ASD spectra were spectrally resampled 

to match the CASI band set. 
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Figure 11-6: Spectral response comparison between CASI airborne and ASD ground spectra for June 23
rd

, 

2016. Dotted lines correspond to 1 standard deviation from the mean. ASD spectra were spectrally resampled 

to match the CASI band set. 
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11.2.1.1 Findings 

Based on the comparison between the CASI reflectance product and ASD ground spectra (MBR site) 

these are the general findings: 

 Both the ASD ground spectral reflectance and the CASI reflectance product capture the overall 

temporal variation of the vegetation changes at the MBR. It is important to mention that these 

vegetation changes occurred in a very short period of time (two months) and given the structural 

complexity of the peatland at very small spatial scales, differences are expected between ASD 

and CASI reflectance values. This spatial scale (≤ 1 m) might capture different components of the 

peatland vegetation compositional and structural variations between both sensors; the FOV of the 

ASD measurements represents approximately 22 cm, vs 1 m CASI pixels.  

 With the exception of the hummock comparison for May 11
th
, 2016, the spectral response of the 

ASD and CASI of the different vegetation physiognomies overlap in the visible region of the 

spectrum (400-700 nm), which indicates that the vegetation changes are very consistent below 1 

meter spatial resolution. Changes in chlorophyll concentration in the vascular plants and minimal 

changes in pigment variations in the mosses indicate less variation between sensors, therefore 

spectral differences are smaller. 

 In the 700-900 nm range the spectral differences between the ASD and CASI show more spectral 

variation across time, as well as vegetation physiognomy, than in the visible region. This trend 

could be explained by the more significant changes in structural characteristics of the peatland, 

that is, changes in the vertical vegetation profile dominated at some point in time by the vascular 

plants (outside of the hollows). 

 With few exceptions, reflectance of the different vegetation physiognomies tends to be higher in 

the ASD than in the CASI data. This could be explained by the intrinsic differences of the sensors 

FOV.  For instance, the ASD used an 8 fore-optic resulting in a 22 cm FOV, while the CASI is 

spatially resampled to a 1 meter pixel. Therefore the CASI spectra captured a higher mixture of 

features at the ground level that appears to lower the overall reflectance values. 

11.2.2 MPB 

At completion of this project, the activity described in this section was limited to a comparison of the 

CASI imagery and the ground spectra acquired at the MBR site by the ARSL group.  Comparison with 

the SASI imagery and of the MBP plots has yet to be done. 
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11.3 Data Product Comparison – Airborne vs. Satellite vs. Satellite Simulation 

11.3.1 Bottom of Atmosphere (Level 2A) Reflectance 

In this section, we present a preliminary assessment related of the Sentinel-2 products (reflectance and 

spectral vegetation indices) and the Sentinel-2 simulations (Section 9-21). Simulation results indicate a 

good agreement (i.e. spectral characterization of Mer Bleue) between the CASI resampled data and the 

ISDAS simulation with the Sentinel-2 imagery for all four periods (Figure 11-7). In addition, although the 

CASI resampling routine is less complex than the simulations in ISDAS, the spectral reflectance for all 

the periods overlaps. There are two explanations for this finding. First, the methodology used for 

obtaining the reflectance values is based on large areas aimed to minimize geospatial shifts between 

images from different dates (i.e. 12 datasets). Therefore 20 5 x 5 pixel areas were randomly selected. At 

20 m spatial resolution, it is likely that the variation of the vegetation structural characteristics becomes 

more spectrally homogeneous and therefore, differences between the CASI resampled and ISDAS 

simulated data are negligible. At lower spatial scales (~1 meter) these variations are more tangible, as the 

ground spectra and CASI imagery (288 bands and 1 m resolution) results show (Figures 11-3 to 11-6). 

Further research should focus on testing the spatial scales at which vegetation characteristics across Mer 

Bleue are detectable. 

The Sentinel-2 reflectance product (L2A: Bottom of the Atmosphere reflectance) over the growing season 

at Mer Bleue (Figure 9-7) shows an increase in the green peak at 560 nm (B3: green), and also an increase 

in the NIR bands (e.g. B8A: 865 nm), from April 20
th
 through June 23

rd
, 2016. This increase indicates a 

greening of the vegetation at Mer Bleue. This same pattern can be seen in the field spectra (Appendix B). 

Also, Kalacska et al. (2015) found, for the same period, an increase in the concentration of total 

chlorophyll dominated by vascular plants, while the mosses showed less temporal variability in 

chlorophyll concentration. At the landscape scale level, this is an important finding, as this shows the 

Sentinel-2 BOA reflectance is able to depict changes in the vegetation properties of the peatland over a 

very short time period (2 months).  

11.3.2 Spectral Indices 

The vegetation indices from Sentinel-2 show an unexpected trend for two of the VNIR vegetation indices; 

NDVI and SR have higher values on April 20
th
. From May to June they increase as expected with the 

greening of Mer Bleue (Figure 11-8 A-B). A possible explanation for the higher values of NDVI and SR 

on April 20
th
, is that prior to leaf flushing, most of the vegetation that can be seen at Mer Bleue is mosses 

which have higher reflectance in the red portion of the spectral range (~ 665 nm) and low NIR values. 

This difference between mosses and vascular plants is captured by the CASI resampled data (Figure 11-7, 

April 20
th
). However, since Sentinel-2 has a lower native spectral resolution at 20 m spatial resolution, 

green vegetation (from the evergreen trees in the landscape) is more apparent in the overall spectral 

signature, while in the CASI resampled data the red vegetation is more apparent. Furthermore, the 

RENDVI index trend from April to June (Figure 11-8C) provides support to the aforementioned 

explanation. Kalacska et al. (2015) found that among various vegetation indices, even though none were 

appropriate at the landscape level, RENDVI showed the best relationship with total chlorophyll 

(R
2
=0.32). In this case, the RENDVI derived from Sentinel-2 could be a more suitable index to assess the 

greening process of Mer Bleue at the landscape level. 
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Figure 11-7: Sentinel-2, CASI resampled (7 channels at 20 m spatial resolution) and ISDASv2 Sentinel-2 

simulation of Mer Bleue during the 2016 growing season for the four examined dates. 
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Figure 11-8: Spectral vegetation indices (A. NDVI, B. SR and C. Red-edge NDVI) for Sentinel-2, CASI 

resampled (7 channels at 20 m spatial resolution) and ISDASv2 Sentinel-2 simulation of Mer Bleue during 

the growing season 2016. 
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 Airborne Imagery Sensitivity Analysis - Preliminary Discussion 12.0

Analysis of the Sensitivity Flight imagery acquired on June 24
th
 has yet to start. Currently the imagery has 

been processed to radiance and geocorrected radiance, but has yet to be atmospherically corrected.  The 

radiance images are presented below to illustrate the data sets available to undertake the various planned 

sensitivity analyses.  Although only CASI imagery is currently shown here, corresponding SASI imagery 

is also available. 

12.1 Solar Zenith Angle 

Figure 12-1: SZA sensitivity imagery – Flight lines centered over MBR acquired at four SZAs (CASI 

radiance images shown).  The flight line track was planned in the solar plane. The non-zero RAA are 

due to the crab angle the aircraft was forced to fly to maintain the desired track.  Instrument problems 

with the CASI resulted in the first image (A) being unavailable.  The corresponding SASI image is 

available. 
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12.2 Relative Azimuth Angle 

  

Figure 12-2: SAA sensitivity imagery. Flight lines centered over MBR acquired at eight RAAs (CASI 

radiance images shown).  
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12.3 Altitude 

Figure 12-3: Altitude sensitivity imagery. Flight lines centered over MBR acquired at five altitudes 

(CASI radiance images shown).   The imagery was rotated to a horizontal orientation for display 

purposes. 
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12.4 CASI Spectral Resolution (Band Configuration)  

Figure 12-4: A) A ground location shown in a 288 channel CASI image common to the imagery 

acquired at four spectral resolutions during sensitivity flight lines.  A spatially uniform area of 

peatland vegetation and the grey calibration tarp are shown in B) and C) respectively with the 

corresponding single pixel spectra shown in D) and E) as acquired at the four spectral resolutions. 
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12.5 Cross-Track Illumination Sensitivity 

Figure 12-5: Flight line MB-E (B) plus overlapping flights lines to the west (A) and east (C) 

acquired to investigate cross-track illumination issues.  The yellow and white boxes show the 

approximate regions of overlap between the images.  The 3 images were acquired at 12:02 ± 0:05 

GMT with a SZA of  63° ± 2° and a SAA of 97.5° ± 1°.  The spectra of a common peatland ROI (~ 

450 pixels shown in red) in the west and centre flight lines, are shown in  are shown in D. 
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13.0 Discussion 

The MBASSS S2/L8 Data Product Validation Project, led by NRC-FRL, was a project designed to 

identify, implement and assess the necessary data and operational processes required to perform 

validation of data products derived from earth observing multispectral satellite imaging systems based on 

satellite simulations.  The project was not only validating satellite land data products, but also developing 

and validating an operational tool (satellite simulation) and evaluating the operational approach to 

providing the data required (i.e. acquisition and processing of airborne hyperspectral imagery supported 

by robust field spectrometry measurements). 

A multiscale approach was applied to this effort, making use of data acquired at the lab, field, airborne, 

and satellite levels, in order to provide a systematic validation of the results from the ground up.  A 

preliminary investigation into the acquisition and application of UAV level measurements was also 

undertaken as an add-on to the project.  

The MBASSS S2/L8 Data Validation Project was complex, requiring expertise in numerous aspects of 

data acquisition, processing and analysis ranging from: 

 panel reflectance measurements in a laboratory environment; 

 acquisition and processing of ground spectral data; 

 flight planning and execution of airborne hyperspectral image acquisition; 

 planning and execution of UAV flights; 

 knowledge of hyperspectral instrumentation; 

 spectroradiometric calibration of airborne imagery; 

 atmospheric correction of airborne hyperspectral imagery; 

 development of satellite simulation capabilities; 

 earth observation quality assurance; 

 earth observation image analysis; 

 UAV operations, image acquisition, and data processing; and 

 three-dimensional reconstruction of the vegetation from UAV based photographs. 

The emphasis of the first half of the project was on the planning and acquisition of a comprehensive, 

multiscale data set.  Rigorous attention was given to data quality and thorough documentation of data 

manipulation processes was critical to establishing validated methodologies and workflows. By all 

measures, this aspect of the project can be considered a success with broad ranging, well documented data 

sets safely secured on project servers.  Development of the processing methodologies evolved 

significantly in support of this project, to a level capable of producing scientifically valid results for 

satellite product validation purposes. With methodologies developed and tested, assessment of the data 

products generated has begun.  However, as recognized from the outset of the project, given the large 

volume of data collected, the expectations were that this task would not be completed. 

The data that have been processed have been carefully assessed to verify data quality, including the 

ground spectra used to validate and calibrate the airborne hyperspectral imagery.  The airborne 

hyperspectral imagery is available to validate satellite derived data products. The process to generate 

simulated satellite data products based on both CASI and SASI baseline data has been developed and 

successfully implemented on several CASI mosaics, and at this time, a single SASI mosaic.  Ground 

reflectance and two commonly used spectral indices data products generated from the simulated data have 
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been compared with those derived directly from the satellite.  These efforts only just begin to touch on the 

evaluations possible given the comprehensiveness of the acquired data sets. 

The remainder of this section provides a discussion of the pertinent aspects of the project beginning with 

the laboratory procedures, extending to the field, airborne, simulation and satellite aspects of the project. 

A laboratory procedure to calibrate field reference panels in a manner appropriate for application to field 

spectroscopy PSM measurements was devised and successfully implemented and tested.  An approach 

that ties the results to a national standard required that at least part of this could not be performed in-

house, resulting in the need to contract out the calibration of a laboratory and project reflectance standard 

at considerable, yet necessary, cost.  An internal process to transfer the calibration from that lab standard 

to the various field standards was implemented in the NRC CCDL allowing the NIST spectral reflectance 

standard to be transferred to the panels and subsequently to the field spectrometry results. These results 

were validated through a cross-comparison exercise in which the calculated reflectance of a stable 

uniform target using the four different field panels resulted in near identical results.  Of significance, the 

considerable degradation found on of one of the panels does not translate into the final field spectrometry 

spectra.  The impact of panel degradation on the illumination correction factor, something that was 

determined as part of the panel calibration at the external lab, is not addressable with the acquired data 

sets.  This is an important issue that should be evaluated when considering ‘operational’ approaches that 

may see less than ideal panels deployed in the field.  Although the sources of uncertainty for the various 

steps in this process are known, an uncertainty analysis is yet to be undertaken. 

A panel reflectance factor equal to R(0°:SZA) (cross-calibrated panel reflectance at 0°:45° corrected for 

the SZA) was used in this project. Preliminary assessment of the field spectroscopy data set acquired at 

the U61 Cal/Val site suggests that under the SZA and atmospheric conditions encountered, the reflectance 

of both the concrete and asphalt targets remained relatively unchanged.  This is somewhat surprising as it 

was expected that the surface BRDF effect would have some effect.  It is possible that the limited range of 

SZA looked at to date may account for this.  Further assessment of the data set looking at exact conditions 

at time of acquisition is required.  Although it can be said at this time that there do not appear to be any 

significant issues with use of the R(0°:SZA) approach, further comment cannot be made without fuller 

analysis.  Any comment that is made will likely be restricted to the type of conditions encountered during 

our data acquisitions.  The potential exists for additional analyses based on the collected data on the use 

of the diffuse to global irradiance ratios, either from full spectra acquired with the diffuse panel 

measurement or from the broad band data acquired with the SPN-1, to make further adjustments to 

applied panel reflectance factors. 

As anticipated, acquisition of field spectrometry data at Mer Bleue proved to be a challenge despite the 

significant advantage of the existing boardwalk infrastructure.  The number of spatially distributed test 

plots, and the number of samples per plot that could be acquired to provide an assessment of the plot 

variability was limited due to the need to acquire data in as short a time frame around the aircraft 

overflight as possible. These issues would be significantly amplified, if not overwhelming to the point of 

being unachievable, in a real, undeveloped peatland.  Despite the challenges associated with comparison 

of airborne reflectance spectra with that obtained from field spectra (spatial alignment errors, difference 

in spatial extent), the spectral similarities were significant with consistent seasonal trends apparent. This 

suggests that the quality of the airborne acquired ground reflectance spectra was sufficient to have been 

used without field spectroscopy validation.  Attempts to repeat this result would be advisable. 

With the successful deployment of UAVs to acquire additional data over the peatland, an interesting 

alternative to field spectrometry presents itself.  UAVs have the potential to supplement or replace the 
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field spectrometer measurements over difficult to access sites.  Although we are not familiar with the 

existence of an operational UAV deployable field spectrometer type instrument, there is potential to 

utilize a miniaturized hyperspectral imager in its place.  The NRC is currently assessing a microCASI 

designed for UAV deployment and will be undertaking UAV test flights in the near future.  Data from 

such a device could be calibrated in a manner similar to that described for the CASI/SASI.  If a local, 

calibrated ground target of suitable size is available, a PSM approach to calibration of the UAV 

hyperspectral imagery could also be adopted to reduce or eliminate the accuracy requirements of the 

Atmospheric Correction model in the production of ground reflectance imagery.  This approach will 

provide detailed spatial maps of limited spatial extent with the possibility of extremely high resolution 

(0.1 cm or better). 

Microtops sunphotometer data was acquired by all three ground teams in coordination with field 

spectroscopy measurements.  The quality of the resulting optical depth information was not rigorously 

evaluated, although discrepancies were noted in the values obtained simultaneously during the cross-

comparison exercise.  This could be explained by the fact that all three units were out of calibration.  

Consistent acquisition of sunphotometer data synchronized with the field spectral measurements with a 

hand-held unit such as this tends to be problematic.  A sun-tracking system would be much friendlier as 

once set up, it would run autonomously, freeing up the field crew to deal with other issues. Our current 

best practices for determining the visibility used in the atmospheric correction model did not require sun 

photometer results, rather they calculated an ‘apparent’ visibility from the imagery itself.  It would have 

been of interest, however, to have a reliable sun photometer data set for comparison purposes. 

Both ARSL and CCRS were able to successfully deploy UAV systems with on-board cameras and to 

process the resulting images to digital surface models and 3D point clouds through the use of 

photogrammetric techniques. The data had immediate value in determining microtopography maps which 

were used in the development of high resolution surface vegetation classifications that were used for 

verification of plot classes. As previously mentioned, these successful UAV flights also provide the 

ground work for undertaking UAV flights with more complex sensor systems such as hyperspectral 

imagers. 

There was some concern that changes in the moisture regime of the peatland may cause movement in the 

horizontal or vertical planes potentially influencing the geospatial calibration of the high-resolution UAV 

imagery. To assess this, a high precision GPS survey was undertaken, which demonstrated no appreciable 

horizontal or vertical motion (< 1 cm in all three planes) of the peatland control points relative to a fixed 

base station. 

A number of high quality baseline image mosaics of airborne hyperspectral imagery were produced and 

rigorously assessed against carefully acquired and processed Cal/Val field spectra.  Careful flight 

planning allowed for seven airborne hyperspectral mosaics to be acquired of Mer Bleue in close 

coordination with the satellite overpass time, one in late fall, one winter, and five in the spring through 

early summer period.  With the exception of two of the mosaics which were acquired one day before and 

one day after the satellite overpass, the rest were acquired on the same day.  Five of these mosaics had 

supporting field data at both Mer Bleue and the U61 Cal/Val site on the same day. The success of this 

portion of the project was undoubtedly facilitated by the strategic location of the Twin Otter research 

facility’s home base with respect to the Mer Bleue peatland, as well as the flight crew’s familiarity with 

the immediate area.   

Ideally each of the flight lines would have been acquired within a few minutes of the satellite overpass. 

As it was, the acquisition of the twelve mosaic flight lines took roughly ±40 minutes to collect when 
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performed without any interruptions.  The change in solar azimuth angle over that period of time was 

sufficient enough to produce cross-track illumination issues, likely related to the surface BRDF effects, 

which were readily apparent once the individual lines were mosaicked together. The magnitude of these 

effects appears to grow as the differential between the aircraft heading and the solar azimuth angle 

increased.   

