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Acronyms and Abbreviations 
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GPP 
GSFC 

Gross Primary Productivity 
NASA’s Goddard Space Flight Center 

HYFLEX HYperspectral FLuorescence EXperiment 
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MERIS 
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Medium Resolution Imaging Spectrometer 
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NASA National Aeronautics and Space Administration 
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SVD Singular Vector Decomposition 
TOC Top of Canopy 
VNIR Visible and Near Infrared 
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1 Summary of main findings 

1.1 HyPlant: a high-performance imaging spectrometer to 
measure reflectance and sun-induced fluorescence 

HyPlant, the high-performance imaging spectrometer owned by the Forschungszentrum Jülich 
that is used to measure reflectance and sun-induced fluorescence, was successfully co-mounted 
on a Beechcraft aircraft together with the G-LiHT sensor from NASA’s Goddard Space Flight 
Center (Maryland). Technical performance of both sensors was without any major problems. Two 
main forest sites in North Carolina, US were recorded. 
Additional calibration of HyPlant on NASA Circus calibration base and SPECIM calibration lab led 
to a good characterization of the point spread function (PSF). A PSF correction was developed 
and applied to the data recorded during the FLEX-US campaign, and we present the data in this 
report. It should be noted that the deconvolution of the spectra enhances the noise. Because the 
deconvolution algorithm uses 30 pixels left and right across track for the correction, 30 pixels of 
the beginning and end of the column of each flight line needs to be trimmed. 
 

1.2 Mapping of sun-induced fluorescence in forest 
Three different fluorescence retrieval methods were developed and tested during the first HyPlant 
flight campaign in 2012 [RD-9]. For sun-induced fluorescence above forest, the singular vector 
decomposition (SVD) was evaluated the most suitable for the Forest areas. The modified 3-FLD 
method, which was until now used as the standard method for fluorescence retrieval, is not 
applicable for some forest areas because it requires a certain amount of non-vegetative reference 
pixels. 
 

1.3 Consistence of sun-induced fluorescence measurements 
In combination with the overpasses, we recorded ground, sun-induced fluorescence spectra 
above the forest. However, measurements of the top of canopy (TOC) from the ground can only 
cover the crown of one tree and because of possible differences in the time of the day when flight 
lines were recorded and ground measurements were taken, a direct comparison of TOC ground 
and airborne measurements in forest is limited. A comparison of regions of interest (ROI) between 
different vegetation classes reveal a good agreement between ground and airborne data for the 
F 760 maps, especially considering the relative variation between the hardwood classes. The 
three senescent stages of the hardwood class seem to be better discriminated at the airborne 
level. This is reasonable because the ROIs have been visually defined to stress differences in the 
senescent stage of the vegetation.  
 

1.4 Combination of fluorescence and lidar data 
By using selected ROIs, we were able to create the combination of fluorescence maps and lidar 
products. We found that there is a empirical relationship between fluorescence, which is 
normalized by the vegetation fractional cover, and tree age, which decreases almost linearly. 
According to this observation, it seems that young forest stands during the juvenile phase emit 
twice as much fluorescence as older stands because they may tend to minimize their growth rate. 
 

1.5 Combination of fluorescence and surface temperature  
Comparisons of the relationships of the two fluorescence peaks with surface temperature showed 
that F 687 (sun-induced fluorescence 687) is closely related to canopy temperature, while F 740 
shows no relation. Temperature is directly affecting energy dissipation at photosystem II (PSII) 
and also influences the degree of non-photochemical heat dissipation. Most mechanisms for non-
photochemical heat dissipation are also located at PSII. F 687 is dominantly determined by the 
functional status of PSII; thus, it is a logical consequence that temperature differences are mainly 
related to F 687.  
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2 Overview of campaign concept 

2.1 Background 
Although vegetation monitoring has been one of the key objectives of many different satellite 
missions in the past, Fluorescence Explorer (FLEX) will be the first mission explicitly designed to 
monitor the photosynthetic activity of the terrestrial vegetation layer by using a completely novel 
technique measuring the chlorophyll fluorescence signal that originates from the core of the 
photosynthetic machinery. This will provide new possibilities to assess the dynamics of actual 
photosynthesis through sun-induced fluorescence, which offers a great advancement over current 
techniques that can only detect potential photosynthesis as derived in passive reflectance 
measurements by conventional land-surface monitoring satellites. Whereas current observational 
techniques provide information about the amount of light absorbed by vegetation, FLEX will 
provide direct insight into how much absorbed energy plants use for photosynthesis, which is a 
fundamentally new type of information not previously available from space observations. 
 