The airborne data approach was to acquire data at high spatial resolutions to facilitate the process of 

validating it against the ground data at either the U61 Cal/Val site or Mer Bleue.  In fact, the Twin Otter 

flight lines could have been flown at three times the AGL altitude used here.  This would have reduced 

the number of flight lines by a factor of four with a corresponding reduction in the acquisition time (±10 

minutes).  Should correction of the cross-track illumination issue prove to be a problem in the satellite 

simulation and data product validation process, flying at a higher altitude to reduce the number of flight 

lines and end to end data acquisition time could considerably reduce deviations that grow with increasing 

relative azimuthal angles.  The sensitivity flight imagery, which has been collected but not yet processed, 

provides the data sets suitable to evaluate the impact cross-track illumination and relative solar azimuth 

angle effects as well as the impact sensor altitude may have.  Understanding this will provide the 

feedback required to understand how much flexibility there will be in the selection of the flight heading 

and altitude during flight line planning. 

Normally, an overlap of 30% is used to plan a mosaic free of any gaps between adjacent lines.  For this 

work, it was decided overall coverage and speed of acquisition were more important than absolute 

certainty of 100% coverage.  In other words, an occasional small area of missed data would be acceptable.  

With flight lines planned for 20% overlap, only two very small areas of missed data were identified in the 

six mosaics calibrated to radiance level.   

The other implication of planning with a smaller overlap is that the resulting greater effective FOV will 

produce more significant cross-track illumination issues near its boundaries.  

Processing of the CASI and SASI hyperspectral data was delayed when ITRES released a new version of 

the spectroradiometric and geocorrection programs.  Comparisons were made of geocorrected radiance 

data product produced by the new software with respect to the previous version.  No appreciable changes 

were apparent in the radiance values but significant improvements were readily apparent in the pixel 

geolocation when checking the seams between adjacent flight lines in the Mer Bleue mosaics. This 

assessment does not quantify the improvement in the absolute error in the pixel geolocation. It is 

suggestive of an improvement, and was a positive factor as far as the goals of this project were concerned.  

Another addition to the CASI processing routines only just implemented was the addition of the spectral 

alignment check and correction in the CalibCorr( ) routine. Closer assessment of its implementation was 

warranted, although is yet to be implemented in our processing flow. Successful incorporation of this 

feature would result in improved spectral alignment but would not impact any spectral smile effects.  

Further investigation of this new feature is recommended. 

As part of the quality assurance of the airborne imagery, smile detection routines incorporated as part of 

ISDASv2 and ATCOR4 were applied.  Smile effects across the field-of-view were found as large as 0.5 

rows (< 1.2 nm) for the nine-spectral absorption features that ISDASv2 assesses. Offsets with respect to 

the expected wavelengths were also noted ranging from -0.05 to -0.75 rows.  ATCOR4 reported results of 

roughly the same magnitude.  ISDASv2 also determined the CASI keystone at < 0.1 pixels. 

Two MODTRAN5-based approaches to the atmospheric correction of the airborne hyperspectral imagery 

were evaluated – ATCOR4 (4.7.0) and FLAASH (ENVI v5.3).  ATCOR4 was first used to determine the 
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‘apparent’ visibility, the value that provided the best spectral shape matching in the results for the 

spectrally smooth cal/val targets.  ATCOR4 also had capabilities to identify and correct spectral smile in 

the imagery which was carried out prior to carrying out the actual atmospheric correction process.   

Significant effort was spent in understanding ATCOR4’s features as applied to the CASI imagery.  With 

that accomplished, the ATCOR4 CASI results were shown to be superior to the atmospheric correction 

results produced by the less flexible FLAASH interface. Despite this, artifacts remained in the results 

attributable to the spectral accuracy requirements required to atmospherically correct high spectral 

resolution imagery at locations adjacent to sharp atmospheric features.  These artifacts were corrected for 

using in-flight radiometric calibration implemented in ATCOR4.  The gain factors produced by this step 

were generated through comparison with the optimized spatially uniform Cal/Val target reflectance after 

conversion to radiance.  As the approach is performed in the radiance domain, the gain factors calculated 

from the U61-04 flight line for a given day were then applied to that day’s Mer Bleue flight lines.   

ATCOR4 atmospheric correction results, which included the in-flight radiometric calibration process, 

were validated across the entire field-of-view of an asphalt target in the U61-04 imagery in order to 

validate the spectral smile correction.  Residual spectral alignment effects continue to be apparent near the 

edges of the imagery.  Further analysis of the smile detection and correction process should be undertaken 

to understand why the process did not fully remove this problem.  Care must also be taken when assessing 

the cross-track illumination effect to ensure we are not witnessing the impact of this artifact in the 

reflectance imagery. Overall, the use of ATCOR4 provided a flexible tool to approach the atmospheric 

correction processes for the CASI imagery. As previously mentioned, preliminary assessment comparing 

the ground reflectance at U61 and MBR to the CASI results gives us confidence that our analytical 

approach provides a good baseline for the atmospheric correction of CASI or similar hyperspectral 

sensors in the VNIR region. Further research is recommended in order to improve our baseline knowledge 

of ATCOR4. 

Time limitations impacted our ability to evaluate the application of ATCOR4 to the SASI imagery with 

the same robustness as applied to the CASI data.  We were unable to identify the source of unwanted 

artifacts in the atmospherically corrected ATCOR4 SASI reflectance images.  With the reduced 

atmospheric scattering in the SASI’s spectral range, FLAASH was found to produce the most acceptable 

results at this time.  Smile detection and correction has not been applied to the SASI imagery at this time. 

Radiance-based in-flight radiometric calibration also has not been applied. Further time and effort to 

optimize the smile correction, atmospheric correction, and in-flight radiometric calibration of the SASI 

imagery within ATCOR4 is recommended. 

A capacity to simulate satellite multispectral at-surface reflectance products based on semi-physical based 

procedures has been demonstrated. Simulation spectral results of Sentinel-2 MSI Level 2A imagery as 20 

m resolution pixels were favorably compared with the corresponding real imagery. A quantitative 

comparison has yet to be undertaken. Further refinement of some of the Sentinel-2 MSI system 

parameters should be incorporated into the simulation.  Although the properties of the spectral response 

functions are accurately incorporated, the spatial point spread functions for the various channels were 

simply modelled as Gaussian with 20 m FWHM.  Spectral smile and keystone were ignored. An approach 

to dealing with the channels of various spatial resolutions within the ISDASv2 simulation software needs 

to be determined.  However, the basics are now in place to emulate data sets based on other missions and 

system parameters. 

Although our initial efforts to acquire airborne hyperspectral mosaics of Mer Blue focused on 

coordination with Landsat 8, this emphasis shifted to Sentinel-2 prior to the concentrated data acquisition 
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work performed in the spring and early summer of 2016.  A set of four mosaics (April 20
th
, May 11

th
, 

May 24
th
, and June 23

rd
) became the focus of our processing, analysis, and Sentinel-2 MSI simulation 

efforts.  The later three of these dates had quality Sentinel-2 images acquired on the same day.  For the 1
st
 

of these (April 21
st
), the Sentinel-2 imagery was acquired the following day under similar conditions with 

no intervening weather. In order to perform comparisons with the satellite imagery, the Sentinel-2 images 

were downloaded as Level 1C (TOA orthorectified reflectance) images and processed to Level 2A (BOA 

orthorectified reflectance) with the standalone version of Sen2cor in MAC OSX (we were unable to get 

the SNAP Sen2cor module working).   

A methodology was designed to compare the Sentinel-2 data products with the corresponding ISDASv2 

simulations and the resampled CASI mosaics.  The approach minimized the impact of small positional 

discrepancies between the three data sets.  For the four dates evaluated, the simulated Sentinel-2 spectra 

were nearly identical to the resampled CASI spectra.  Deviations smaller in magnitude than the statistical 

uncertainties were apparent between these data sets and the actual Sentinel-2 spectra.  Significantly, the 

seasonal changes seen in the Sentinel-2 spectra are matched closely by the simulations - the airborne data 

clearly captures the greening of the vascular plants. Differences between the three datasets are believed to 

be minimized by the relatively coarse spatial nature at which this analysis was performed, matching the 

Sentinel-2 reflectance data (20 m pixels). In addition, the small number of spectral bands in combination 

with the spatial homogeneity of Mer Bleue at 20 m, could also limit the significance of the differences 

between the three datasets. Given the characteristics (i.e. species composition and structure) of Mer 

Bleue, it is likely that detectable spectral differences in vegetation physiognomies occur below the 20 m 

pixel threshold and potentially, specific narrow bands are needed to find larger variations between 

sensors. Future research is required to address the aspects of spectral and spatial sensor characteristics for 

mapping vegetation physiognomies at Mer Bleue. 

Although significant work has yet to be performed in the comparison of the Sentinel-2 results with the 

simulations, we believe that the airborne data is of sufficient ‘quality’ to use as a baseline for validation of 

satellite products without the need for ground validation for the conditions encountered in this data set. 

Further work is necessary to further validate this statement. 
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14.0 Conclusions 

The research activities carried out for the Mer Bleue Arctic Surrogate Simulation Site (MBASSS) 

Sentinel-2/Landsat 8 Data Product Validation Project represented a significant effort in developing an 

operational framework for robust validation of satellite-based land information products. By using a 

bottom-up approach, this project collected a complex array of remotely sensed data that spanned different 

spatial, spectral and temporal scales. This is considered to be an exceptional achievement in a Cal/Val 

project. Given the characteristics of these datasets, an integrated approach was necessary to successfully 

develop specific methods for each level. This also allowed us to trace and better understand the linkages 

between the outputs from each analysis. For instance, the laboratory panel calibration method provided a 

key characterization (i.e. degradation) of the different Spectralon
TM

 panels used in this project. Panel 

characterization and the Panel Substitution Methodology provided the means for standardizing the data 

from ground spectroscopy (e.g. calibration targets, vegetation physiognomy plots). At the Cal/Val site 

(U61), ground spectra of calibration targets (i.e. cement and asphalt) were used to improve the 

atmospheric correction of the hyperspectral airborne imagery and derive calibration coefficients to 

improve the atmospherically corrected product from the Mer Bleue airborne HSI. The ground spectra 

from the Mer Bleue research site allowed for a comparison and assessment with the peatland airborne HSI 

(i.e. ground vs airborne corrected spectra).  

Because a primary goal of this project was to validate the satellite land based products, reliable airborne 

data representing the “true” reflectance of the peatland at a large spatial scale (> 1000 hectares) was 

necessary. The project achieved this goal from two perspectives. First, by collecting coincidental data 

with the Sentinel-2 overpasses and second, at the large scale, by acquiring several flight lines in order to 

create mosaics of the entire study area. These mosaics functioned as the baseline for assessing the 

Sentinel-2 products (i.e. Level 2C imagery and derived spectral indices) throughout the first half of the 

growing season at Mer Bleue.  In addition, these mosaics were used as inputs for the satellite simulations. 

The project methodological sequence is an example of what is needed for a project of this magnitude. 

Furthermore, the complexity of the project speaks to the importance of collaboration and the need for 

expertise in various disciplines to fully benefit from the integrated approach to data collection, processing 

and evaluation. 

While, we are confident that the methodologies applied here are based on solid techniques in earth 

observation remote sensing, there are aspects that require further research to consolidate the methodology. 

For instance, the challenge of obtaining reliable measurements at the field level at Mer Bleue equates 

directly with the challenges faced in Arctic regions where the presence of fragile ecosystems and the 

general remoteness impact accessibility to field plots. At Mer Bleue the boardwalks in both the research 

and public areas allowed for the establishment of a limited number of field plots representing the 

vegetation physiognomies characteristic of the peatland.  Nevertheless, a higher number of plots are 

necessary to better understand the relationship between field, airborne and satellite reflectance products.  

Innovations such as UAV mounted sensors need to be investigated for their potential to overcome these 

challenges. The availability of atmospheric correction implementations such as ATCOR4 used here, gave 

us the opportunity to improve the atmospheric correction results, nevertheless, time limitations did not 

allow us to fully explore this software. Due to time constraints, the project has only started evaluating the 

power of satellite simulations as the data collection, processing and analysis (QA) of the baseline datasets 

were time consuming and challenging in some cases. Future research should focus on integrating 

important parameters such as illumination conditions, which are key for northern regions, into these 

satellite simulations to better highlight the potential strengths and weaknesses of satellite imagery in Artic 
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regions. Finally, it is important to mention that the methodological approach used here could be readily 

adapted and applied to other regions in need of well calibrated and validated satellite-based land products. 
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15.0 Recommendations 

The Mer Bleue Arctic Surrogate Simulation Site Sentinel-2/Landsat 8 Data Product Validation Project 

was a substantial undertaking by a group of scientists and engineers with diverse skills and 

responsibilities.  The complex nature of the project required careful planning and coordination of 

activities, people and equipment leading to the collection of considerable volumes of data, and the 

development of an array of data collection, assessment, processing and analysis methodologies.  Along 

the way, much was learned about process as well as satellite data product validation.  While significant 

progress was made, the full story has not yet been written.   

In this section, we document various recommendations that come out of the work completed to date as 

well as the team’s understanding of what still needs to be done, and what opportunities exist given the 

nature of the data collected and archived.  

 Follow-up Work 15.1

 Further time and effort allocated to optimizing the smile correction, atmospheric correction, and 

in-flight radiometric calibration of the SASI imagery within ATCOR4 would provide a more 

complete dataset for future analysis. 

 An in-depth analysis should be performed on the cross-comparison field exercise to determine:  

o performance of cross-calibration efforts;   

o the consistency of field spectrometry results obtained by different groups and different 

equipment. 

 Sensitivity analysis flight imagery needs to be atmospherically corrected and the results analyzed 

to assess the impact on the airborne hyperspectral reflectance imagery and satellite image 

simulation due to: 

o Relative solar zenith angle; 

o Solar Zenith Angle; 

o Altitude;  

o Spectral resolution. 

 Further analysis of cross-track illumination effects for the mosaics should be undertaken. Results 

will assist in future flight line planning as well as improving the airborne baseline data for the 

evaluation of satellite data products. 

 Principal plane goniometric measurements of Spectralon
TM

 panels that have undergone various 

levels of degradation should be performed to determine how much degradation a reference panel 

can be subject to before the error introduced into the use of a standard illumination correction 

factor becomes unacceptable. 

 Lessons Learned 15.2

 ATCOR4 smile detection and correction applied to the CASI imagery improved the radiometric 

calibration, yet issues remain at the edges of the FOV. 

 In-flight radiometric calibration acquired at a secondary location during the same flight appears to 

improve the quality of the airborne hyperspectral imagery (CASI) 

 When undertaking field or airborne data acquisition in less than optimal atmospheric conditions, a 

hemispherical photographic record of sky conditions provides useful information related to 

situational awareness. 
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 Upon initial investigation, the impact of panel degradation on processed field spectra of U61 

appears to have been properly addressed through cross-calibration efforts. 

 Future Northern (Remote) Campaigns 15.3

As one of the early drivers for this project was an interest in validating land data products acquired in 

high latitude regions, a few related recommendations point to the extension of the current project to this 

specific scenario. 

 There is a need to evaluate the data collection, assessment and processing methodologies derived 

from the current project to define best practices for remote and high latitude environments, 

considering field logistic constraints and other factors that would limit the full implementation of 

the current project methodologies. 

 There is a need to identify one or more candidate high latitude test sites that would offer a 

suitable location for further testing of current or abridged methodologies. 

 Given the cost of executing a project of this nature at a remote location, there is a need to evaluate 

the potential for collaboration with other projects/programs to offset costs or leverage resources. 

 There is a need to define and implement a high latitude program to implement a campaign similar 

to what was undertaken in this project. 

 Future Direction 15.4

 The development of hyperspectral UAV capability to replace field spectrometry in difficult to 

access locations. 
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Appendix A: MBASSS S2/LB Data Product Validation Project – Data Acquisition Summary 

The following chart provides a graphical representation of the data acquisition activities of the project. 
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CASI (Ind. FL) 3 1 1 2 2 2 4 1 1 25

SASI (Ind. FL) 2 1 1 2 2 2 4 1 1 26

FLIR (Ind FL) 2 2 1 1 15

CASI Mosaic 9 of 12 12 of 12 9 of 1212 of 12 12 of 12 12 of 12 12 of 12

SASI Mosaic 9 of 12 12 of 12 9 of 1212 of 12 12 of 12 12 of 12 12 of 12

FLIR Mosaic 12 of 12 12 of 12

CASI 2 2 2 2 2 2 2 3 1 2 2 2 2 2 3 2 2 1 2 10

SASI 2 2 2 2 2 2 2 3 2 2 2 2 2 3 2 3 1 2 11

FLIR 1 1 1 1 2 2 2 4

HR102i_2047

SPN1

Spot photos

Field photos

Sky photos

Microtops II

ASD_FieldSpec

ODK

Spot photos

Field photos

Sky photos

Microtops

UAV

HR102i_2048 P P P U61 P

Spot photos P P P U61 P

Field photos P P P U61 P

Sky photos P P P U61 P

Microtops P P P U61 P

UAV P P

GPS Survey P

Satellite

Landsat 8 OLI C PCL PCL C C PCL PCL C PCL PCL C C PCL C C C PCL C C C C PCL PCL PCL C C C C

Sentinel-2 CL PCL C PCL PCL PCL C PCL C C C PCL PCL PCL C C

C Clear satellite image of Mer Bleue June 15, 2016 - Filed Spectrometry Cross-Comparison Exercise at U61 Cal/Val Site - All Teams

PCL Partially clear satellite image of Mer Bleue June 24, 2016 - Sensitivity Flight - NRC ground data acquired at Mer Bleue

 NRC Airborne - Mer Bleue

 NRC Airborne - U61 Cal/Val Site

McGill Field Measurements - Mer Bleue Research Boardwalk

CCRS Field Measurements - Mer Bleue Research and Public Boardwalk

Satellite

NRC Field Measurements - U61 Cal/Val Site
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Appendix B: Mer Bleue Field Data 

Mer Bleue Research Boardwalk Field Data Collection 

The 17 field plots (as described in Section 3.1.2 – Figure 3-5 and 3-7) were measured by ARSL with an 

ASD Fieldspec 3 full range spectrometer on April 20
th
, April 27

th
, May 11

th
, May 24

th
 and June 23

rd
 

following the methodology described in Section 6-2. Coincident with the spectral measurements, plot and 

field photographs were collected along with Microtops measurements and sky photographs.  The 

metadata for the field collection were recorded on electronic field forms using ODK Collect (Section 

4.2.3).  The spectra were processed according to the methodology described in Section 8.  The mean 

spectrum for each plot and physiognomic class over the sampling dates is illustrated in the figures below.  