The first FLEX concept, presented as an Earth Explorer Core Mission for Earth Explorer (EE)-7, 
was selected for Phase-0 studies [RD-1]. After its assessment by the Earth Science Advisory 
Committee (ESAC) in 2009, FLEX was not selected for Phase-A study, but ESAC expressed a 
recommendation to investigate in detail the options for an in-orbit demonstrator of the stand-alone 
fluorescence spectrometer in optimal synergy with approved missions such as Sentinel-3 [RD-2], 
[RD-3]. The new EE-8 FLEX mission concept comprises a smaller satellite carrying a 
fluorescence imaging spectrometer (FLORIS) flying in tandem with Sentinel-3 [RD-4], [RD-5]. 
 
The FLEX-US campaign aimed to combine the European HyPlant sensor together with the NASA 
operated G-LiHT sensor. Combining the two sensors delivered an unprecedented data set of 
hyperspectral, thermal, and lidar data and built the basis for scientific and strategic collaboration 
between ESA and NASA for fluorescence observation. HyPlant is the validation instrument 
package produced through sponsorship by ESA for the FLEX mission and was successfully 
deployed for validation flights in 2012 in Europe [RD-9]. 
 
The Joint 2013 NASA/ESA Airborne Campaign brought together two unique instrument packages 
for vegetation studies of carbon cycle dynamics and ecosystem health: 1) ESA’s one-of-a-kind, 
high spectral resolution HyPlant package (PI, Uwe Rascher, Forschungszentrum Jülich GmbH, 
Jülich , Germany) that obtains cutting-edge imagery of chlorophyll fluorescence emissions from 
vegetation as well as visible-to-shortwave infrared (VSWIR) reflectance: and 2) the GSFC-
sponsored G-LiHT (Goddard’s Lidar, Hyperspectral, and Thermal) package (PI, Bruce Cook, 
NASA/GSFC, Greenbelt, Maryland, USA) that combines off-the-shelf sensors: two lidars, a high-
resolution visible and near-infrared (VNIR) imager, and a thermal imager. Both instrument 
packages have precision GPS sensors. Observations were made at high spatial resolution (< 1 m) 
from approximately 600 m altitude. Together, these instruments obtained unique measurements 
at an ecologically relevant spatial scale to describe the vegetation biomass, biochemical 
constituents, and physiological responses to environmental conditions and to provide direct 
retrievals of photosynthesis and energy budget parameters. 
 

2.2  Scientific and technological objectives 
The primary goal of the 2013 joint ESA/NASA airborne campaign was to record an unprecedented 
FLEX-like data-set containing maps of sun-induced fluorescence, hyperspectral reflectance, 
surface temperature, and canopy structure. This data set allowed for the first time the evaluation 
of the relationship between canopy temperature and structure on the one hand and canopy 
fluorescence on the other. Thus, this campaign collected the necessary remote sensing data from 
aircraft and ground-based data to monitor directly the energy budget, actual (as opposed to 
potential) photosynthesis, stress level responses, and canopy structure of forests, using 
hyperspectral reflectance, fluorescence, thermal imagery, and profiling lidar measurements. 
Additionally, this campaign provided experience for a larger joint ESA/NASA campaign in Europe, 
as part of the Phase A/B1Fluorescence Explorer (FLEX) mission and future joint projects (e.g., 
NASA Earth Venture). 
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The objectives as specified in the statement of work were: 

1. Successfully co-manifest the two sensor packages on a King Air aircraft and obtain 
morning and afternoon datasets for at least two days in three unique ecosystems 
in North Carolina (NC). NASA's UC-12B aircraft was already equipped with dual ports, 
and G-LiHT has already been integrated and tested on the platform. Only slight 
modifications were necessary to accommodate HyPlant equipment racks and power 
requirements. Installation and certification were completed between mid-August and 
early September 2013 at NASA's Langley Research Center for the science flights 
conducted during the last weeks of September. Study sites are located in the inner coastal 
plain of North Carolina. These sites had a ‘flux tower’ for the continuous measurement of 
CO2, heat and water vapour fluxes, and field plot observations of variables such as 
species composition, woody biomass, and leaf area index. 
With the installation of HyPlant and G-LiHT on the Beechcraft King Air, the 
technological objective 1 is fulfilled. 

2. Evaluate the synergies between different data to better understand the spatial 
variations within and between different vegetation types and to evaluate structure-
function relations. Data of the single modules were processed to level 1 and level 2 
products and then co-registered. The combined data were used to demonstrate the 
synergy between the measurements and to quantify the relationships of single and 
combined data with flux tower observations and with spatial variations associated with 
different vegetation cover types and structure. 
The combination of the different datasets was accomblished by defining ROIs. The 
variations within and between different vegetations types was analysed on canopy 
(chapter 8) and leaf level (chapter 5). 

3. Provide feedback on the influence of canopy structure and surface temperature on 
the fluorescence signal. Previous results indicated a strong influence of canopy 
geometry on the fluorescence signal, but no quantitative data are available yet. In this 
report, we provide the first feedback on the effect of canopy structure, such as canopy 
height, crown geometry, and canopy orientation on the TOC fluorescence signal. 
Additionally, the effect of temperature on fluorescence was evaluated. 
Chapters 10 and 11 describes the combination of fluorescence, lidar, and surface-
temperature data and how the temperature and canopy structure influence the 
fluorescence signal. 

4. Provide feedback for existing fluorescence models. The data set was made available 
and communicated to the modelling community to test and evaluate different modelling 
approaches that simulate and retrieve TOC fluorescence. 
Biochemical data collected on leaf level (chapter 12.1) were used as input data for 
state-of-the-art fluorescence models. First results are in chapter 12. 

5. Provide feedback on measurement strategies and procedures of data collection for 
future campaigns. The synchronous recording of hyperspectral, thermal, and lidar data 
is logistically challenging. Different sensor requirements must be balanced and provide a 
better knowledge of the pay-offs of this multi-sensor approach that will help the planning 
of future campaigns 
The results obtained from the FLEX-US campaign are of great benefit for further 
activities preparing the FLEX mission (chapter 13). 
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Six main tasks were defined to accomplish the objectives listed above. In the following section, 
we provide a summary of each task with regard to the objectives and references within this 
document. 
 
 
Task 0: Management and coordination of activities 
 
All project partners can access all data recorded during the FLEX-US campaign, including raw 
data, intermediate products of the main processing steps, and final products from HyPlant as well 
as ground data, on a sFTP server. All reports, such as the Campaign Implementation Plan (CIP) 
and the Data Acquisition Report (DAR), are also on the server. We will update and backup the 
server regularly in the future. G-LiHT data are freely available on the NASA server 
http://gliht.gsfc.nasa.gov/. 
 
Task 1: Campaign preparation 
 
We shipped HyPlant (chapter 4.1.1) to NASA’s Goddard Space Flight Center (Langley, Virginia, 
USA) in August 2013 and successfully mounted it together with NASA’s G-LiHT sensor (chapter 
4.1.3) on a Beechcraft King Air (chapter 4.1.4). Test sites and boresight calibration flights 
confirmed the good technical performance of both sensors. In the beginning of September 2013, 
scientists from Forschungszentrum Jülich (Germany), University Milano Bicocca (Italy), and 
NASA’s Goddard Research Center (USA) identified the two main field sites in North Carolina: 
Duke Forest and Parker Track (chapter 3). Flight pattern for both study sites were fixed to a north-
to-south oriented pattern. 
 
Task 2: Data acquisition 
 
The FLEX-US campaign was split in two main campaign windows. The first main campaign 
window started on 26 September and ended on 7 October in 2013. In this time period, flight lines 
over Duke forest were recorded (chapter 4.3) and intensive ground, top-of-canopy (chapter 4.4.2), 
and leaf level (chapter 4.4.3) measurements were recorded. The second campaign window 
covered the time period from 24 to 27 October. During that time, flight lines over Duke Forest and 
Parker Track were recorded. Ground measurements were limited to ASD reference 
measurements at selected sites.  
 
Task 3: Data processing 
 
The data processing scheme of HyPlant data is described in chapter 4.1.2. In comparison to 
pervious HyPlant processing schemes, data recorded during the FLEX-US campaign were 
deconvoluted using the PSF characteristics. We calculated fluorescence maps using the singular 
vector decomposition method for both sites. Fluorescence maps using the modified 3-FLD 
method were calculated from Parker Track. 
 
Task 4: Combining HyPlant and G-LiHT data 
The results of the combination of HyPlant fluorescence maps and G-LiHT products are presented 
in chapter 10 and chapter 11. The combination of fluorescence maps normalized by the fractional 
cover reveals an almost linear relationship to the tree age. The combination of surface 
temperature and fluorescence shows a strong positive correlation between surface temperature 
and fluorescence values at 688 nm.  
 