Interactive versions of the spectra can be viewed at http://bit.ly/merbleue. 

 

 

       Figure B-1: Location of the 16 field plots at MBP. Source: City of Ottawa (2005).  

http://bit.ly/merbleue
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Figure B-2: Mean spectra for plot OW1 in the MBR for the period of April 20 – June 23, 2016.  Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-3: Mean spectra for plot OW2 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-4: Mean spectra for plot OW3 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-5: Mean spectra for plot PM1 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED   164 

 

 

Figure B-6: Mean spectra for plot PM2 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-7: Mean spectra for plot PM3 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-8: Mean spectra for plot HU1 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-9: Mean spectra for plot HU2 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-10: Mean spectra for plot HU3 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-11: Mean spectra for plot HO1 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-12: Mean spectra for plot HO2 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-13: Mean spectra for plot HO3 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-14: Mean spectra for plot BD1 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-15: Mean spectra for plot BD2 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-16: Mean spectra for plot BD3 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-17: Mean spectra for plot BM1 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3.  
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Figure B-18:  Mean spectra for plot BM2 in the MBR for the period of April 20 – June 23, 2016. Photographs illustrate the landscape in the immediate 

vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the ASD FieldSpec3. 
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Mer Bleue Public Boardwalk Field Data Collection 

The 16 field plots (as described in Section 3.1.2 – Figure 3-7 and 3-8) were measured by CCRS with an 

SVC HR-1024i full range spectrometer on May 11
th
, May 24

th
 and June 23

rd
 following the methodology 

as described in Section 6-2. Spot photographs were collected coincident with the spectral measurements 

utilizing the SVC co-aligned camera, while field photographs, Microtops measurements and sky 

photographs were acquired with separate instruments.  The spectra were processed according to the 

methodology described in Section 8.  The mean spectrum for each plot and the physiognomic class over 

the sampling dates are illustrated below.   

Figure B-19: Location of the 16 field plots at MBP measured by CCRS. 
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May 11                          May 24                           June 23 

 

Figure B-20: Mean spectra for plot MBP-01 (Pond Margin) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape 

in the immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 
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May 11                          May 24                           June 23 

 

Figure B-21: Mean spectra for plot MBP-02 (Open Water) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in 

the immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 
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May 11                          May 24                           June 23 

 

Figure B-22: Mean spectra for plot MBP-03 (Pond Margin) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape 

in the immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 
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May 11                          May 24                           June 23 

 

Figure B-23: Mean spectra for plot MBP-04 (Hollow) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in the 

immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i.  

N/A 
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May 11                          May 24                           June 23 

 
Figure B-24: Mean spectra for plot MBP-05 (Hummock) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in 

the immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 

N/A 
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May 11                          May 24                           June 23 

 
Figure B-25: Mean spectra for plot MBP-06a (Hummock) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in 

the immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 

N/A 
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May 11                          May 24                           June 23 

 
Figure B-26: Mean spectra for plot MBP-06b (Hollow) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in the 

immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 

N/A 
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May 11                          May 24                           June 23 

 
Figure B-27: Mean spectra for plot MBP-07 (Hollow) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in the 

immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 

N/A 
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May 11                          May 24                           June 23 

 
Figure B-28: Mean spectra for plot MBP-08 (Lawn) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in the 

immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 

N/A 
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May 11                          May 24                           June 23 

 
Figure B-29: Mean spectra for plot MBP-09 (Hollow) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in the 

immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 

N/A 
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May 11                          May 24                           June 23 

 
Figure B-30: Mean spectra for plot MBP-10 (Hummock) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in 

the immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 

N/A 
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May 11                          May 24                           June 23 

 
Figure B-31: Mean spectra for plot MBP-11 (Hummock) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in 

the immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 

N/A 
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May 11                          May 24                           June 23 

 
Figure B-32: Mean spectra for plot MBP-12 (Hummock) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in 

the immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 
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May 11                          May 24                           June 23 

 
Figure B-33: Mean spectra for plot MBP-12 (Bog Margin) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in 

the immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i.  

N/A 
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May 11                          May 24                           June 23 

 
Figure B-34: Mean spectra for plot MBP-14 (Pond Margin) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape 

in the immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i. 

N/A 
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May 11                          May 24                           June 23 

 
Figure B-35: Mean spectra for plot MBP-15 (Open Water) in the MBP for the period of May 11 – June 23, 2016. Photographs illustrate the landscape in 

the immediate vicinity of the plots (images top row) and plot spot photos (images bottom row) at the time of measurement with the SVC HR-1024i.

N/A N/A 
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Appendix C: MBASSS Mosaics 

Geocorrection resampling: 1 x 1 m 

Rows/Lines: 9901/6461 

CASI Display Channels (CIR): R-756.64 nm, G-689.70 nm, B-550.99 nm 

SASI Display Channels: R-1051.96 nm, G-1623.88 nm, B-2121.83 nm 

Table C-1: Summary of Mosaics. 

 

The mosaic images for Nov. 4
th
, 2015 and Mar. 3

rd
, 2016 were created from at-sensor radiance flight line 

imagery. 

 

The mosaic images for Apr. 20
th
, May 11

th
, May 24

th
 and June 23

rd
, 2016 were created from ground 

reflectance flight line imagery. 

 

A mosaic image for April 15
th
, 2016 has not been created at this time. 
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Appendix D: U61 Cal-Val Field Data 

 

Table D-1: Airborne data acquisitions performed at the U61 Cal/Val site. 

Date 
Time 

(GMT) 
Target Designation 

Measure

ments 
SZA SAA 

Hyperspectral 

image time 

differential 

Ancillary Measurements 

K-Sky Photos, 

P-Spot Photos, F-Field Photos, 

S-SPN1, µ-Microtops, 

D-Diffuse SpectralonTM 

2
0

-M
a
y

-1
5
 

16:27:02 Concrete C9-T1 12 26.33 161.19 0:16:03 

K – P – F - µ 

16:55:57 Concrete D9-T1 12 25.39 174.85 -0:11:52 

17:10:58 Asphalt G9-T1 12 25.34 183.36 -26:53 

17:23:50 Asphalt E10-T1 13 25.64 190.88 -0:39:43 

17:36:47 Vegetation V1-T1 7 26.3 198.62 -0:52:42 

18:20:19 Vegetation V1-T2 6 30.07 219.19 1:07:34 

18:32:02 Concrete C9-T2 13 31.21 223.15 0:55:52 

18:44:25 Asphalt G9-T2 13 33.31 299.3 0:37:52 

4
-J

u
n

-1
5
 

14:40:20 Concrete C10-L1-T1 13 37.3 115.57 0:02:21 

K – P – F - µ 

14:50:50 Concrete C10-L2-T1 12 35.59 118.70 -0:08:24 

14:57:48 Asphalt F10-L2-T1 14 33.93 122.05 -0:21:07 

15:15:34 Asphalt F10-L2-T1 12 31.99 126.47 -0:33:08 

17:12:00 Concrete C10-L1-T2 13 22.91 183.88 0:19:22 

17:22:38 Concrete C10-L2-T2 5 23.19 190.99 0:08:44 

17:39:46 Concrete C10-L2-T3 13 23.91 199.79 -0:08:24 

17:54:20 Asphalt F10-L1-T2 13 24.94 207.55 -0:22:58 

18:06:09 Asphalt F10-L2-T2 13 26.11 213.99 -0:34:47 

2
8

-J
u

l-
1

5
 

15:12:58 Concrete C9-T1 12 36.14 126.97 N/A 

K – P – F - µ - D 

 

No corresponding airborne 

hyperspectral data 

15:36:35 Concrete D9-T1 11 33.18 134.64 N/A 

15:50:13 Asphalt F9-T1 12 31.58 139.77 N/A 

16:17:42 Black Tarp BT-T1 11 28.83 151.63 N/A 

16:38:22 Grey Tarp GT-T1 11 27.38 161.63 N/A 

16:54:23 Concrete C9-T2 11 26.74 169.03 N/A 

17:11:31 Concrete D9-T2 12 26.40 178.34 N/A 

17:29:02 Asphalt F9-T2 11 26.58 188.03 N/A 

2
8

-A
u

g
-1

5
 

14:41:45 Concrete C8-T1 7 47.83 126.39 0:07:19 

K – P – F - D 

14:56:33 Concrete B8-T1 9 45.69 130.77 -0:08:01 

15:07:50 Asphalt F8-T1 9 44.13 134.37 -0:19:18 

15:19:45 Vegetation V1-T1 9 42.55 138.47 -0:31:13 

17:23:40 Concrete C8-T2 9 35.82 186.08 0:30:57 

17:33:52 Concrete B8-T2 9 36.16 191.40 0:20:45 

17:43:45 Asphalt F8-T2 9 36.45 194.42 0:10:52 

18:01:56 Vegetation V1-T2 8 37.55 202.32 0:03:43 

         



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED   208 

1
6

-S
e
p

t-
1

5
 

14:46:42 Concrete C8-T1 8 51.77 135.58 0:01:51 

K – P – F - D 

15:10:13 Asphalt F8-T1 17 49.47 141.22 -0:21:40 

15:30:38 Concrete C7-T1 16 47.40 147.38 -0:42:05 

15:49:15 Concrete C6-T1 12 45.65 153.97 -1:00:42 

16:04:10 Concrete C5-T1 12 44.62 158.98 -1:15:37 

16:20:31 Concrete B5-T1 12 43.79 164.23 -1:31:58 

17:05:53 Concrete B7-T1 9 42.75 180.90 0:51:51 

17:19:56 Concrete B8-T1 14 42.90 185.99 0:37:48 

17:37:58 Vegetation V1-T1 1 43.58 193.98 0:19:46 

18:01:24 Vegetation V1-T2 15 44.58 200.65 -0:03:40 

3
-M

a
r
-1

6
 

15:13:54 Concrete C6-T1 17 59.12 142.41 0:00:49 

K – P – F - µ - D 

15:29:38 Asphalt E78-T1 8 57.49 146.66 -0:17:01 

16:00:20 Snow S-T1 16 54.85 155.32 -0:47:43 

16:22:29 Ice I-T1 12 53.36 162.19 -1:09:52 

16:47:59 Concrete C6-T2 12 52.27 170.13 0:13:14 

17:02:41 Asphalt E78-T2 18 51.96 174.06 -0:09:41 

17:14:44 
Wet 

Asphalt 
E8-T1 4 51.79 179.16 -0:13:31 

2
0

-A
p

r
-1

6
 

14:30:58 Concrete C9-T1 17 47.46 122.23 0:51:09 

S – K – P - F 

14:52:34 Asphalt EF9-T1 12 44.17 128.59 0:29:33 

15:15:47 Grey Tarp GT-T1 9 40.92 136.24 0:06:20 

15:43:03 Black Tarp BT-T1 9 37.95 145.41 -0:20:56 

16:04:03 Vegetation V1-T1 5 36.53 151.14 -0:41:56 

17:05:36 Concrete C9-T2 12 33.50 178.58 0:13:02 

17:28:16 Concrete D9-T1 12 33.79 189.36 -0:09:38 

17:43:51 Asphalt EF9-T2 14 34.39 196.09 -0:25:13 

18:08:43 Grey Tarp GT-T2 15 35.76 205.23 -0:50:05 

18:30:32 Black Tarp BT-T2 17 37.59 213.41 -1:11:54 

18:49:06 Vegetation V1-T2 10 40.02 221.42 -1:30:28 

2
7

-A
p

r
-1

6
 

14:19:33 Concrete C9-T1 16 47.30 117.53 0:04:45 

S – K – P – F - µ - D 

14:38:54 Asphalt EF9-T1 9 43.95 123.38 -0:15:11 

14:58:39 Grey Tarp GT-T1 12 41.71 127.87 -0:34:56 

15:21:54 Black Tarp BT-T1 7 37.88 137.34 -0:58:11 

15:34:48 Vegetation V1-T1 14 36.60 141.28 -1:11:05 

16:47:45 Concrete C9-T2 8 31.45 171.37 0:29:25 

17:10:04 Concrete C10-T1 16 31.25 182.47 0:04:34 

17:28:06 Concrete C9-T3 7 31.64 191.65 -0:10:56 

17:38:53 Asphalt EF-9-T2 8 32.00 195.64 -0:21:43 

17:49:36 Grey Tarp GT-T2 7 32.68 201.09 -0:32:26 

17:59:09 Black Tarp BT-T2 5 33.29 204.85 -0:41:59 
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1
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y

-1
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14:21:06 Concrete C9-T1 12 43.38 115.30 0:59:45 

S – K – P – F - µ - D 

14:37:01 Concrete D8-T1 12 41.01 119.34 0:43:50 

14:51:33 Asphalt EF9-T1 12 38.62 123.94 0:29:18 

15:09:11 Grey Tarp GT-T1 18 36.53 128.55 0:07:27 

15:33:53 Concrete C9-T2 11 33.20 137.60 -0:13:02 

15:52:40 Black Tarp BT-T1 22 31.40 143.96 -0:31:49 

16:17:19 Vegetation V1-T1 11 28.88 156.72 -0:58:13 

16:54:17 Concrete C9-T3 11 27.29 174.76 0:11:19 

17:05:53 Concrete D8-T2 8 27.22 181.80 -0:00:17 

17:16:58 Asphalt EF9-T2 10 27.36 187.28 -0:11:22 

17:34:04 Grey Tarp GT-T2 21 27.80 194.30 -0:28:28 

17:53:44 Black Tarp BT-T2 11 29.02 204.35 -0:48:08 

18:13:15 Vegetation V1-T2 10 30.65 213.00 -1:07:39 

2
0

-M
a
y

-1
6
 

NA Concrete C9-T1 NA NA NA NA 

S – K – P – F - µ - D 

 

NA – Not Available 

Ground data unavailable due 

to data logger problems 

NA Concrete D9-T1 NA NA NA NA 

NA Asphalt EF8-T1 NA NA NA NA 

NA Black Tarp BT-T1 NA NA NA NA 

NA Concrete C9-T2 NA NA NA NA 

15:32:02 Vegetation V1-T1 13 31.51 135.41 -0:32:47 

16:55:29 Concrete C-T1 15 25.19 176.59 1:00:03 

17:05:05 Concrete B-T1 13 25.16 181.60 0:50:27 

17:25:33 Asphalt E-T1 12 25.59 192.54 0:29:59 

NA Concrete C9_T3 NA NA NA NA 

NA Asphalt EF-T2 NA NA NA NA 

NA Black Tarp BT-T2 NA NA NA NA 

18:16:37 Vegetation V1-T2 7 29.43 217.43 -0:21:05 

18:24:22 Vegetation V1-T3 11 30.23 220.42 -0:28:50 

2
4

-M
a
y

-1
6
 

       
Ground data unavailable due 

to data logger problems. 

1
5

-J
u

n
e
-1

6
 

       

Cross Comparison 

Measurements at U61 - See 

Table 7-2 

2
3

-J
u

n
e
-1

6
 

14:13:32 Concrete C9-T1 12 41.58 106.77 0:39:41 

S – K – P – F - µ - D 

14:29:30 Concrete D9-T1 4 39.32 110.05 0:23:43 

14:38:42 Asphalt EF9-T1 11 37.55 112.86 0:14:31 

14:56:40 Grey Tarp GT-T1 18 34.97 117.38 -0:03:27 

15:12:37 Black Tarp BT-T1 17 32.44 122.52 -0:19:24 

15:25:33 Vegetation V1-T1 9 30.34 127.53 -0:32:20 

16:15:31 Concrete C-T1 7 24.27 150.26 0:21:22 

16:22:27 Concrete D-T1 9 23.71 153.85 0:14:26 

16:27:33 Asphalt F-T1 8 23.35 156.48 0:09:21 

16:36:31 Concrete C9-T2 11 22.86 160.80 0:00:20 

16:48:21 Concrete D9-T2 9 22.29 167.77 -0:08:21 

16:58:24 Asphalt EF9_T2 10 22.02 173.49 -0:18:24 

17:10:45 Grey Tarp GT-T2 15 21.92 180.36 -0:33:52 

17:29:58 Black Tarp BT-T2 15 22.20 190.64 -0:53:05 

17:45:27 Vegetation V1-T2 11 23.11 201.48 -1:08:34 
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e
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12:42:45 Grey Tarp GT-T1 7 57.21 91.10 0:34:34 

S – K – P – F - µ - D 

 

Measurements made of tarps 

and vegetation in clearing 

adjacent to  MBR 

12:54:58 Black Tarp BT-T1 7 55.02 91.12 0:22:21 

13:05:08 Vegetation V1-T1 3 53.06 93.16 0:12:11 

13:28:24 Grey Tarp GT-T2 8 49.26 97.32 -0:11:05 

13:38:06 Black Tarp BT-T2 8 47.53 99.32 -0:20:47 

13:52:14 Vegetation V1-T2 5 44.84 102.59 -0:34:55 

14:20:28 Grey Tarp GT-T3 8 40.46 108.53 -1:03:09 

14:30:17 Black Tarp BT-T3 8 38.75 111.12 -1:12:58 

14:40:36 Vegetation V1-T3 5 36.87 114.20 -1:23:17 

14:59:13 Grey Tarp GT-T4 11 34.39 118.74 -1:41:54 

15:11:38 Black Tarp BT-T4 9 32.25 123.22 -1:54:19 

15:20:21 Vegetation V1-T4 5 30.82 126.61 -2:03:02 

15:54:36 Grey Tarp GT-T5 10 26.68 139.39 -2:37:17 

16:05:50 Black Tarp BT-T5 9 25.44 144.69 -2:48:31 

16:16:27 Vegetation V1-T5 6 24.27 150.91 -2:59:08 

16:48:56 Grey Tarp GT-T6 10 22.38 168.11 -3:31:37 

16:58:12 Black Tarp BT-T6 8 22.10 174.37 -3:40:53 

17:04:33 Vegetation V1-T6 5 22.04 178.36 -3:47:14 
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Appendix E: CASI/SASI Airborne Imagery Metadata Description 

Metadata provided with NRCs processed hyperspectral imagery is provided in two forms.  The basic 

information is provided in an ENVI header file (*.hdr) using the standard ENVI header fields 

supplemented by a number of missing parameters in the open format ‘Description’.  The form of this file 

is similar for the radiance image files before and after geocorrection.  The header file associated with the 

atmospherically corrected imagery has a number of different fields added.  A completed set of metadata 

information related to the flight line planning, deployment, image acquisition, and each processing step is 

found in the metadata file (*.met) associated with each processed flight line. 