Task 5: Reporting and deliverables 
 
The implementation plan (CIP, [RD-8]) and Data Acquisition Report (DAR, [RD-7]) of the FLEX-
US project campaign were delivered to the ESA and can also be found on the sFTP server 
together with the acquired data. This final report includes a description of the conducted 
measurements (chapter 4) and a review of the analysed results (chapter 5–12).  
The main campaign data, as organized on the sFTP server, will remain available to all project 
partners and are delivered to the ESA as well.  
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3 Description of study area 
 

3.1 Parker Track loblolly pine plantation, North Carolina, USA 
The Parker Track study site (US-NC2) is a commercially managed Loblolly Pine plantation, with 
some mixed deciduous and coniferous old-growth and riparian forests. There is a broad range of 
even-aged stands at this site, with distinct difference in forest structure. Weyerhaeuser NC State 
University and the US Forest Service collected field data at this site. Flux towers (Figure 1; lat 
35.8031, long -76.6679) have continuously operated in stands of young and intermediately aged 
trees for a number of years (see also: http://www.fluxdata.org:8080/SitePages/siteInfo.aspx?US-
NC2).  

 

 

Figure 1: Flux Tower at the Parker Track Loblolly Pine study site (lat 35.8031, 
long -76.6679). 

 
No automated measurement systems were installed at the Parker Track flux tower because the 
tower lacks electricity and did not seem stable enough to carry another load of heavy 
measurement equipment (Figure 1).  
Nevertheless, we still considered the site to be highly interesting due to the plantation character 
and the clear pattern of different tree-age stands. Therefore, ground reference measurements 
(chapter 4.4.2.2) were established for the time of the overpasses (chapter 4.2). 
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3.2 Duke Forest, North Carolina, USA 
 
3.2.1 Duke Forest Hardwoods 
 
The Duke Forest Hardwoods site (US-Dk2) is in Durham, North Carolina. It is within the 
Blackwood Division of Duke Forest near Durham, NC. An 80- to 100-year-old forest of oak and 
hickory surrounds the Hardwoods Tower (Figure 2; lat: 35.9736, long: -79.1004). The canopy is 
characterized by numerous large gaps and had an average height of 25 m in 2006, with some 
trees reaching over 35 m. There have been annual natural disturbances at the Hardwoods site 
since it began to be used for research purposes. The forest suffered a drought that began late in 
the 2001 growing season and lasted until October 2002. A drought in 2005 lasted only a few 
months. The 1999, 2000, and 2003 growing seasons had above-average precipitation. In 
December 2002, a severe ice storm caused only minor damage (broken tree limbs and more leaf 
litter than usual) at the Duke Forest Hardwoods site 
(http://www.fluxdata.org:8080/SitePages/siteInfo.aspx?US-Dk2). The automated S-FLUOR Box 
(Figure 2; for further description see also chapter 4.4.2) was installed at the top of the tower on 
23 September and continuously ran until the end of the first measurement period. 
 

Figure 2: Flux Tower at the Duke Forest Hardwood site (lat 35.9736, long -79.1004). 

 
3.2.2 Duke Forest Loblolly 
 
The Duke Forest Loblolly Pine Tower is located in a 250 x 500 m large patch of loblolly pine trees 
(lat 35.974004, long -79.094143). The automated measurement system FUSION (see further 
description chapter 4.4.2; Figure 3) was installed at the top of the tower on 24 September and 
dismounted after the last flight of the second measurement period on 28 October.  
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Figure 3: Fusion instrument on top of the Loblolly Pine Tower at Duke Forest 
(lat 35.974004, long -79.094143). 

 
3.2.3 Duke Forest Open Field 
 
The Duke Forest Open Field site (US-Dk1) lies within the Blackwood Division of Duke Forest on 
the outskirts of Durham, North Carolina. The Open Field Tower (lat 35.9712, long -79.0934) is in 
a 480 x 305 m grassy field dominated by tall fescue (Festuca arundinacea Shreb.; a C3 grass 
common to the south-eastern United States) but also contains other C3 and C4 grasses, forbs, 
and herbs in lesser amounts. Since 1944, there have been a number of anthropogenic and natural 
disturbances. Anthropogenic disturbances include prescribed burnings that occurred in 1989 and 
1991. The northern area was partially burned in 1951 (wildfire). In 1964–65, the western section 
was thinned. The eastern section was clear cut in 1963–64. The outer perimeter (1980) and the 
central portion (1978/79) were also cleared. The field has been mowed annually in the summer 
since 1992. The natural disturbances that have affected the Open Field site are the same as 
those that affected the Hardwoods site: drought from 2001 until October 2002 and in 2005; higher-
than-average precipitation in  1999, 2000, and 2003; ice storm in December 2002 
(http://www.fluxdata.org:8080/SitePages/siteInfo.aspx?US-Dk1). A Cimel sun photometer, part of 
the AERONET network, was installed close to the tower for the time of the campaign.  
 

 

Figure 4: Tower at the Duke Forest open field site (lat 35.9712, long -79.0934) (left) and sun 
photometer (right).  
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4 Campaign activities, material and methods 
The FLEX-US campaign was split in two main campaign windows. The first main campaign 
window started on 26 September and ended on 7 October. During this time, flight lines over Duke 
Forest were recorded (chapter 4.3), collecting intensive ground, top-of-canopy (chapter 4.4.2), 
and leaf level (chapter 4.4.3) measurements. The second campaign window was 24 to 27 
October, during which flight lines over Duke Forest and Parker Track were recorded. Ground 
measurements were limited to ASD reference measurements at selected sites.  
 

4.1 Airborne Measurements 

4.1.1 Sensor: HyPlant – a high performance imaging spectrometer for 
vegetation monitoring 
 
The HyPlant sensor is a hyperspectral imaging system for airborne and ground use developed by 
Forschungszentrum Jülich (Germany). The contractor for development and manufacture is 
SPECIM Spectral Imaging Ltd (Finland). Development time was 2½ years and the final system 
consists of five components: 
 

• dual channel VNIR & SWIR imager with a common fore optics; 
• fluorescence imager; 
• data acquisition and power unit; 
• position and attitude sensor; 
• adjustable mount. 

 
The dual channel imager is a line-imaging, push-broom hyperspectral sensor that provides 
contiguous spectral information from 370 to 2,500 nm in one device utilizing a common fore-
objective lens with 3 nm spectral resolution in the VIS/NIR spectral range and 10 nm spectral 
resolution in the SWIR spectral range. The vegetation fluorescence signal is measured with a 
separate push-broom sensor, the fluorescence imager, which produces data at high spectral 
resolution (0.25 nm) in the spectral region of the two oxygen absorption bands. The data 
acquisition and power unit contain two rack modules. The first module includes the data 
acquisition computer with system control and data acquisition software and the power supply and 
control electronics for the dual channel imager and GPS/INS sensor. The second module includes 
the same equipment for the fluorescence imager. The position and attitude sensor (GPS/INS 
sensor) provides, synchronously with the image data, aircraft position, and attitude data for image 
rectification and geo-referencing. Both imagers (dual channel imager and fluorescence imager) 
are mounted in a single platform with the mechanical capability to align the FOV (Figure 5). 
 
The HyPlant system was used during the HYFLEX 2012 campaign and intensively tested [RD-1]. 
In principle, the sensor was fully operational; however, some problems in radiometric performance 
were detected. None of the technical problems caused a major problem for fluorescence 
detection. Most of the sensor’s technical issues were associated with the dual module and thus 
did not affect fluorescence retrieval. 
After the 2012 campaign, the sensor was sent back to Specim and the technical problems were 
identified and solved. The sensor was shipped back to Forschungszentrum Jülich on 2 April 2013 
and had test flights on 10 and 15 April 2013. Those measurements indicated that the technical 
issues described in the test report [RD-1] were solved. 
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Figure 5: A: Schematic drawing of the HyPlant sensor consisting of the broadband dual 
module (a) and the high-resolution fluorescence module (b). Additionally, the GPS/IMU 
positioning unit that is attached to the rack is shown (c). B: Installation of HyPlant within 
a Cessna aircraft. In the back the data acquisition unit is visible (d). C, D: Representative 
radiance measurements from different surfaces from the dual and the fluorescence 
module, respectively 

 
In June/July 2013 HyPlant performed extensive measurements in the Jülich area and Mulhouse 
area as part of the Sen2Exp. After the campaign, the system was brought back to 
Forschungszentrum Jülich. Outdoor measurements were used to test the heat resistibility of the 
sensor. The results of the experiment were satisfying. Continuous long-term data recording with 
the system was unproblematic with maximum temperatures achieved (45 °C). The detector 
cooling worked impeccably. 
 