Annotated examples are provided below of: 

Appendix E1 –an ENVI header file for a geocorrected radiance image of an individual flight line; 

Appendix E2 – an ENVI header file for a geocorrected reflectance image of an individual flight line; 

Appendix E3 – an ENVI header file for a mosaiced reflectance image; 

Appendix E4 – a metadata file associated with an individual geocorrected radiance file. 
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Appendix E-1 – ENVI header file example for a geocorrected radiance image of an individual flight line – 

160623_MB-EA-v01-C-2x1-RC-SC-GC.pix.hdr. 

  

ENVI 

description = { 

   Deployment: DPID-078 23-Jun-16-A;  
   Project: PJ-032 MB16 2016;  

   Flight Line: MB-EA;  

   Date/Time(GMT): 2016/06/23 15:32:51;  
   Centre Lat/Long: 45.401008 -75.515614;  

   Average Altitude (m HAE): 1156;  

   Average Ground Speed (m/s): 122.46;  
   Image File: 160623_MB-EA-v01-C-2x1-RC-SC-GC.pix;  

   Instrument: CASI1500 2511;  

   Acquisition By:  Flight Research Laboratory, NRC Canada;  
   Processing By:  Flight Research Laboratory, NRC Canada;  

   Processing Stream: RadCorr(Radiance Mode)->SpecCor->Geocor;  

   Units:  uW/cm²/sr/nm * 1000;  

   Processing Date:  10/13/2016 10:37:20 AM;  

   } 

acquisition time = 2016-06-23T15:32:51Z 
samples = 2601 

lines = 6351 

bands = 288 
pixel size = { 1.00, 1.00, units=meters } 

sun azimuth = 131.3 

sun elevation = 61.0 
header offset = 328192 

file type = PCI 
data type = 12 

interleave = BIP 

sensor type = CASI 
byte order = 1 

default bands = {164,136,78} 

wavelength units = Nanometers 
z plot titles = {Wavelength (nm), uW/cm²/sr/nm * 1000} 

map info = {  UTM, 1, 1, 458360.000, 5030960.000, 1.000, 1.000, 18, North,  WGS84}  

dem file = ./160623_MB-EA-v01-C-2x1-RC-SC-GC.nad 
dem_band = 2 

band names = {  

 Channel 1 366.74 nm ± 1.60 nm rows(288-288),  
 Channel 2 369.14 nm ± 1.60 nm rows(287-287),  

..... 

Channel 287 1050.60 nm ± 1.60 nm rows(2-2),  
 Channel 288 1052.99 nm ± 1.60 nm rows(1-1)  } 

Wavelength = {  

 366.74,  
 369.14,  

..... 

1050.60,  
 1052.99    } 

fwhm = {  

 3.20,  
 3.20,  

.....  

3.20,  

 3.20    } 

bbl = {  

 1,  
 1,  

...... 

1,  

 1    } 
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Appendix E-2 – ENVI header file example for a geocorrected reflectance image of an individual flight line – 

160623_MB-EA-v01-C-2x1-RC-SC-AtC4-GC.pix.hdr. 

ENVI 

description = { 
   Image File: 160623_MB-EA-v01-C-2x1-RC-SC-AtC4-GC.pix;  

   Deployment: DPID-078 23-Jun-16-A;  

   Project: PJ-032 MB16 2016;  
   Flight Line: MB-EA;  

   Image Centre Date/Time(GMT): 2016/06/23 15:32:50;  

   Image Centre Lat/Long: 45.400990 -75.515606;  
   Average Altitude (m HAE): 1156;  

   Nominal Ground Altitude (m HAE): 37;  

   Average Ground Speed (m/s): 82.654;  
   Instrument: CASI1500 2511;  

   Acquisition By:  Flight Research Laboratory, NRC Canada;  

   SpectroRadiometric Calibration By:  Flight Research Laboratory, NRC Canada;  
   Atmospheric Correction By:  Flight Research Laboratory, NRC Canada;  

   Processing Stream: RadCorr(Radiance Mode)->SpecCor->ATCOR4->Geocor;  

   Units:  Reflectance * 10000;  
   ATCOR4 Geocorrection Processing Date:  11/15/2016 11:26:14 AM;  

   } 

acquisition time = 2016-06-23T15:32:50Z 
samples = 2601 

lines = 6351 

bands = 288 
pixel size = { 1.00, 1.00, units=meters } 

sun azimuth = 131.3 

sun elevation = 61.0 
header offset = 295936 

Major Frame Offset = {0, 192} 

data ignore value = 15000.0 
reflectance scale factor = 10000 

file type = PCI 

data type = 2 
interleave = BIP 

sensor type = CASI 

byte order = 1 

default bands = {164,136,78} 

wavelength units = Nanometers 

z plot titles = {Wavelength (nm), Reflectance * 10000} 
map info = {  UTM, 1, 1, 458360.000, 5030960.000, 1.000, 1.000, 18, North,  WGS84}  

dem file = ./160623_MB-EA-v01-C-2x1-RC-SC-AtC4-GC.nad 
dem_band = 2 

band names = {  

 Channel 1 366.74 nm ± 1.60 nm rows(288-288),  
 Channel 2 369.14 nm ± 1.60 nm rows(287-287),  

..... 

Channel 287 1050.60 nm ± 1.60 nm rows(2-2),  
 Channel 288 1052.99 nm ± 1.60 nm rows(1-1)  } 

Wavelength = {  

 366.74,  
 369.14,  

..... 

1050.60,  
 1052.99    } 

fwhm = {  

 3.20,  
 3.20,  

.....  

3.20,  
 3.20    } 

bbl = {  

 1,  
 1,  

...... 

1,  
 1    } 
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Appendix E-3 – ENVI header file example - Mosaic’d image – 160623_MB-Ref-C-Mos.pix.hdr. 

ENVI 
description = { 

   Image File:160623_MB-Ref-C-MOS.pix 

   Deployment: DPID-078 23-Jun-16-A; 
   Project: PJ-032 MB16 2016; 

   Flight Line:MB-MOS (MB-AA through MB-LA); 

   Instrument: CASI1500 SN:2511;  
   Date/Time(GMT): 2016/06/23 15:46:39 ± 0:43:30; 

   Centre Lat/Long: 45.3975488 -75.5006757; 

   Average Altitude (m HAE): 1160 ± 33; 
   Nominal Ground Altitude (m HAE): 37 ± 1 (Peatland areas only);  

   Average Ground Speed (m/s): 41.4 ± 4.6; 

   Flight Heading (°TN): 339 ± 8; 
   sun azimuth (°) = 140.7 ± 17.0; 

   sun elevation (°) = 27.7 ± 4.4 

   Aerosol Type: Rural; 
   ATCOR Atmospheric model: Rural, Water vapour and altitude image dependent; 

   Visibility(km): Image dependent; 

   Scene average water column (cm): 1.579 ± 0.042; 
   Image Acquisition:  Flight Research Laboratory, NRC Canada;  

   SpectroRadiometric Calibration:  Flight Research Laboratory, NRC Canada;  

   Atmospheric Correction:  Flight Research Laboratory, NRC Canada;  
   Processing Stream: RadCor->SpecCor->ATCOR4->Geocor(Mosaic);  

   RadCor/SpecCor Processing Date:  10/13/2016; 

   ATCOR4 Processing Date:  11/01/2016;  
   Geocor Processing Date:  11/16/2016; 

   } 

samples = 9901 
lines   = 6461 

bands   = 288 

sun azimuth = 140.7 
sun elevation = 62.3 

header offset = 328192 

file type   = PCI 
data type   = 2 

interleave  = BIP 

sensor type = CASI 
byte order  = 1 

default bands = {164,136,78} 
data ignore value = 15000.0 

reflectance scale factor = 10000 

wavelength units = Nanometers 
z plot titles = {Wavelength (nm), Reflectance (%) *100} 

read procedures = {pci_read_spatial, pci_read_spectral} 

map info = { UTM, 1, 1, 455900.000, 5030870.000,    1.00,    1.00, 18, North, WGS-84 } 
pixel size = {   1.000,    1.000, units=meters } 

dem file = ./160623_MB-Ref-C-MOS.nad 

dem_band = 2 
band names = {  

 Channel 1 366.74 nm ± 1.60 nm rows(288-288),  

 Channel 2 369.14 nm ± 1.60 nm rows(287-287),  
..... 

Channel 287 1050.60 nm ± 1.60 nm rows(2-2),  

 Channel 288 1052.99 nm ± 1.60 nm rows(1-1)  } 
Wavelength = {  

 366.74,  

 369.14,  
..... 

1050.60,  

 1052.99    } 
fwhm = {  

 3.20,  

 3.20,  
.....  

3.20,  

 3.20    } 
bbl = {  

 1,  

 1,  
...... 

1,  

 1    } 
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Appendix E-4 – Metadata file - individual flight line– 160623_MB-EA-v01-C-2x1.met. 

National Research Council Canada_Flight_Research_Laboratory_Hyperspectral_Imagery_Metadata_File  
MetaFile_Info ============================================ 

MetaFile_Name 160623_MB-EA-v01-C-2x1.met 

MetaFile_Generation_Date 10/13/2016 11:06 
MetaFile_Generation_Operator Raymond Soffer 

Image_Generation_Institution ============================================ 

Image_Generation_Institution_1 National Research Council 
Image_Generation_Institution_2 Flight Research Laboratory 

Image_Generation_Institution_3 Airborne Research Group 

Project_Info ============================================ 
Project_Primary_ID PJ-032 

Project_Primary_Acronym MB16 

Project_Primary_Name MBASSS 2016 
Project_Primary_Code A1-008158 

Project_Secondary_ID NA 

Project_Secondary_Acronym NA 
Project_Secondary_Name NA 

Project_Secondary_Code NA 

Deployment_Info ============================================ 
Deployment_ID DPID-078 

Deployment_Date 2016-06-23 

Deployment_of_the_Day A 
Deployment_GPS_Week 1902 

Deployment_GMT_Offset(hrs) -4 

Deployment_Departure_Time(GMT) 14:47:00 
Deployment_Departure_LocationCYOW-Ottawa 

Deployment_Departure_Latitude 45°18.957 

Deployment_Departure_Longatude -75°39.899 
Deployment_Departure_Ground_Altitude(mMSL) 113 

Deployment_Arrival_Time(GMT) 16:45:00 

Deployment_Arrival_Location CYOW-Ottawa 
Deployment_Arrival_Latitude 45°18.957 

Deployment_Arrival_Longatude -75°39.899 

Deployment_Arrival_Ground_Altitude(mMSL) 113 
Deployment_Aircraft CPOK 

Deployment_Pilot PK 

Deployment_Instrument_Operator DM 
Deployment_Instrument_Model CASI 

Deployment_Instrument_SN 2511 

Deployment_Media CASI-DSK-01 
Deployment_Log_Sheet 2016-06-23_CASI_FlightNotes.pdf 

Deployment_#_of_Files 15 

Deployment_Comments Scattered white cummulous - no cloud shadows in imagery 
IMU_Info ============================================ 

IMU_System IM-0075 

IMU_Raw_File 160623_FlightA.cm1 
IMU_ASCII_File 160623_FlightA_pna 

IMU_Comment  

FlightLine_Planned_Info ============================================ 
FlightLine_Planned_ID FLID-0299 

FlightLine_Planned_Descriptor MB-E 

FlightLine_Planned_Waypoint_Plan_LatitudeA(°) 45.42409869 

FlightLine_Planned_Waypoint_Plan_LongitudeA(°) -75.5259841 

FlightLine_Planned_Waypoint_Plan_LatitudeB(°) 45.38003999 
FlightLine_Planned_Waypoint_Plan_LongitudeB(°) -75.50577752 

FlightLine_Planned_Max_Altitude(mMSL) 70 

FlightLine_Planned_Min_Altitude(mMSL) 70 
FlightLine_Planned_Mean_Altitude(mMSL)70 

FlightLine_Planned_Centre_Geoid_Height(m) -32.571 

FlightLine_Planned_Comment 0 
Image_Acquisition_Info ============================================ 

Image_Acquisition_ID CRID-0466 

Image_Acquisition_FlightLine MB-E 

Image_Acquisition_FlightLine_Attempt A 

Page 1 of 3 
 

National Research Council Canada_Flight_Research_Laboratory_Hyperspectral_Imagery_Metadata_File  

MetaFile_Info ============================================ 
MetaFile_Name 160623_MB-EA-v01-C-2x1.met 

MetaFile_Generation_Date 10/13/2016 11:06 

MetaFile_Generation_Operator Raymond Soffer 
Image_Generation_Institution ============================================ 

Image_Generation_Institution_1 National Research Council 

Image_Generation_Institution_2 Flight Research Laboratory 
Image_Generation_Institution_3 Airborne Research Group 

Project_Info ============================================ 

Project_Primary_ID PJ-032 
Project_Primary_Acronym MB16 

Project_Primary_Name MBASSS 2016 

Project_Primary_Code A1-008158 
Project_Secondary_ID NA 

Project_Secondary_Acronym NA 

Project_Secondary_Name NA 
Project_Secondary_Code NA 

Deployment_Info ============================================ 

Deployment_ID DPID-078 
Deployment_Date 2016-06-23 

Deployment_of_the_Day A 

Deployment_GPS_Week 1902 
Deployment_GMT_Offset(hrs) -4 

Deployment_Departure_Time(GMT) 14:47:00 

Deployment_Departure_LocationCYOW-Ottawa 
Deployment_Departure_Latitude 45°18.957 

Deployment_Departure_Longatude -75°39.899 

Deployment_Departure_Ground_Altitude(mMSL) 113 
Deployment_Arrival_Time(GMT) 16:45:00 

Deployment_Arrival_Location CYOW-Ottawa 

Deployment_Arrival_Latitude 45°18.957 
Deployment_Arrival_Longatude -75°39.899 

Deployment_Arrival_Ground_Altitude(mMSL) 113 

Deployment_Aircraft CPOK 
Deployment_Pilot PK 

Deployment_Instrument_Operator DM 
Deployment_Instrument_Model CASI 

Deployment_Instrument_SN 2511 

Deployment_Media CASI-DSK-01 
Deployment_Log_Sheet 2016-06-23_CASI_FlightNotes.pdf 

Deployment_#_of_Files 15 

Deployment_Comments Scattered white cummulous - no cloud shadows in imagery 
IMU_Info ============================================ 

IMU_System IM-0075 

IMU_Raw_File 160623_FlightA.cm1 
IMU_ASCII_File 160623_FlightA_pna 

IMU_Comment  

FlightLine_Planned_Info ============================================ 
FlightLine_Planned_ID FLID-0299 

FlightLine_Planned_Descriptor MB-E 

FlightLine_Planned_Waypoint_Plan_LatitudeA(°) 45.42409869 
FlightLine_Planned_Waypoint_Plan_LongitudeA(°) -75.5259841 

FlightLine_Planned_Waypoint_Plan_LatitudeB(°) 45.38003999 

FlightLine_Planned_Waypoint_Plan_LongitudeB(°) -75.50577752 
FlightLine_Planned_Max_Altitude(mMSL) 70 

FlightLine_Planned_Min_Altitude(mMSL) 70 

FlightLine_Planned_Mean_Altitude(mMSL)70 
FlightLine_Planned_Centre_Geoid_Height(m) -32.571 

FlightLine_Planned_Comment 0 
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Page 2 of 3 

 
Image_Acquisition_Info ============================================ 

Image_Acquisition_ID CRID-0466 

Image_Acquisition_FlightLine MB-E 
Image_Acquisition_FlightLine_Attempt A 

Image_Acquisition_FlightLine_Name 160623_MB-EA-v01-C-2x1 

Image_Acquisition_Raw_Filename CASI_2016_06_23_153047.raw 
Image_Acquisition_Date 2016-06-23 

Image_Acquisition_File_Time(GMT) 15:30:47 

Image_Acquisition_Nominal_Heading(°TN) 0 
Image_Acquisition_Nominal_Ground_speed(Knots) 0 

Image_Acquisition_Nominal_Ground_speed(m/s) 0.0 

Image_Acquisition_Nominal_Altitude(ftAGL) 0 
Image_Acquisition_Nominal_Altitude(mAGL) 0 

Image_Acquisition_Crab_angle(°) 0 

Image_Acquisition_Integration_Time(ms) 48.00 
Image_Acquisition_Frame_Time(ms) 16.667 

Image_Acquisition_Comment  

Instrument_SpectroRadiometric_Calibration_Info ============================================ 
Instrument_SpectroRadiometric_Calibration_Name casi_2511_616_a5 

Instrument_SpectroRadiometric_Calibration_Date 2015-03-26 

Instrument_SpectroRadiometric_Calibration_Facility ITRES Research Limited 
Instrument_SpectroRadiometric_Calibration_Standard Unknown (ITRES) 

Instrument_SpectroRadiometric_Calibration_G0 1.05299210E+03 

Instrument_SpectroRadiometric_Calibration_G1 -2.39004680E+00 
Instrument_SpectroRadiometric_Calibration_G2 5.16500510E-07 

Instrument_SpectroRadiometric_Calibration_G3 -1.47696890E-08 

Instrument_SpectroRadiometric_Calibration_G4 0.00000000E+00 
Instrument_SpectroRadiometric_Calibration_G5 0.00000000E+00 

Instrument_SpectroRadiometric_Calibration_G6 0.00000000E+00 

Instrument_SpectroRadiometric_Calibration_G7 0.00000000E+00 
Instrument_SpectroRadiometric_Calibration_Comment DRES CASI 1500 as provided by ITRES in March 2015 