An additional lab characterization of the system was performed with two dedicated experiments 
to characterize crosstalk behaviour of the FLUO model: 1) image with a back-illuminated white 
square in a dark room; and 2) recording of monochromatic light of different wavelengths for the 
spectral PSF and spectral response curve. 
 
The additional measurements and calibration in 2013 revealed the sensor characteristics given 
in Table 1. The analysis of the PSF and spectral response curve is still ongoing. Results of this 
analysis were included in the processing chain of the data acquired during the FLEX-US 
campaign. 
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Table 1: Sensor characteristics evaluated in 2013 on flight data (the nominal or specified 
performance values are given in parentheses). 
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4.1.2 Processing scheme of fluorescence maps 
 
The processing scheme of HyPlant is given in Figure 6.  
Products available from the DUAL data are: 
 

• TOC reflectance VIS/NIR/SWIR; 
• Vegetation indices; 
• fAPAR (Atcor output); 
• LAI (Atcor output). 

 
From the FLUO data fluorescence, maps are calculated with 1 m resolution using the SVD method 
and modified 3-FLD method when the 3-FLD method was applicable. A concrete description of 
the algorithms can be found in HYFLEX Final Report [RD-9]. 
 
 
 

Figure 6: Processing scheme of DUAL data (left) and FLUO data (right). 
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4.1.3 Sensor: G-LiHT airborne package 

NASA Goddard's Lidar, Hyperspectral, and Thermal (G-LiHT) airborne imager [Cook et al. 2013] 
was developed by GSFC’s Biospheric Sciences Laboratory for NASA-sponsored studies of 
terrestrial ecology. It simultaneously maps the composition, structure, and function of terrestrial 
ecosystems using: 

1. small footprint profiling and scanning lidar to provide 3D information about the vertical 
and horizontal distributions of foliage and other canopy elements; 

2. a downward-looking imaging spectrometer, the Hyperspec VNIR Concentric Imaging 
Spectrometer (Headwall Photonics, Fitchburg, MA), for photosynthetic pigments, 
nutrients, and water content, paired with an upward-looking spectrometer for measuring 
incoming solar radiation; 

3. a thermal imaging camera, Gobi-384 (Xenics, Leuven, Belgium), to detect surface 
temperatures and heat and moisture stress.  

The VNIR spectrometers are configured to provide 114 spectral bands (418–918 nm) at a spectral 
resolution of 10 nm FWHM and enable high spectral and spatial resolution imaging through f/2.0 
telecentric optics and aberration-corrected convex holographic diffraction grating. Low-altitude 
acquisitions and cross calibration of the two spectrometers allow us to compute surface 
reflectance with minimal atmospheric effects. G-LiHT’s thermal sensing is based on the broad 
band longwave infrared (8–14 µm) using a resistive amorphous Si:H focal plane array with a 
Gigabit Ethernet TCP/IP interface to deliver 16-bit radiometrically calibrated thermal images. 
Nominal flight altitude is 335 m with an IFOV of up to 60o. A common solution GPS/INS, along 
with rigidly mounted components, supports high-precision position and attitude measurements, 
enabling data fusion for coincident data in time and space, and providing fine-scale (< 1 m) 
observations over larger areas. For further information, see http://gliht.gsfc.nasa.gov. 

 

 
 
Specific lidar data products consist of point cloud data (with classified ground returns and heights 
above ground level), bare earth elevation and canopy height models, and common lidar metrics 
(e.g., height and density percentiles). Optical data products consist of spectral indices and bio-
indicators (e.g., NDVI, EVI, PRI, red-edge indices); at-sensor radiance and surface reflectance 
data cubes (400–1,000 nm, 5 nm FWHM) are provided in BIL format. File formats include 
calibrated and geo-referenced data products (available in lidar point clouds, LAS), floating point 
GeoTIFFs (gridded) products, and Keyhole Markup Language file formats (flight trajectories; 

Sample imagery dataset acquired by G-LiHT, 
including VNIR hyperspectral optical observations, 
thermal measurements, and lidar data over various 
land cover types. Assembly of G-LiHT and its 
implementation with an aircraft are shown on the 
upper right corner. 
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GeoTIFF super-overlays). The fine-scale (< 1 m) ground resolution enables data fusion products. 
G-LiHT promotes the full and open sharing of data with all users. The G-LiHT team ensures that 
accurate, well-calibrated data are released in a timely manner, and the G-LiHT data archive can 
be accessed with a web browser or anonymous ftp application at fusionftp.gsfc.nasa.gov/G-LiHT. 
 
Summary of G-LiHT Activities  
G-LiHT stats:  Reporting period:  August 2011 through September 2012 (13 months) 
Total flight hours (including transit):  392 hours 
Total data collection area:  6,510 km2 
Total number of laser pulses:  39 billion 
Mean pulse density: 6 pulses/m2 
ICESat-GLAS footprints flown:  43,380 
USDA-Forest Service FIA plots flown:  920 
Flux tower sites surveyed: 6 
Stem mapped areas:  120 ha 
 
Other notable highlights: 
Cross-calibration with NEON AOP (Harvard Forest, 2012) 
Spatially coincident observations with 2009–2012 data from DBSAR, SIMPL, CAR, UAVSAR, and

LVIS (WFF, Howland Forest, Penobscot Experimental Forest, Harvard Forest, SERC,
Parker Track) 

Seasonal and leaf-on/off acquisitions at SERC (March, June, and October) 
Open access to L1–L3 products (classified point clouds, CHM, DTM, metrics) at

http://gliht.gsfc.nasa.gov/ 
I&T on Cessna 206, UC-12B King Air, Piper Cherokee  
 
Projects Supported: 
Carbon Monitoring System, Phase 1 and 2 (NASA CMS: PI Tucker and PI Cook)  
AMIGA-Carb (NASA Carbon Cycle: PI Nelson) 
Forest Biomass in Siberian Larch Forests (NASA Terrestrial Ecology: PI Ranson) 
DART-LiDAR (NASA Remote Sensing Theory: PI Cook) 
Forest Health and Emerald Ash Borer Detection (USDA-FS/NASA: Hanavan and Cook) 
Influence of Disturbance and Seasonality on Regional Carbon Flux Upscaling (NASA TE: PI

Smithwick) 
Utilizing Object Based Image Analysis for Analyzing and Interpreting Earth Remote Sensing Data

(NASA AIST: PI Crawford) 
Radiative Transfer Modelling of Photon Counting Data (GSFC IRAD: PI Harding) 
Radiometric Calibration using Tunable Lasers (GSFC IRAD: PI McCorkel) 
Integration of Hyperspectral Imaging Spectroscopy and LIDAR Instruments (GSFC IRAD: PI

Middleton) 
 
NASA Missions Supported: 
ICESat-2 
LDCM/Landsat-8 
HyspIRI 
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4.1.4 Recorded airborne data 
 
Both instruments G-LiHT and HyPlant were mounted together in the NASA LARC UC12: 
Beechcraft King Air (Figure 7). 
 

 

Figure 7: Carrier NASA LARC UC12: Beechcraft King Air (left); G-LiHT and HyPlant 
mounted in the aircraft (right). 

 
The time is expressed here is local time, Eastern Daylight Time (EDT). EDT was 4 hours behind 
UTC (UTC-4) during the time of the measurements. 
Flight height was set to 610 m AGL, which was the best compromise between the optimum flight 
height of HyPlant and the G-LiHT lidar. The aircraft speed was between 130 and 140 knots. The 
frame rate of HyPlant was fixed to 60 m/s. These settings result in a ground pixel approximately 
0.9 x 0.9 m and a swath of 345 m for the HyPlant instrument. 
The flight lines are calculated with 30% overlap to ensure complete and gapless maps of the 
forest sites. Flight direction was in a south-north direction for mapping activities of study areas. 
An additional set of flight lines pivoted over active flux towers to provide measurements in the 
solar principle plane at the beginning and end of each mapping collect. Mission profile was to 
complete this flight pattern at three evenly spaced intervals over the course of the day for a 
morning, noon, and afternoon data acquisition. 
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4.2 Parker Track loblolly pine plantation, North Carolina, USA 
 

Figure 8: Flight pattern of Parker Track site. Eight N-S oriented flight lines, crossing at the 
ground calibration site (red lines). Additional flight lines in the solar plane, depending on 
the time of the day (yellow lines) (left); Image of the recorded flight lines over Parker Track 
on 27 October (right). 

 
 

Table 2: Recorded flight lines over Parker Track site. 