Instrument_Bundle_Calibration_Info ============================================ 

Instrument_Bundle_Calibration_Date 2015-05-06 
Instrument_Bundle_Calibration_Focal_Length(Pixel) 2067.36 

Instrument_Bundle_Calibration_Image_Width(Pixel) 1498 

Instrument_Bundle_Calibration_Image_Centre_XPixel(Pixel) 743.84 
Instrument_Bundle_Calibration_Rx -0.045 

Instrument_Bundle_Calibration_Ry -1.410 
Instrument_Bundle_Calibration_Rz -1.446 

Instrument_Bundle_Calibration_Rw 0.183 

Instrument_Bundle_Calibration_Rp -0.013 
Instrument_Bundle_Calibration_Rk -0.850 

Instrument_Bundle_Calibration_Comment  

Image_Processing_Info ============================================ 
Image_Processing_Step1 Radcor V5.4.20.0 

Image_Processing_Step1_Date 2016-10-13 10:37:20 

Image_Processing_Step2 Specor V1.3.14 
Image_Processing_Step2_Date 2016-10-13 10:37:20 

Image_Processing_Step3 Geocor V5.6.3 (A) 

Image_Processing_Step3_Date  2016/10/13 10:44:45 
Image_Processing_Step4  

Image_Processing_Step4_Date  

Image_Processing_Step5  
Image_Processing_Step5_Date  

Image_Processing_Step6  

Image_Processing_Step6_Date  
Image_Processing_Step7  

Image_Processing_Step7_Date  

Image_Processing_Step8  
Image_Processing_Step8_Date  

Image_Processing_Step9  

Image_Processing_Step9_Date  
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Page 3 of 3 

 
Image_Processing_Info ============================================ 

Image_Processing_Dark_Start_Line 60 

Image_Processing_Dark_End_Line 240 
Image_Processing_Image_Start_Line 630 

Image_Processing_Image_End_Line 3630 

Image_Processing_Horizontal_Summation 2 
Image_Processing_Frame_Summation 1 

Image_Processing_DEM_Source NA 

Image_Processing_TBN_File/Mean_HAE 37.43 
Image_Processing_Comment  

Image_Processing_Results_Calibcor_Info ============================================ 

Image_Processing_Results_Calibcor_Shift(Rows) NA 
Image_Processing_Results_Calibcor_Mode NA 

Image_Processing_Results_INS_Info ============================================ 

Image_Processing_Results_INS_ASCII_File_Name 160623_FlightA_pna.log 
Image_Processing_Results_INS_ASCII_File_Format Sec_of_the_week Latitude(°) Longitude(°) Altitude(mHAE) NA NA NA Roll(°) 

Pitch(°) Heading(°TN) NA NA NA Velocity_North (m/s) Velocity_East(m/s) Velocity_Up(m/s) 

Image_Processing_Results_INS_FlightLine_ASCII_File 160623_MB-EA-v01-C-2x1_NAVCOR.log 

Image_Processing_Results_INS_FlightLine_ASCII_File_Format Date Time(GMT) NA NA ScanLine Roll(°) Pitch(°) Heading(°TN) 

Northing(m) Easting(m) Altitude(mHAE) NA NA NA 

Image_Processing_Results_INS_FlightLine_Time_Start  15:31:38.523 
Image_Processing_Results_INS_FlightLine_Time_End  15:34:02.528 

Image_Processing_Results_INS_FlightLine_Time_Centre 15:32:50.526 

Image_Processing_Results_INS_FlightLine_Latitude_Centre(°) 45.40100751 
Image_Processing_Results_INS_FlightLine_Longitude_Centre(°) -75.51561405 

Image_Processing_Results_INS_FlightLine_SZA(°TN) 29.04861101 
Image_Processing_Results_INS_FlightLine_SAA(°TN) 131.3292139 

Image_Processing_Results_INS_FlightLine_NavCor_Roll_Min(°) -17.067 

Image_Processing_Results_INS_FlightLine_NavCor_Roll_Max(°) 3.809 
Image_Processing_Results_INS_FlightLine_NavCor_Roll_Avg(°) -0.136 

Image_Processing_Results_INS_FlightLine_NavCor_Roll_RMS(°) 2.219 

Image_Processing_Results_INS_FlightLine_NavCor_Pitch_Min(°) 1.466 
Image_Processing_Results_INS_FlightLine_NavCor_Pitch_Max(°) 5.491 

Image_Processing_Results_INS_FlightLine_NavCor_Pitch_Avg(°) 3.479 

Image_Processing_Results_INS_FlightLine_NavCor_Pitch_RMS(°) 0.85 
Image_Processing_Results_INS_FlightLine_NavCor_Heading_Min(°TN) -26.214 

Image_Processing_Results_INS_FlightLine_NavCor_Heading_Max(°TN) -17.317 

Image_Processing_Results_INS_FlightLine_NavCor_Heading_Avg(°TN) -20.458 
Image_Processing_Results_INS_FlightLine_NavCor_Heading_RMS(°TN) 1.53 

Image_Processing_Results_INS_FlightLine_NavCor_Distance_Min(m) 1.964 

Image_Processing_Results_INS_FlightLine_NavCor_Distance_Max(m) 2.168 
Image_Processing_Results_INS_FlightLine_NavCor_Distance_Avg(m) 2.041 

Image_Processing_Results_INS_FlightLine_NavCor_Distance_RMS(m) 0.062 

Image_Processing_Results_INS_FlightLine_NavCor_GSpeed_Min(knots) 79.5 
Image_Processing_Results_INS_FlightLine_NavCor_GSpeed_Max(knots) 87.8 

Image_Processing_Results_INS_FlightLine_NavCor_GSpeed_Avg(knots) 82.7 

Image_Processing_Results_INS_FlightLine_NavCor_GSpeed_RMS(knots) 2.5 
Image_Processing_Results_INS_FlightLine_NavCor_Altitude_Min(mHAE) 1147.8 

Image_Processing_Results_INS_FlightLine_NavCor_Altitude_Max(mHAE) 1165.2 

Image_Processing_Results_INS_FlightLine_NavCor_Altitude_Avg(mHAE) 1156.2 
Image_Processing_Results_INS_FlightLine_NavCor_Altitude_RMS(mHAE) 5.2 

Image_Processing_Results_INS_FlightLine_NavCor_UTM_Easting_Min(m) 458693.8 

Image_Processing_Results_INS_FlightLine_NavCor_UTM_Easting_Max(m) 460563.8 
Image_Processing_Results_INS_FlightLine_NavCor_UTM_Easting_Avg(m) 459646.2 

Image_Processing_Results_INS_FlightLine_NavCor_UTM_Easting_RMS(m) 530.3 

Image_Processing_Results_INS_FlightLine_NavCor_UTM_Northing_Min(m) 5024707.4 

Image_Processing_Results_INS_FlightLine_NavCor_UTM_Northing_Max(m) 5030537.0 

Image_Processing_Results_INS_FlightLine_NavCor_UTM_Northing_Avg(m) 5027628.1 

Image_Processing_Results_INS_FlightLine_NavCor_UTM_Northing_RMS(m) 1670.7 
Image_Processing_Results_INS_FlightLine_NavCor_UTM_Zone 18 

Image_Processing_Results_Geocor_Image_Rows 6351 

Image_Processing_Results_Geocor_Image_Columns 2601 
Image_Processing_Results_Geocor_Image_Interpolated_Lines 0 

Image_Processing_Results_Geocor_Image_Empty_Islands 41 

Image_Processing_Results_Geocor_Image_Rejected_Pixels 0 
Image_Processing_Results_Geocor_Image_Rejected_Pixels(%) 0.000% 

Metadata_File_End ============================================ 
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Appendix F: Geocorrection NAD File Description 

The ITRES Geocor( ) routine, whether used to create an individual flight line or a mosaic, provides an 

option to generate a corresponding external file containing auxiliary channel information known as a 

NAD file.  NAD files are provided for each individual geocorrected flight line and mosaic generated in 

this project.  The provided NAD files, which maps on a pixel by pixel basis with the corresponding PIX 

file, include the following 16 bit channels: 

1. NADIR Channel: Off Nadir Angle = DN/1000.0 (deg), 

2. DEM Channel: HGT(m) = 0.00 + DN(r;c) * 1.00000 

3. ASPECT Chan.: Byte[0]=Flight_Line_Num; Byte[1]=Azimuth=DN*1.5 (deg) 

4. PDIST Channel: DN = Radiance Path Distance 

5. FLCOL Channel: DN = Col Num from FLine (MAX: 9999) 

6. FLROW Channel: DN = Row Num from FLine (MAX: 458751) 

7. PIXLOC Channel: Byte[0]=Easting Offset; Byte[1]=Northing Offset 

8. PSTAT Channel: DN = Pixel status for debugging 

Although the DEM channel is included here, due to the constant elevation of the Mer Bleue peatland a 

single ground elevation height is used. 

Generation of the mosaics created in this project by Geocor use of a MINIMIZE NADIR function to 

decide which pixel to used when it is located in overlap regions of adjacent flight.  

An example of the NAD file channels 1, 3 (Azimuth angle only), and 4 from CASI flight line 

160624_SF-17C are provided below in Figure F-1A, B, and C respectively.  An example of the NAD file 

channel 1 for a Mosaic’d image is provided in Figure F-2. 
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Figure F-1: NAD files channel information illustrated using geocorrected June 24th flight line SF-17C.  The 

information provided in this file is potentially of use in many analysis including Atmospheric correction. A) RGB 

image; B) NAD File Channel 1 - Off Nadir or View Zenith Angle with sample x-profile; C) NAD File Channel 3 – 

View Azimuth Angle with sample x-profile; D) NAD File Channel 4 Path Radiance Distance with sample x-profile.  

Not shown: NAD File Channel 2 – DEM (Single value used); NAD Channel 5 – Column number prior to 

geocorrection; NAD Channel 5 – Row number prior to geocorrection; NAD Channel 6 – Easting and Northing.  
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Figure F-2: A) The Off-Nadir Angle (NAD file channel 1) for June 23
rd

 CASI Mosaic with B) a horizontal (X) 

profile of the central (Y) line. 
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Appendix G:  Atmospheric Correction Parameters  

CASI Atmospheric Correction Parameters 

Flight line parameters used in the atmospheric correction process of the acquired CASI imagery in 

ATCOR4.  

Date Flight 

Line 

Flight 

time 

(GMT) 

Vis. 

(km) 

Flight 

altitude 

(km) 

Flight 

heading 

(deg.) 

SZA 

(deg.) 

SAA 

(deg.) 

Nadir 

Pixel 

Size (m) 

Atmospheric 

file 

2016-

04-20 

MB-AA 15:33:35 100 1.115 347.97 38.60 143.30 1.96 h01000_wv10_rura 

MB-BA 15:43:10 100 1.113 347.65 37.68 146.72 1.96 h01000_wv10_rura 

MB-CA 15:51:53 100 1.119 346.66 36.85 150.07 1.99 h01000_wv10_rura 

MB-DA 16:00:23 100 1.103 345.45 36.14 153.37 1.96 h01000_wv10_rura 

MB-EA 16:09:01 30 1.110 345.85 35.50 156.79 1.96 h01000_wv10_rura 

MB-FA 16:17:13 40 1.112 346.04 34.96 160.20 1.97 h01000_wv10_rura 

MB-GA 16:25:10 100 1.107 345.46 34.52 163.57 1.96 h01000_wv10_rura 

MB-HA 16:31:42 100 1.111 345.43 34.22 166.37 1.98 h01000_wv10_rura 

MB-IA 16:39:25 100 1.113 345.40 33.94 169.70 1.97 h01000_wv10_rura 

MB-JA 16:47:24 80 1.109 344.64 33.73 173.08 1.98 h01000_wv10_rura 

MB-KA 16:55:31 23 1.103 344.55 33.60 176.67 2.00 h01000_wv10_rura 

MB-LA 17:03:22 100 1.106 345.51 33.56 180.28 2.01 h01000_wv10_rura 

2016-

05-11 

MB-AA 15:29:39 100 1.120 342.40 33.27 137.64 2.03 h01120_wv10_rura 

MB-BA 15:37:26 100 1.116 342.02 32.36 140.70 1.96 h01116_wv10_rura 

MB-CA 15:45:15 100 1.114 341.76 31.52 143.83 1.96 h01114_wv10_rura 

MB-DA 15:52:23 100 1.118 342.82 30.77 146.90 1.95 h01118_wv10_rura 

MB-EA 15:59:39 35 1.122 342.04 30.11 150.03 1.98 h01122_wv10_rura 

MB-FA 16:06:36 40 1.123 341.11 29.49 153.35 2.01 h01123_wv10_rura 

MB-GA 16:13:44 20 1.128 342.02 28.97 156.61 2.02 h01128_wv10_rura 

MB-HA 16:21:14 20 1.113 339.65 28.49 160.14 1.95 h01113_wv10_rura 

MB-IA 16:29:21 20 1.113 341.56 28.05 164.06 2.01 h01113_wv10_rura 

MB-JA 16:38:55 70 1.121 341.91 27.68 168.66 2.05 h01121_wv10_rura 

MB-KA 16:47:50 100 1.125 341.74 27.42 173.24 2.06 h01125_wv10_rura 

MB-LA 16:56:33 100 1.109 341.19 27.29 177.95 2.05 h01109_wv10_rura 

2016-

05-24 

MB-AA 15:41:04 100 1.247 343.02 29.56 139.21 2.09 h01247_wv10_rura 

MB-BA 15:48:58 100 1.249 341.22 28.66 142.62 2.12 h01249_wv10_rura 

MB-CA 15:56:26 100 1.257 341.33 27.89 145.91 2.08 h01257_wv10_rura 

MB-DA 16:06:04 100 1.261 338.79 26.99 150.44 2.10 h01261_wv10_rura 

MB-EA 16:13:07 100 1.264 340.20 26.43 153.81 2.09 h01264_wv10_rura 

MB-FA 16:20:37 100 1.262 339.23 25.87 157.66 2.09 h01262_wv10_rura 

MB-GA 16:27:47 80 1.268 339.24 25.42 161.46 2.14 h01268_wv10_rura 

MB-HA 16:35:30 80 1.250 341.27 25.04 165.54 2.09 h01250_wv10_rura 
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MB-IA 16:53:06 100 1.259 341.00 24.52 175.29 2.09 h01259_wv10_rura 

MB-JA 17:04:17 100 1.266 337.25 24.47 181.66 2.10 h01266_wv10_rura 

MB-KA 17:11:55 100 1.263 338.93 24.55 185.84 2.07 h01263_wv10_rura 

MB-LA 17:18:36 100 1.264 339.61 24.71 189.64 2.13 h01264_wv10_rura 

2016-

06-23 

MB-AA 15:04:20 80 1.122 338.60 33.10 121.30 1.98 h01000_wv10_rura 

MB-BA 15:11:42 70 1.111 338.50 32.00 123.60 1.87 h01000_wv10_rura 

MB-CA 15:18:45 80 1.128 339.30 30.90 126.00 1.98 h01000_wv10_rura 

MB-DA 15:25:36 80 1.124 339.50 30.00 128.60 1.96 h01000_wv10_rura 

MB-EA 15:32:51 40 1.123 339.50 29.00 131.30 2.04 h01000_wv10_rura 

MB-FA 15:39:36 40 1.124 339.00 28.10 134.00 1.99 h01000_wv10_rura 

MB-GA 15:46:11 35 1.127 338.90 27.30 136.70 1.97 h01000_wv10_rura 

MB-HA 15:52:58 35 1.127 338.00 26.60 139.70 1.96 h01000_wv10_rura 

MB-IA 15:59:44 35 1.124 338.80 25.80 142.80 2.00 h01000_wv10_rura 

MB-JA 16:07:02 40 1.127 338.70 25.10 146.20 1.98 h01000_wv10_rura 

MB-KA 16:21:29 40 1.119 337.80 22.80 153.60 1.91 h01000_wv10_rura 

MB-LA 16:28:57 40 1.128 338.50 23.20 157.80 1.98 h01000_wv10_rura 
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SASI Atmospheric Correction Parameters 

Specific flight line parameters used in the atmospheric correction process of the acquired SASI imagery 

in FLAASH tool in ENVI 5.3.  

 

Date Flight line Flight time 

(GMT) 

Lat. 

(deg.) 

Long. 

(deg.) 

Sensor 

altitude 

(km) 

Nadir 

Pixel Size 

(m) 

Water 

column 

(cm) 

Visibility 

(km) 

2016-

04-20 

MB-AA 15:33:36 45.39912 -75.54915 1.117 1.25 0.399 100 

MB-BA 15:43:08 45.39881 -75.54045 1.115 1.25 0.397 100 

MB-CA 15:51:48 45.39832 -75.53149 1.120 1.26 0.402 100 

MB-DA 16:00:23 45.39929 -75.52308 1.105 1.24 0.414 100 

MB-EA 16:09:02 45.40050 -75.51524 1.112 1.25 0.407 30 

MB-FA 16:17:17 45.39958 -75.50592 1.114 1.25 0.405 40 

MB-GA 16:25:05 45.39802 -75.49656 1.110 1.25 0.429 100 

MB-HA 16:31:39 45.39830 -75.48797 1.113 1.25 0.433 100 

MB-IA 16:39:21 45.39730 -75.47874 1.115 1.25 0.427 100 

MB-JA 16:47:24 45.39641 -75.46967 1.111 1.25 0.417 80 

MB-KA 16:55:30 45.39518 -75.46043 1.105 1.24 0.407 23 

MB-LA 17:03:20 45.39530 -75.45179 1.109 1.25 0.421 100 

2016-

05-11 

MB-AA 15:29:37 45.39936 -75.54914 1.121 1.26 0.632 100 

MB-BA 15:37:26 45.40042 -75.54099 1.118 1.26 0.637 100 

MB-CA 15:45:10 45.40036 -75.53210 1.117 1.25 0.640 100 

MB-DA 15:52:23 45.39967 -75.52324 1.120 1.26 0.662 100 

MB-EA 15:59:38 45.39976 -75.51464 1.124 1.26 0.653 35 

MB-FA 16:06:31 45.39976 -75.50560 1.123 1.26 0.691 40 

MB-GA 16:13:39 45.39909 -75.49680 1.131 1.27 0.690 20 

MB-HA 16:21:11 45.39809 -75.48751 1.115 1.25 0.683 20 

MB-IA 16:29:16 45.39648 -75.47814 1.115 1.25 0.674 20 

MB-JA 16:38:54 45.39615 -75.46954 1.123 1.26 0.675 70 

MB-KA 16:47:47 45.39703 -75.46124 1.127 1.27 0.689 100 

MB-LA 16:56:37 45.39884 -75.45315 1.110 1.25 0.696 100 

2016-

05-24 

MB-AA 15:41:03 45.40020 -75.54945 1.184 1.33 0.719 100 

MB-BA 15:48:58 45.40043 -75.54079 1.185 1.33 0.734 100 

MB-CA 15:56:24 45.39974 -75.53189 1.192 1.34 0.766 100 

MB-DA 16:06:04 45.39934 -75.52299 1.197 1.35 0.794 100 

MB-EA 16:13:05 45.40095 -75.51517 1.200 1.35 0.801 100 

MB-FA 16:20:34 45.39867 -75.50509 1.197 1.35 0.800 100 

MB-GA 16:27:43 45.39748 -75.49609 1.204 1.35 0.791 80 

MB-HA 16:35:29 45.39799 -75.48797 1.186 1.33 0.784 80 

MB-IA 16:53:02 45.39672 -75.47883 1.195 1.34 0.811 100 
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MB-JA 17:04:13 45.39670 -75.46963 1.203 1.35 0.811 100 

MB-KA 17:12:00 45.39711 -75.46101 1.203 1.35 0.815 100 

MB-LA 17:18:38 45.39713 -75.45310 1.202 1.35 0.810 100 

2016-

06-23 

MB-AA 15:04:14 45.39835 -75.54872 1.123 1.26 0.988 80 

MB-BA 15:11:41 45.39998 -75.54083 1.113 1.25 0.963 80 

MB-CA 15:18:40 45.39838 -75.53156 1.130 1.27 0.952 80 

MB-DA 15:25:33 45.39868 -75.52294 1.126 1.26 0.975 80 

MB-EA 15:32:45 45.39916 -75.51475 1.125 1.26 0.976 40 

MB-FA 15:39:32 45.39923 -75.50597 1.126 1.27 0.987 40 

MB-GA 15:46:04 45.39757 -75.49643 1.130 1.27 0.998 35 

MB-HA 15:52:57 45.39746 -75.48769 1.129 1.27 1.015 35 

MB-IA 15:59:35 45.39493 -75.47798 1.129 1.27 1.032 35 

MB-JA 16:06:59 45.39543 -75.46944 1.128 1.27 1.009 40 

MB-KA 16:21:37 45.39903 -75.46239 1.121 1.26 1.021 40 

MB-LA 16:29:00 45.39529 -75.45207 1.132 1.27 1.038 40 
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Appendix H: Data Archival Structure 

The following Appendix provides supplementary information on the preliminary data archival and data 

management of the project.  

 
Table H-1: General characteristics of the data collected by the MBASSS project by research group. Specific details 

for each group’s instrumentation can be found elsewhere (e.g. Technical Reports). 

Group Instrument Type Data size Interval* Obs. 

NRC- FRL CASI 
Airborne 

Hyperspectral 
Gigabytes 

Paired with 

LANDSAT 8 

and/or Sentinel-2 

Mer Bleue and U-

61 

NRC-FRL SASI 
Airborne 

Hyperspectral 
Gigabytes 

Paired with 

LANDSAT 8 

and/or Sentinel-2 

Mer Bleue and U-

61 

NRC-FRL SVC 
Field 

Spectrometer 
Megabytes 

Paired with 

airborne data 

Measurements of 

asphalt and cement 

(U-61) 

NRC-FRL 
Fisheye 

camera 
Digital photo Megabytes 

Field 

measurements 

paired with satellite 

and airborne data 

Measurements of 

sky conditions at 

U-61 

NRC-FRL 
Digital 

camera 
Digital photo Megabytes 

Field photos paired 

with airborne data 

Measurements of 

targets at U-61 

NRC-FRL Microtops 
Atmospheric 

optical thickness 
Bytes 

Field 

measurements 

paired with satellite 

and airborne data 

Measured AOT 

during each field 

campaign at MB 

research site 

MCGILL ASD 
Field 

Spectrometer 
Megabytes 

Field 

measurements 

paired with satellite 

and airborne data 

Measurements of 

17 plots at MB 

research site 

MCGILL Microtops 
Atmospheric 

optical thickness 
Bytes 

Field 

measurements 

paired with satellite 

and airborne data 

Measured AOT 

during each field 

campaign at MB 

research site 

MCGILL 
Fisheye 

camera 
Digital photo Megabytes 

Field 

measurements 

paired with satellite 

and airborne data 

For general sky 

conditions at MB 

research site 

MCGILL 
Point and 

shoot camera 
Digital photo Megabytes 

Field 

measurements 

paired with satellite 

and airborne data 

One picture taken 

for each plot at MB 

research site 

MCGILL 
Point and 

shoot camera 
Digital photo Megabytes 

Field 

measurements 

paired with satellite 

and airborne data 

Few pictures per 

field campaign 

MCGILL 
Inspire 1 

Drone 
Digital mosaic Gigabytes One time 

Ancillary 

information 

MCGILL 
Samsung 

Tablet 
Data forms Bytes 

Field 

measurements 

paired with satellite 

and airborne data 

Records data 

acquisition process 

during each field 

campaign 
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CCRS SVC 
Field 

Spectrometer 
Megabytes 

Field 

measurements 

paired with satellite 

and airborne data 

Measurements of 

15 plots at MB 

public board walk 

CCRS 
Phantom 4 

Drone 
Digital mosaic Gigabytes Few times 

Ancillary 

information 

CCRS 

High 

Precision 

GPS 

Location Megabytes Two times 
See report by 

NRCAN 

CCRS Microtops 
Atmospheric 

optical thickness 
Bytes 

Field 

measurements 

paired with satellite 

and airborne data 

Measured AOT 

during each field 

campaign at MB 

research site 
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The following figures display the preliminary folder structure of the Noctillio Server (McGill) at the three 

levels.  

 

 

1. First Level 

 
Figure H-1: General folder structure for MBASSS data organization (v1-2016-06). 
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2. Second Level (Mission_Raw_Data, Processed Field Data and Processed Imagery) 

 
Figure H-2: Mission Raw Data folder organization for MBASSS datasets (v1-2016-06). 
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3. Third Level (research groups raw data sub-folders) 

 
Figure H-3: Mission Raw Data folder organization for NRC’s datasets (v1-2016-06). 
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Figure H-4: Mission Raw Data folder organization for McGill’s datasets (v1-2016-06). 
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Figure H-5: Draft Mission Raw Data folder organization for CCRS’ datasets (v1-2016-06). 
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Appendix I:  Labsphere Spectralon™ Panel Calibration Certificate 

The calibration certificate provided by Labsphere for the primary lab/project reference panel (NRC-03 – 

SN: 99AA02-1115-3164) is provided below.   
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Appendix J:    University of Arizona Panel Calibration Report 

The calibration report produced by the University of Arizona for the primary lab/project reference panel 

(NRC-03 – SN: 99AA02-1115-3164) is provided below.  Calibration was performed at the University of 

Arizona in compliance with the NIST reflectance standards.  The panel was subsequently used as the 

standard in the cross-calibration process applied to the project field panels. 
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Appendix K:   ARSL UAV Campaign Report 

Authored by: Margaret Kalacska 

Date: 1-March-2016 

The collection of UAV imagery by ARSL was exclusively for the purpose of creating a fine spatial 

resolution (< 5 cm) microtopography map for the MBR to quantify exposed moss area (i.e. 

hummock/hollow differentiation) in buffers surrounding the 17 field spectroscopy plots.  In ombrotrophic 

systems, hummocks and hollows are important hydrologically, and because of the difference in vegetation 

communities present in the two physiognomic classes.  

Despite the concept of Structure from Motion (SfM) photogrammetry having been developed nearly 40 

years ago (Ullman, 1979), it has not been widely applied in terrestrial Earth Observation studies until 

fairly recently (~5 years). The primary objective of SfM is to create a 3D point cloud from overlapping 

2D photographs. Its recent resurgence in popularity in the scientific literature as a method to derive 3D 

landscapes can be primarily attributed to the improved computational performance of personal computers 

and workstations (Gomez et al., 2015).  For landscape scale reconstructions from aerial platforms, the 

recent increase in availability of affordable small UAVs with high quality camera systems has also 

promoted the development of hardware and software applications to facilitate SfM analyses and in 

general, low altitude aerial photography (Fonstad et al., 2013; Gomez et al., 2015).  As of December 

2016, only 150 peer-reviewed studies are found referenced on Web of Science utilizing SfM analyses 

with UAV imagery, the majority (78%) published 2014 - 2016 with the earliest dating back to 2004.  In 

contrast, there are 1,709 studies referencing remote sensing of wetlands (dating back to 1974) and over 

18,000 utilizing Landsat. 

For the purpose of 3D landscape reconstructions, best practices for UAV image collection and processing 

following SfM principles have been well documented in forestry, agriculture, glaciology, mining and 

urban applications, as well as many other fields (e.g. Casbeer et al., 2006; Chianucci et al., 2016; Dandois 

et al., 2015; Mikita et al., 2016; Wallace et al., 2016; Zhang et al., 2016; Gago et al., 2015, Bhardwaj et 

al., 2016; Immerzeel et al., 2014; Krsak et al., 2016; Shahbazi et al., 2015; Tong et al., 2015; Turner et al., 

2015).  Studies employing UAVs specifically in wetlands for vegetation and geomorphology 

characterization are more limited, and SfM was not used in all cases (e.g. Kalacska et al., 2013; Knoth et 

al., 2013; Lehmann et al., 2016; Jaud et al., 2016; Long et al., 2016, Kalacska et al., 2016).   

Methodology 

A DJI Inspire 1 with an X3 FC350 12.4 MP camera was used by ARSL for UAV aerial photograph 

acquisition (Figure B-1).  The Inspire 1 is a 2.9 kg quadcopter with an integrated 3-axis gimbal.  The X3 

FC350 camera uses a Sony EXMOR 1/2.3” CMOS sensor (6.17 x 4.628 mm). The camera has a 20 mm 

lens and a linear rolling shutter. On the 1/2.3” sensor size it is equivalent to 50 mm, with a FOV of 94°.  

The UAV flight path was calculated with Pix4D Capture with 90% frontal overlap and a nadir camera 

angle (https://pix4d.com/product/pix4dcapture/). Flights were conducted at 30 m altitude. Photographs 

had the geolocation (latitude/longitude with WGS84 horizontal datum and EGM96 vertical datum) of the 

centre of the frame and the altitude directly written into the EXIF data. Products consisting of RGB ortho-

mosaics, digital surface models (DSM) and 3D point clouds were generated with Pix4D Mapper Pro 

(https://pix4d.com/product/pix4dmapper-pro/) (Cunliffe et al., 2016; Dandois et al., 2015). The camera 

displacement during readout (average 111 ms) was accounted for during processing (Vautherin et al., 

2016).  The output coordinate system of the products was UTM Zone 18N WGS84 (horizontal) and 

https://pix4d.com/product/pix4dcapture/
https://pix4d.com/product/pix4dmapper-pro/
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EGM2008 (vertical).  The vertical datum was further reprojected to the Canadian Geodetic Vertical 

Datum of 1928 (CGVD28) geodetic reference frame. We define a DSM as a DEM, which includes 

objects such as trees and buildings. Analysis of the RGB orthomosaics and 3D point clouds were carried 

out in ENVI 5.3.1 (Exelis Visual Information Solutions, Inc. a subsidiary of Harris Corporation, Boulder 

CO.).    

Figure K-1: DJI Inspire 1 with an X3 FC350 12.4 MP camera was used by ARSL. 

 

Results 

The low altitude (30m AGL) UAV aerial photographs were acquired over a 15 ha area at the MBR on 

April 27, 2016. A total of 16 flights were undertaken acquiring 813 photographs.   While the photographs 

were collected at a resolution of 4000 x 3000 pixels (jpeg, sRGB), an important consideration is that the 

number of pixels recorded by the sensor does not have a linear relationship with the “information content” 

in each photograph, as this changes from photograph to photograph.  The goal with UAV based 

photography where the photographs will be used for SfM analysis is to maximize the information content 

across the entire study area, regardless of the changes in the scene.   

All 813 photographs acquired on April 27
th
 were processed with Pix4D Mapper Pro to create the ortho-

mosaics, 3D point cloud and DSM (Figure B-2). Table B-1 summarizes the processing details in the 

creation of the products from the SfM analysis.  The 3D point cloud was created at both half and full 

resolutions. While there is an increase in the average point cloud density, the processing time also 

increases substantially (4.1 vs 26.1 hrs).   The two resolutions also result in 3D models of different overall 

sizes: 9.57 GB (638 MB/ha) (full) versus 0.86 GB (57.8 MB/ha) (half).  Differences are perceptible 

between the output at the two resolutions (Figure B-3) but for the explicit purpose of differentiating 

between hummocks and hollows in 5 m buffers around the field spectroscopy plots, the lower resolution 

model was sufficient. Examples of the ortho-mosaics for the MBR plots can viewed online at: 

http://bit.ly/merbleue 

. 

 

 

http://bit.ly/merbleue


CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED   247 

 

 

 

 

 

Figure K 2: Example of an elevational cross-section from the 3D point cloud. 

 

Figure K-3: Example of half (A) and full (B) scale 3D reconstructions. 
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Table K-1: Summary of processing details for the UAV SfM photogrammetry products from April 27, 2016.  

The total processing time includes the generation of the dense point cloud, the DSM and the orthomosaic. The 

workstation used for the processing consisted of an Intel Core i7-3930K CPU @ 3.2GHz, 48GB DDR3 ram @ 

842MHz and a 4095MB NVIDIA GTX 670 GPU. 

Scale 
No. 

Photographs 

Total Area 

(ha) 

Ground 

sampling 

distance (cm) 

Median 

matches 

per 

image 

Avg 

point 

cloud 

density 

(/m
3
) 

Total 

processing 

time (hr) 

Full 813 15 2.08 9766 2274.6 26.1 

Half 813 15 2.08 9595 355.3 4.1 

 

Utilizing the same data collection and processing methodology in salt marshes in Eastern Canada, 

Kalacska et al. (2016) found that vertical and horizontal measurements from the SfM photogrammetry 

were similar to measurements taken with a Differential GPS Real Time Kinematic system (±2 cm 

precision). Average horizontal displacements of 1.0 - 2.9 cm were found with an average elevation 

difference of 2.7 cm (± 1.7 cm) in comparison to DGPS. The relationship of elevation between points 

taken with the DGPS and extracted from the SfM DSM gave an R
2
 of 0.99.  While salt marshes are 

different ecosystems from open peatlands such as at the MBR, they share characteristics such as a 

relatively low range in elevations (e.g. < 2m) and low vegetation with minimal to sparse tree cover.  

While the same accuracy assessment has not yet been carried out for the April 27
th
 reconstruction from 

Mer Bleue, we expect our results to be similar because of the same data acquisition and processing 

methodology and the similarity in the vertical and horizontal structure of the two ecosystems.  An 

interactive version of the 3D reconstruction for MBR from April 27
th
 can be viewed at: 

http://arls3d.geog.mcgill.ca/potree/examples/MBapr.html.    

Discussion 

In general, some of the most important factors that affect the information content are file format, amount 

of light, variability/range of colour in the scene, bit depth and resolution (i.e. megapixels).    

As discussed in depth by Kalacska et al. (2016) file format (e.g. jpeg vs raw) is a primary determinant to 

the information content because algorithms that convert the raw data to jpgs not only adjust the color shift 

or distortion unique to a sensor and/or lens, they reduce the overall file size considerably (often the reason 

for their use). Furthermore, a bright scene with a large variation in colour space (and the proportions of 

some colours to others, e.g. green vs. red) results in less information loss in the conversion from raw to 

jpg formats than a dark scene with a colour profile tending towards red. This consideration for the MBR 

is fundamentally important because, as can be seen in the field photographs in Section 9 and Appendix C, 

the peatland changes from primarily red (early in the growing season) to green during the height of the 

growing season. High quality SfM products from UAVs are therefore more challenging to produce early 

in the growing season. Unless changed in post processing, bit depth is usually not a large factor as most 

modern digital cameras record information in at least 16 bits.   Lastly, not all megapixels are equivalent; 

for example, 12MP on a large sensor will encompass more information than 12MP on a smaller sensor.  

Therefore, sensor size is more important in determining the information content than megapixels for UAV 

based photography. With a few exceptions, camera systems on the large majority of small UAV systems 

are presently unable to write files in raw format at the sustained speed necessary for airborne mapping 

http://arls3d.geog.mcgill.ca/potree/examples/MBapr.html
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campaigns. The camera processor’s write speed to disk is not fast enough to complete writing before the 

next frame is taken, as buffer capacity is too small; therefore, the systems write jpgs (or equivalent) with a 

range of information retained (Kalacska et al. 2016).  
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Appendix L: GNSS Survey Report 

Authored by: H. Peter White and Christian Prévost  

Date: 1-March-2017 

1.0 GNSS Survey Acquisition Planning 

1.1 Introduction 

A high precision GNSS survey campaign was undertaken in the area of the Mer Bleue Research 

Boardwalk (MBR) starting in June 2015, and repeated several times up to and including December 2016. 

Additional standard GNSS surveys were also performed at the Mer Bleue Public Boardwalk (MBP) and 

at the U61 Cal/Val site. These surveys were pursued to i) establish the position of manmade ground 

targets to be used to georeference imagery acquired by UAV and aircraft during the project; and ii) 

confirm the positional stability of the area of the Mer Bleue Research site during the campaign.     

Considering that height variation is an important element to consider at MBR, note that many 

photographs below illustrate the physical contact between the antenna reference point/surface (ARP), the 

painted target, and the wood pole in bog, therefore ensuring precise and repetitive height estimations.  

 

1.2 Survey site and material used 

GNSS survey points were selected in all three field sites (as described in Section 3.2). Eight GNSS 

survey points were established in the MBR Site for the high precision survey, while for the standard 

GNSS surveys two survey points were identified at the Public Boardwalk and several were identified at 

the U61 Cal/Val Site.   

Of the eight MBR GNSS locations, six are situated on the bog itself on ‘’semi-stable’’ ground (on 

vertical posts used to support the boardwalk used by scientists to circulate throughout the site).  None of 

these points are on rock, bedrock or solid concrete, and would thus be assumed to move if there were 

vertical or horizontal motion of the peatland itself. The two upper ground points (MBR-Base Station and 

the later situated MBR-8), located just south of the peatland edge, are made of a steel rod which has been 

hammered approximately 5 meters down through the soft sediment until the point of refusal (at which 

point additional hammering did not move the rod), and are thus anchored below the frost line.  A large 

diameter steel pipe 60 cm long was hammered over the steel rods to stabilize them.  Since there is no 

exposed bedrock in the MBR area, it is expected that these points will be as stable as possible in this type 

of ground and location during the project period.  A stable point, when available, can be used as a base 

station for phase difference GPS positioning thus reducing observation time on points located within the 

bog.   
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Figure L-1: GPS point locations at the Mer Bleue Research Boardwalk area.  MBR-8 and the Base Station 

are located on dry, upper ground while the others are located on stable but floating supports on the 

boardwalk itself.  

 

The positions (latitude-longitude-altitude) of the six points on the peatland boardwalk, and the two 

points on the upper ground were all established based on long (~24 – 48 hours – See Table 1) static GNSS 

surveys using Ashtech™ Choke Ring antennas with either Ashtech™ dual frequency Zxtreme™ receivers 

(Ashtech, 2000) or Trimble NetR9™ receivers (Trimble, 2010).  Other material required for the survey 

includes antenna cables, power cables, internal and external batteries, painted plywood targets, bolt and 

nuts, and camera. 
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MBR-4 

MBR-5 
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Figure L-2: GPS receiver and associated components. 

 

Processing of the resulting RINEX files (the GPS receiver raw output files) was performed days after 

acquisition by the NRCan Precision Point Processing (PPP) Service (2 Refs).  As for the altitude of each 

location, few considerations must be noted.  The altitude of any of those positions is, as by design of the 

set-up, the altitude of the top face of the plywood target (as illustrated in site pictures in the next section).   

No attempt was made to estimate the ground altitude as the moss creates a very rough micro topography, 

and can change due to moisture levels, phenological state, etc.   The plywood target height would 

however provide a base location to determine the altitude of the vegetation layer using the UAV surveys. 

As the altitude estimated of the MBR points during this GNSS survey could also vary seasonally as the 

posts base do not reach the ‘’solid’’ bottom beneath the bog, these points are compared to the MBR-8 and 

Base Station positions.    

In brief, the 3D positions of these points are not of geodetic accuracy but they are the best position 

estimates obtainable in this type of physical environment.  

In order to increase the robustness of the height estimation, point heights were also estimated using 

baseline processing in relation to the NRCan Canadian Active Control System (CACS) station located 9 

km away in Ottawa, and using baseline processing in relation to the Base Station Site.    

Choke ring antenna 

Ashtech receiver 

Trimble receiver antenna 
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Figure L-3. Position of the Natural Resources Canada - Canadian Active Control System (CACS) Station 

NRCan1 CACS-GSD which is used for the baseline processing method.  

 

Standard GPS surveys were also performed at the MBP and the U61 Cal/Val sites to provide positional 

information that could be used to aid the UAV and airborne acquisitions in these areas. These surveys 

selected objects that were easy to spot from the air, but were not selected to provide the high degree of 

positional accuracy that was aimed for at MBR. These targets included the centre of bends along the west 

side of the Mer Bleue Public Boardwalk, and either painted targets, asphalt corners, or other similar 

targets at the U61 Cal/Val Site.   
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Figure L-4: GNSS point locations at the Mer Bleue Public Boardwalk area.  MBP-North is 

located at the centre of the first bend of the boardwalk on the north-west side of the beaver pond 

(“centre” identified using a tape measure stretched from the inside corner to the outside corner). 

MBP-South is the centre of the information platform on the south-west side of the beaver pond 

(again identified using a tape measure). 

 

MBP-South 

MBP-North 



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED   256 

 
Figure L-5: GNSS point locations at the U61 Cal/Val area.  Site selections included corner or edge areas of 

paved and other surfaces, or painted areas. 

 

2.0  GNSS Survey Data Acquisition  

2.1 Precision Reports 

Presented here (Table H-1) is an example precise location report (to the limits described above) of the 

GNSS reference targets for a select (November 2016) deployment at MBR, as well as sample photos of 

the MBR site targets during a deployment. These provide an example of the detailed reports that are 

mimicked for all other deployments at a precision GNSS survey, which will not be provided here but will 

instead be available as GC-Open Files at Natural Resources Canada.  

Information provided in these detailed reports include the latitude, longitude, altitude (ellipsoidal) and 

altitude (orthometric – sea level) of the base of the antenna as installed on the target, and the UTM zone, 

Easting and Northing.  

Similar reports are generated for the standard GNSS surveys, which are provided with the caveat that: 

For the MBP and U61 standard GNSS surveys, latitude, longitude and altitude estimates 

should be used with caution and are not authoritative in any way. All surveyed points are on 

unprepared ground i.e. painted area on pavement, concrete corners, or located on centres of 

boardwalks, etc. None are made of geodetic type with anchor on rock, bedrock or solid 

concrete. Geodetic grade tripods were not used to align the antenna above the target. Antennas 

were attached to photographic tripods and aligned by eye over the target of interest, as seen on 

field photos. Uncertainties in the location of the target relative to the antenna need to be 

recognized when considering the locational accuracy of the targets. It is the responsibility of 

the user to understand the planned use of these results and act accordingly in view of 

applications related to geocoding of airborne imagery.     

     



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED   257 

Table L-1:  Example report of a high precision GNSS Survey acquisition with details for the MBR-2 position during 

the November 2016 deployment.    

Site : MB-2 

Installation Type  Antenna reference point (ARP) in physical contact with top face 

of plywood UAV target.  Plywood target bottom face in physical 

contact with top of post (See photos) 

  

Receiver (GPS)  Ashtech
TM

 ZXtreme  (GPS # 02)                 

Antenna Ashtech
TM

 Chokering    

 ASH701945C_M    NONE (4 caract. between M and None).   

Antenna height  0          (See note above) 

  

Acquisition start 2016  11  08     17 h  39 min. 30 sec.           (jour 313) 

Acquisition end 2016  11  09     17 h  39 min  30 sec. 

Duration 24h 00 m  00 sec.  

Acquisition interval 30 seconds 

  

Raw  GPS files  B___A16.313 

  

Rinex files  MB-2.16O 

 MB-2.16N 

Position established 

by  PPP 

  Ellipsoïdal 

Height (m) 

Orthometric 

Height (m) 

Geographic 45º 24’ 32.8206’’ -75º 31’ 04.6952’’ 37.331 69.914 

     

UTM 5028530.204 459467.545   

     

Error ellipse 

@95% 

0.4 cm  1.3 cm    

Position established 

by  baseline-NRC 

  Ellipsoïdal 

Height (m) 

Orthometric 

Height (m) 

UTM 5028530.198 459467.545 37.323  

Position established 

by  baseline-Base 

  Ellipsoïdal 

Height (m) 

Orthometric 

Height (m) 

UTM 5028530.202 459467.544 37.317  
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In the case of the general surveys, it was often logistically impossible to leave the GPS unit in place for 

a 24 hour period. Security, pedestrian or vehicular traffic access requirements forced the placement 

duration to be reduced to approximately 1 hour at some sites.  

   

Figure L-6: Field views of GPS locations MBR-2 (left), MBR-3 (centre) and MBR-4 (right).  (November, 2016). 

 

  
 

Figure L-7: Field views of GPS locations MBR-5 (left), MBR-6 (centre) and MBR-7 (right).  (November, 2016). 

  

  

Figure L-8: Field views of GPS locations MBR-Base Station (left) and MBR-8 (right).   

(November, 2016). 
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Figure L-9: Field view of the Base station without the choke ring antenna attached, ready for placement of a 

target.  (November, 2016). 

 

  

Figure L-10: Field view of MBP-North (left) and MBP-South (right). (January, 2016). 

 

Antenna 

reference 

point (ARP) 

height 

Base station 

501 mm on  

7 November 

2016.  
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Figure L-11: Field view of 160615-1-AA (left),  160615-4-AB (centre) and 160616-4-AT  (right) at the U61 

Cal/Val site. (June, 2016). 

 

   

Figure L-12: Field view of 160616-1-AS (left),  160615-4-AG (centre) and 160615-4-AH (right) at the U61 

Cal/Val site. (June, 2016). 

 

3.0  Vertical movement of the GNSS survey points   

3.1 Methodology Discussion              

As the Mer Bleue Peatland is a relatively flat site, with significant microtopography, specific attention 

was given to potential causes of height variations of individual survey points related to the Research 

Boardwalk. Such vertical motion can be estimated from three different methods: the Precision Point 

Processing (PPP) method, the baseline processing method using the Natural Resources Canada (NRCan) 

CACS station located 9 km away (b-line), and the baseline processing method using the installed MBR 

Base Station located ~150 meters away from the peatland (l-line), on upper dry ground. (See Figures L-1 

through L-8)  

The diachronic baseline height trend from the MBR Base Station located close to the peatland would 

represent the altimetric movement of the point in relation to its close surrounding.  For example, a 
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lowering trend would indicate that the point is getting lower in relation to the surrounding upper ground, 

perhaps caused by moisture variations within the peatland environment.   

The diachronic baseline height trend from the NRCan CACS station located 9 km away would represent 

the altimetric movement of the point in relation to its remote surrounding and may reflect a regional 

altimetric trend.  A lowering temporal trend indicates that the point is getting lower in relation to the 

CACS station.    

Finally, it is worth mentioning that the PPP processing system does not use a baseline for comparison.  

It uses precise ephemeris and GNSS clock information determined and acquired after the survey to 

estimate the position and height.  A diachronic height trend from PPP processing represents the altimetric 

alteration of the point for reasons which could be related to seasonal changes in the environment or to 

other uncertainties.  

In the high precision world of GNSS height estimation, it must be recognized that seasonality in height 

estimations have been noted.  Figure H-13 illustrates, based on PPP, the seasonality height movement of 

the NRCan CACS station which has been designed and placed to be physically very stable through time.  

Further discussion on these fine height variations are beyond the scope of this document, however any 

change of vertical position uniformly by all GNSS targets (including the Base Station) of less than 5cm 

over several weeks would be considered a within-experimental design uncertainty, and not due to a 

vertical upheaval of the entire Mer Bleue Research Boardwalk and surrounding region. Relative vertical 

change between points however could still indicate motion within the peatland.        

 

 

Figure L-13: Seasonal variation in the derived height of the NRC-CACS station, 2015-2016 (Source: 

NRCan Geodetic Survey Division).  

 

3.2 Altimetric Trends  

Most of the high precision GNSS target points at MBR show a similar behaviour in a way that derived 

point altimetry movement is more stable when estimated using the NRCan and the Base Station methods 

(The PPP method, which only uses satellite ephemeris information determined after data acquisition and 

no ground tie point, provides more varied results). In all three methods, the MBR targets in the peatland 

appear to move along with the more stable Base Station targets, indicating that this apparent motion is due 

more to the hardware and processing methodology rather than actual motion of the Mer Bleue Peatland.  

As well, the Base Station and the NRCan CACS station provide similar results. This confirms the 

advantage of using a Base Station type method in determining vertical position, be it either a nearby 

CACS station or a local base station when there is no CACS station in the vicinity.  

As demonstrated in the following charts, all peatland targets at MBR are shown to move less than  

±1.2 cm vertically when motion is determined relative to the MBR Base Station target. All targets 

exhibited a general trend to start to decrease in height from July to August, and then increase again from 

August to September. This suggests that there could be small vertical motion of the peatland in this area 

due to seasonal effects, however more data would be required to see if this vertical offset repeats, or if it 



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED   262 

is correlated to any other environmental influence (such as precipitation).  Horizontal motions of MBR 

targets can be similarly derived and were determined to be of the same magnitude or less.   

The standard GNSS targets at the other sites were not identified to allow for a precision analysis of 

motion. These sites are presented as locations only.    

 

   

Figure L-14: Altimetric trend estimation of the MBR-2 (left), MBR-3 (centre) and MBR-4 (right)  ellipsoidal height 

in 2016 derived using three different methods, the Precision Point Processing (PPP) method, the baseline processing 

method using a nearby CACS station located 9 km away (NRCan), and the baseline processing method using the 

installed MBR Base Station located ~450 meters away (Base). These three targets were located in or near the Blue 

Dome area. 

  

   

Figure L-15: Altimetric trend estimation of the MBR-5 (left), MBR-6 (centre) and MBR-7 (right)  ellipsoidal height 

in 2016 derived using three different methods, the Precision Point Processing (PPP) method, the baseline processing 

method using a nearby CACS station located 9 km away (NRCan), and the baseline processing method using the 

installed MBR Base Station located ~450 meters away (Base). These three targets were located in or near the beaver 

dam (along the Pond Margin).. 

 

   

Figure L-16: Altimetric trend estimation of the MBR-8 (left) and MBR-Base Station (right)  ellipsoidal height in 

2016 derived using different methods, the Precision Point Processing (PPP) method, the baseline processing 

method using a nearby CACS station located 9 km away (NRCan), and for MBR-8 the baseline processing 

method using the installed MBR Base Station located ~300 meters away (Base). These two targets were located 

on upper ground, just outside the peatland boundary and designed to be anchored to solid ground beneath the top 

soil layer.  
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Figure L-17: Altimetric trend estimation of the MBR-2 (left), MBR-3 (centre) and MBR-4 (right)  ellipsoidal height 

relative to the MBR Base Station located ~450 meters away. These three targets were located in or near the Blue 

Dome area. 

 

   

Figure L-18: Altimetric trend estimation of the MBR-5 (left), MBR-6 (centre) and MBR-7 (right)  ellipsoidal height 

relative to the MBR Base Station located ~450 meters away. These three targets were located in or near the beaver 

dam (along the Pond Margin). 
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Table L-2: Summary of Results – GNSS positions for the MBR-Base Station. 

MBR-Base Station 

established positions 
 

Easting 

(metres) 

Northing 

(metres) 

Height 

Ellipsoïdal 

(metres) 

Height 

Orthometric 

(metres) 

June 2015 (PPP)
 1
  

Not yet installed. 
 (b-line)

 2
  

December 2015 (PPP)
 1
  

 (b-line)
 2
  

May 2016 (PPP)
 1
  459390.920 5028226.528 39.760 72.345 

 (b-line)
 2
  459390.919 5028226.527 39.758 72.343 

July 2016 (PPP)
 1
  459390.925 5028226.528 39.758 72.343 

 (b-line)
 2
  459390.921 5028226.525 39.762 72.347 

August 2016  (PPP)
 1
  459390.922 5028226.525 39.758 72.343 

 (b-line)
 2
  459390.922 5028226.524 39.760 72.345 

September 2016 (PPP)
 1
  459390.920 5028226.528 39.773 72.358 

 (b-line)
 2
  459390.918 5028226.525 39.762 72.347 

November 2016 (PPP)
 1
  459390.920 5028226.528 39.771 72.356 

 (b-line)
 2
  459390.919 5028226.522 39.760 72.345 

Maximum Delta (PPP)
 1
  0.005 0.003 0.005 0.005 

 (b-line)
 2
  0.004 0.005 0.004 0.004 

1
: GPS data processed using NRCAN Precision Point Processing from static survey  

2
: GPS data processed using baseline method from NRC –CACS station  
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Table L-3: Summary of Results – GNSS positions for the MBR-2 Station determined using NRCan Precision Point 

Processing (PPP) from static survey. 

MBR-2  

established positions 
 

Easting 

(metres) 

Northing 

(metres) 

Height 

Ellipsoïdal 

(metres) 

Height 

Orthometric 

(metres) 

June 2015   459467.548 5028530.207 37.327 69.910 

December 2015   459467.543 5028530.204 37.376 69.959 

May 2016   459467.545 5028530.204 37.318 69.901 

July 2016   459467.537 5028530.207 37.337 69.920 

August 2016    459467.545 5028530.204 37.318 69.901 

September 2016   459467.548 5028530.207 37.340 69.923 

November 2016   459467.545 5028530.204 37.331 69.914 

Maximum Delta (PPP)
 1
  0.005 0.003 0.058 0.058 

 (b-line)
 2
    0.016 0.016 

 (l-line)
 3
    0.014 0.014 

1
: GPS data processed using NRCAN Precision Point Processing from static survey  

2
: GPS data processed using baseline method from NRC –CACS station  

3
: GPS data processed using baseline method from the local MBR-Base Station  
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Table L-4: Summary of Results – GNSS positions for the MBR-3 Station determined using NRCAN 

Precision Point Processing from static survey. 

MBR-3  

established positions 
 

Easting 

(metres) 

Northing 

(metres) 

Height 

Ellipsoïdal 

(metres) 

Height 

Orthometric 

(metres) 

June 2015   459426.430 5028647.476 37.859 70.443 

December 2015   459426.439 5028647.482 37.911 70.495 

May 2016   459426.437 5028647.469 37.858 70.442 

July 2016   459426.435 5028647.479 37.875 70.459 

August 2016    459426.435 5028647.469 37.865 70.449 

September 2016   459426.437 5028647.479 37.876 70.460 

November 2016   459426.435 5028647.479 37.881 70.465 

Maximum Delta (PPP)
 1
  0.009 0.013 0.053 0.053 

 (b-line)
 2
    0.008 0.008 

 (l-line)
 3
    0.009 0.009 

1
: GPS data processed using NRCAN Precision Point Processing from static survey  

2
: GPS data processed using baseline method from NRC –CACS station  

3
: GPS data processed using baseline method from the local MBR-Base Station  
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Table L-5: Summary of Results – GNSS positions for the MBR-4 Station determined using NRCAN 

Precision Point Processing from static survey. 

MBR-4  

established positions 
 Easting 

(metres) 

Northing 

(metres) 

Height 

Ellipsoïdal 

(metres) 

Height 

Orthometric 

(metres) 

June 2015   459609.053 5028674.866 37.432 70.013 

December 2015   459609.027 5028674.866 37.472 70.053 

May 2016   459609.062 5028674.863 37.422 70.003 

July 2016   459609.071 5028674.866 37.420 70.001 

August 2016    459609.060 5028674.860 37.409 69.990 

September 2016   459609.064 5028674.863 37.425 70.006 

November 2016   459609.060 5028674.860 37.425 70.006 

Maximum Delta (PPP)
 1
  0.044 0.006 0.063 0.063 

 (b-line)
 2
    0.016 0.016 

 (l-line)
 3
    0.006 0.006 

1
: GPS data processed using NRCAN Precision Point Processing from static survey  

2
: GPS data processed using baseline method from NRC –CACS station  

3
: GPS data processed using baseline method from the local MBR-Base Station  
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Table L-6: Summary of Results – GNSS positions for the MBR-5 Station determined using NRCAN Precision Point 

Processing from static survey. 

MBR-5  

established positions 
 

Easting 

(metres) 

Northing 

(metres) 

Height 

Ellipsoïdal 

(metres) 

Height 

Orthometric 

(metres) 

June 2015   459292.855 5028403.060 37.075 69.662 

December 2015   459292.859 5028403.054 37.129 69.716 

May 2016   459292.857 5028403.057 37.083 69.670 

July 2016   459292.859 5028403.057 37.094 69.681 

August 2016    459292.859 5028403.060 37.089 69.676 

September 2016   459292.857 5028403.054 37.104 69.691 

November 2016   459292.857 5028403.054 37.110 69.697 

Maximum Delta (PPP)
 1
  0.004 0.006 0.054 0.054 

 (b-line)
 2
    0.014 0.014 

 (l-line)
 3
    0.013 0.013 

1
: GPS data processed using NRCAN Precision Point Processing from static survey  

2
: GPS data processed using baseline method from NRC –CACS station  

3
: GPS data processed using baseline method from the local MBR-Base Station  
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Table L-7: Summary of Results – GNSS positions for the MBR-6 Station determined using NRCAN Precision Point 

Processing from static survey. 

MBR-6  

established positions 
 

Easting 

(metres) 

Northing 

(metres) 

Height 

Ellipsoïdal 

(metres) 

Height 

Orthometric 

(metres) 

June 2015   459149.741 5028426.093 37.155 69.744 

December 2015   No Data (Equipment fault) 

May 2016   459149.756 5028426.087 37.144 69.733 

July 2016   459149.748 5028426.093 37.164 69.753 

August 2016    459149.752 5028426.090 37.150 69.739 

September 2016   459149.750 5028426.093 37.169 69.758 

November 2016   459149.750 5028426.093 37.175 69.764 

Maximum Delta (PPP)
 1
  0.015 0.006 0.031 0.031 

 (b-line)
 2
    0.016 0.016 

 (l-line)
 3
    0.009 0.009 

1
: GPS data processed using NRCAN Precision Point Processing from static survey  

2
: GPS data processed using baseline method from NRC –CACS station  

3
: GPS data processed using baseline method from the local MBR-Base Station  
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Table L-8: Summary of Results – GNSS positions for the MBR-7 Station determined using NRCAN Precision Point 

Processing from static survey. 

MBR-7  

established positions 
 

Easting 

(metres) 

Northing 

(metres) 

Height 

Ellipsoïdal 

(metres) 

Height 

Orthometric 

(metres) 

June 2015   459396.060 5028377.023 38.297 70.882 

December 2015   459396.067 5028377.014 38.359 70.944 

May 2016   459396.056 5028377.023 38.307 70.892 

July 2016   459396.054 5028377.026 38.313 70.898 

August 2016    459396.060 5028377.029 38.311 70.896 

September 2016   459396.067 5028377.010 38.323 70.908 

November 2016   459396.065 5028377.023 38.322 70.907 

Maximum Delta (PPP)
 1
  0.009 0.019 0.062 0.062 

 (b-line)
 2
    0.014 0.014 

 (l-line)
 3
    0.003 0.003 

1
: GPS data processed using NRCAN Precision Point Processing from static survey  

2
: GPS data processed using baseline method from NRC –CACS station  

3
: GPS data processed using baseline method from the local MBR-Base Station  
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Table L-9: Summary of Results – GNSS positions for the MBR-8 Station determined using NRCAN Precision Point 

Processing from static survey. 

MBR-8  

established positions 
 

Easting 

(metres) 

Northing 

(metres) 

Height 

Ellipsoïdal 

(metres) 

Height 

Orthometric 

(metres) 

June 2015   

Site not yet established. 
December 2015   

May 2016   

July 2016   

August 2016    459199.879 5028219.273 39.655 72.243 

September 2016   459199.875 5028219.276 39.675 72.263 

November 2016   459199.870 5028219.279 39.670 72.258 

Maximum Delta (PPP)
 1
  0.009 0.006 0.020 0.020 

 (b-line)
 2
    0.004 0.004 

 (l-line)
 3
    0.003 0.003 

1
: GPS data processed using NRCAN Precision Point Processing from static survey  

2
: GPS data processed using baseline method from NRC –CACS station  

3
: GPS data processed using baseline method from the local MBR-Base Station  

Table L-10: Summary of Results – GNSS positions for the MBP-North Station (public boardwalk floor) determined 

using NRCAN Precision Point Processing from static survey. The PPP derived height of the Antenna Reference 

Point (ARP) was adjusted by the antenna height above ground to determine the boardwalk floor height reported 

here. 

MBP-North  

established positions 
 

Easting 

(metres) 

Northing 

(metres) 

Height 

Ellipsoïdal 

(metres) 

Height 

Orthometric 

(metres) 

June 2015   459825.246  5026713.186  36.709  69.288  

January 2016   459825.204  5026713.152  36.717  69.296  

Maximum Delta (PPP)  0.042 0.034 0.008 0.008 

 



CR-FRL-2016-0130 Revision 1.0  MBASSS Sentinel-2/Landsat 8 Data Product Validation Project - Final Report 

  

CLASSIFICATION: LIMITED   272 

Table L-11: Summary of Results – GNSS positions for the MBP-South Station (public boardwalk floor) determined 

using NRCAN Precision Point Processing from static survey. The PPP derived height of the Antenna Reference 

Point (ARP) was adjusted by the antenna height above ground to determine the boardwalk floor height reported 

here.  

MBP-South  

established positions 
 

Easting 

(metres) 

Northing 

(metres) 

Height 

Ellipsoïdal 

(metres) 

Height 

Orthometric 

(metres) 

June 2015   459821.888  5026604.035   36.512 69.091  

January 2016   459821.958  5026604.020   36.538 69.117  

Maximum Delta (PPP)  0.042 0.034 0.026 0.026 

 

Table L-12: Summary of Results – GNSS positions for all U61 Cal/Val sites (ground target level) determined using 

NRCAN Precision Point Processing from static survey for June 2016. The PPP derived height of the Antenna 

Reference Point (ARP) was adjusted by the antenna height above ground to determine the ground target level height 

reported here.  

U61 Cal/Val 

Established positions 
 

Easting 

(metres) 

Northing 

(metres) 

Height 

Orthometric 

(metres) 

160615-4-AI   447938.02 5019319.60 113.4 

160615-1-AJ   447886.39 5019287.17 113.9 

160615-1-AA   447994.81 5019355.03 113.2 

160615-4-AB  448003.98 5019340.30 113.1 

160616-4-AT  447799.41 5019388.31 113.2 

160616-1-AS  447747.05 5019356.44 113.2 

160615-1-AG  447960.31 5019263.45 113.3 

160615-1-AH   447995.18 5019285.29 113.0 
1
: GPS data processed using NRCAN Precision Point Processing from static survey  
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neige par aéronef sans pilote; Géomatique Canada, Dossier public en revue 
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http://www.nrcan.gc.ca/earth-sciences/geomatics/geodetic-reference-systems/tools-applications/10925
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http://ashgps.com/mirror/master/GNSS%20Solutions/manuals/English/GNSSSolutions_RM_F_en.pdf
http://www.nrcan.gc.ca/earth-sciences/geomatics/geodetic-reference-systems/tools-applications/10925
http://www.nrcan.gc.ca/earth-sciences/geomatics/geodetic-reference-systems/tools-applications/10925
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Appendix M:  Sample FLIR SC8300 Imagery of MBR 

The following images were obtained by NRC using a FLIR SC8300 camera system.  The system is being 

evaluated by NRC for a variety of applications.  Although not used in the project, the data is included in 

the data archive. 

 

 

Figure M-1: Sample FLIR SC8300 imagery from May 11, 2016 15:59 GMS (11:59 local time).  Two frame images 

acquired over the MBR site have been stitched together to produce this image.  The detector is factory calibrated and 

therefore all measurements as shown depict relative temperature contrasts, rather than absolute, with an assumed 

emissivity of 1. 
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Figure M-2: Airborne FLIR SC8300 relative temperature imagery of MBR acquired on November 25
th

, 2015 at A) 

21:00 GMT (local time = GMT – 5) (late afternoon - hazy atmospheric conditions) B) 0:00 + 1day GMT (early 

evening – clear skies with full moon ~20° elevation), and C) 3:30 + 1 day GMT (nightime..clear skies with full 

moon ~50° elevation.

  

A 

B 

C 
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Appendix N: Mer Bleue Publications and Documents 

Mer Bleue refereed publications (published and in press) – As received from Dr. Tim Moore Dec. 

2016. 

117. Pinsonneault, A.J., T.R. Moore, & N.T. Roulet 2016. Effects of long-term fertilization on 

belowground stoichiometry and microbial enzyme activity in an ombrotrophic bog. Biogeochemistry. 

129: 149-164 doi: 10.1007/s10533-016-0224-6. 

116. Malhotra, A., N.T. Roulet, P. Wilson, X. Giroux-Bougard & L.I. Harris 2016. Ecohydrological 

feedbacks in peatlands: an empirical test of the relationship among vegetation, microtopography and 

water table. Ecohydrology 9: 1346–1357 doi: 10.1002/eco.173 

115. Pinsonneault, A.J., T.R. Moore, N.T. Roulet & J-F. Lapierre 2016. Biodegradability of vegetation-

derived dissolved organic carbon in a cool temperate ombrotrophic bog. Ecosystems 19: 1023-1036 doi: 

10.1007/s10021-016-9984-z. 

114. Pinsonneault, A.J., T.R. Moore & N.T. Roulet 2016. Patterns of microbial enzyme activity across a 

range of temperate peatland types. Soil Biology and Biochemistry. 97: 121-130 doi: 

10.1016/j.soilbio.2016.03.006 

113. Juutinen, S., T.R. Moore, A.M. Laine, J.L. Bubier, E-S. Tuittila, A. De Young & M. Chong 2016. 

Responses of mosses Sphagnum capillifolium and Polytrichum strictum to nitrogen deposition in a bog: 

height growth, ground cover, and CO2 exchange. Botany 94: 127-138 doi: 10.11319/cjb-2015-0183. 

112. Wang M., T. Larmola, M.T. Murphy, T.R..Moore & J.L. Bubier in press. Stoichiometric response of 

shrubs and mosses to long-term nutrient (N, P and K) addition in an ombrotrophic peatland. Plant & Soil 

400: 403-416 doi: 10.1007/s11104-015-2744-6 

111. Kalacska, M., M. Lalonde & T.R. Moore 2015. Estimation of foliar chlorophyll and nitrogen content 

in an ombrotrophic bog from hyperspectral data: scaling from leaf to image. Remote Sensing of 

Environment 169: 270-279. doi: 10.1016/j.rse.2015.08.012. 

110. Wu, Y. & C. Blodau 2015.Vegetation composition in bogs is sensitive to both load and 

concentration of deposited nitrogen: a modeling analysis. Ecosystems 18: 171–185 doi: 10.1007/s10021-

014-9820-2. 

109. Nichols, J.E., P.D.F. Isles & D.M. Peteet 2014. A novel framework for quantifying past methane 

recycling by Sphagnum-methanotroph symbiosis using carbon and hydrogen isotope ratios of leaf wax 

biomarkers. Geochemistry, Geophysics, Geosystems 15: doi:10.1002/2014GC005242. 

108. Wu, Y., C. Blodau, T.R. Moore, J.L. Bubier, S. Juutinen & T. Larmola 2014. Effects of experimental 

nitrogen deposition on peatland carbon pools and fluxes: a modeling analysis. Biogeosciences 12: 79–101 

doi: 10.5194/bg-12-79-2015. 

107. Talbot, J., N.T. Roulet, O. Sonnentag & T.R. Moore 2014. Increases in aboveground biomass and 

leaf area 85 years after drainage in a bog. Botany 92: 713-721 doi: 10.1139/cjb-2013-0319. 

106. Sharp, C.E., J.M. Graham, M.B. Stott, T.R. Moore, S.E. Grasby,
 
M. Strack & P.F. Dunfield 2014. 

Distribution and diversity of Verrucomicrobia methanotrophs in geothermal and acidic environments. 

Environmental Microbiology 6: 1867-78.  

http://dx.doi.org/10.1016/j.soilbio.2016.03.006
http://dx.doi.org/10.1016/j.soilbio.2016.03.006
http://dx.doi.org/10.1007/s11104-015-2744-6
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105. Brown, M.G., E.R. Humphreys, T.R. Moore, N.T. Roulet & P.M. Lafleur 2014. Evidence for a non-

monotonic relationship between ecosystem-scale peatland methane emissions and water table depth. 

Journal of Geophysical Research: Biogeosciences 119: 826-835. 

104. Humphreys, E.R., M. Brown, C. Charron & R. Jones 2014. Contrasting the CO2 fluxes of a 

temperate ombrotrophic bog with fluxes from two bogs in the Canadian Hudson Bay Lowland. Arctic 

Antarctic Alpine Research 46: 103-113. 

103. Lai, D.Y.F., N.T. Roulet & T.R. Moore 2014a. The spatial and temporal relationships between CO2 

and CH4 exchange in a temperate ombrotrophic bog. Atmospheric Environment 89: 249-259. 

102. Lai, D.Y.F., T.R. Moore & N.T. Roulet. 2014b. Spatial and temporal variations of methane flux 

measured by autochambers in a temperate ombrotrophic peatland. Journal of Geophysical Research: 

Biogeosciences 119:864-880. 

101. Kross, A.S.E., N.T. Roulet, T.R. Moore, P.M. Lafleur, E.R. Humphreys, J.W. Seaquist, L.B. 

Flanagan & M. Aurela 2014. Phenology and its role in carbon dioxide exchange processes in northern 

peatlands. Journal of Geophysical Research: Biogeosciences 119:1370–1384. doi: 

10.1002/2014jg002666. 

100. Wang, M., T.R. Moore, J. Talbot & P.J.H. Richard 2014. The cascade of C:N:P stoichiometry in an 

ombrotrophic peatland: from plants to peat. Environmental Research Letters 9:024003 (7 pp) 

http://dx.doi.org/10.1088/1748-9326/9/2/024003. 

99. Loisel, J., Z. Yu, D.W. Beilman, P. Camill, J. Alm, M.J. Amesbury, D. Anderson, S. Andersson, C. 

Bochicchio, K. Barber, L.R. Belyea, J. Bunbury, F.M. Chambers, D.J. Charman, F. De Vleeschouwer, B. 

Fiałkiewicz-Kozieł, S.A. Finkelstein, M. Gałka, M. Garneau, D. Hammarlund, W. Hinchcliffe, J. 

Holmquist, P. Hughes, M.C. Jones, E.S. Klein, U. Kokfelt, A. Korhola, P. Kuhry, A. Lamarre, M. 

Lamentowicz, D. Large, M. Lavoie, G. MacDonald, G. Magnan, M. Makila, G. Mallon, P. Mathijssen, D. 

Mauquoy, J. McCarroll, T.R. Moore, J. Nichols, B. O’Reilly, P. Oksanen, M. Packalen, D. Peteet, P.J.H. 

Richard, S. Robinson, T. Ronkainen, M. Rundgren, A. Britta, K. Sannel, C. Tarnocai, T. Thom, E.-S. 

Tuittila, M. Turetsky, M. Valiranta, M. van der Linden, B. van Geel, S. van Bellen, D. Vitt, Y. Zhao & 

W. Zhou 2014. A database and synthesis of northern peatland soil properties and Holocene carbon and 

nitrogen accumulation. The Holocene 24: 1028–1042 doi: 10.1177/0959683614538073. 

98. Wang, M., M.T. Murphy & T.R. Moore 2014. Nutrient resorption of two evergreen shrubs in response 

to long-term fertilization in an ombrotrophic peatland. Oecologia 174: 365–377 doi:10.1007/s00442-013-

2784-7. 

97. Basiliko, N., K. Henry, V. Gupta, T.R. Moore, B.T. Driscoll & P.F. Dunfield 2013. Controls on 

bacterial and archaeal community structure and links to greenhouse gas production in natural, mined, and 

restored Canadian peatlands. Frontiers in Terrestrial Microbiology 4: 215 doi: 

10.3389/fmicb.2013.00215. 

96. Wang M. & T.R. Moore 2014. Carbon, nitrogen, phosphorus and potassium stoichiometry in an 

ombrotrophic peatland reflects plant functional type. Ecosystems 17: 673–684.  

95. Turetsky M.R., A. Kotowska, J. Bubier, N.B. Dise, P. Crill, E. Hornibrook, K. Minkinnen, T.R. 

Moore, I. H. Myers-Smith, H. Nykänen, D. Olefeldt, J. Rinne, S. Saarnio, N. Shurpali, J.M. Waddington, 

J. White, K. Wickland & M. Wilmking 2014. A synthesis of methane emissions from 71 northern, 

temperate, and subtropical wetlands. Global Change Biology 20: 2183-2197 doi: 10.1111/gcb.12580. 

http://dx.doi.org/10.1088/1748-9326/9/2/024003
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6512. 
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Environment 137: 234–243. 
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Moore 2013.Vegetation feedbacks of nutrient addition lead to a weaker carbon sink in an ombrotrophic 
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