Date Start acquisition time End acquisition time Number of flight lines
 

26 Oct 
26 Oct 
26 Oct 

09:50 
12:31 
15:03 

11:13 
14:09 
16:31 

10 
10 
10 

27 Oct 13:56 15:15 10 
 
Flight line pattern of the Parker Track forest and a quick look at a flight line recorded on 27 October 
is presented in Figure 8. Table 2 summarized the acquired flight lines over the Parker Track site. 
A first quality check of the listed flight lines revealed that no fundamental sensor problems 
appeared during the acquisition and data were recorded during favourable weather conditions. 
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4.3 Duke Forest, North Carolina, USA 
 

 

Figure 9: Flight pattern of the Duke Forest site. Flight pattern of Parker Track site: eight N-
S oriented flight lines (red lines). Additional flight lines in the solar plane, depending on 
the time of the day (yellow lines) (left); image of the flight lines recorded over the Duke 
Forest on 25 October (right). 

 
Flight line pattern of the Duke Forest site is presented in Figure 9. Table 3 summarizes the 
acquired flight lines over the Duke Forest site. An initial quality check of the listed flight lines 
revealed that no fundamental sensor problems appeared during the acquisition. The data 
recorded in October were recorded during favourable weather conditions. Figure 9 gives an 
example of the recorded flight lines on 25 October.  
 

Table 3: Recorded flight lines over Duke Forest. 

Date Start acquisition time End acquisition time Number of flight lines
 

30 Sept 14:16 15:38 12 
24 Oct 10:09 11:24 13 
25 Oct 
25 Oct 
25 Oct 

10:10 
12:58 
15:34 

11:08 
14:11 
16:40 

10 
12 
11 

27 Oct 11:08 12:02 10 
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4.4 Supportive ground measurements  
During the campaigns, we installed a network of dedicated and specialized ground-measuring 
facilities that were operated throughout the campaign windows. The facilities recorded the TOC 
fluorescence of different species and added supporting parameters that aided the continuous 
quantification of canopy fluorescence and photosynthesis on selected sites. Sun-induced 
fluorescence was recorded by custom made S-FLUOR box and a manual and portable 
spectrometer system comprising high-performance spectrometers. Continuous measurements 
are complemented by mobile teams equipped with calibrated field Spectrometers (ASD 
FieldSpec) to measure TOC reflectance/radiance at various vegetation types during overpass 
times. Continuous and mobile TOC measurements are essential to validate the airborne 
measurements and to allow a more accurate retrieval of geophysical parameters from the 
airborne data. 
These measurements were complemented by selected field data that allow the characterization 
of the functional status of photosynthesis. 
 

4.4.1 Reflectance and radiance reference measurements  
 
During the two campaign windows, a mobile team equipped with a calibrated FieldSpec FR Pro 
field spectrometer (Analytical Spectral Device, USA) covering the visible, near infrared and 
shortwave infrared region (350–2,500 nm) measured various surface calibration/validation 
targets. Natural ‘pseudo-invariant’ features at the sites and artificial targets (black, white, and 
grey) specifically placed into the flight lines were used as calibration/validation targets. Pseudo–
invariant surfaces have been for example asphalt, concrete, gravel, or soil. Target reflectance 
was measured by recording the incoming radiation using a white reference calibrated panel 
(Labsphere Inc., USA) and the upwelling radiation from the surface.  
 
Figure 10 shows the reflectance tarps and the reference measurements during the days of 
airborne data acquisition. Tarps were laid out on open grassland fields (Duke Forest: 
lat 35.969740, long -79.094060; Parker Track: lat 35.873635, long -76.658774) and reference 
measurements were performed continuously during the overpasses. 
 

 

Figure 10: Reflectance tarps for reference measurements. 
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4.4.2 Quantification of top-of-canopy fluorescence and reflectance 
 
4.4.2.1 Continuous top-of-canopy spectral measurements in Duke Forest 
Sun-induced fluorescence at top of canopy was recorded with the S-FLUOR box, a custom-made 
fluorescence box comprising high performance spectrometers. The S-FLUOR box is designed for 
high-temporal-frequency acquisition of continuous radiometric measurements. This system is 
based on a commercial optical multiplexer (MPM-2000, OceanOptics, USA), able to switch 
between a channel measuring the incident irradiance (cosine response optic), a down-looking 
bare fibre (FOV of 25°) for the measurement of the upwelling radiance, and a ‘blind’ channel for 
dark current measurement. It hosts two portable spectrometers (HR4000, OceanOptics, USA) 
operating in the visible and near-infrared region but with different spectral resolution. The first one 
covers the 400–1,000 nm spectral range with a FWHM of 1 nm and allows the computation of 
vegetation indexes. The second one has a finer resolution (FWHM = 0.2 nm), covers a restricted 
spectral range (670–860 nm), and is specifically intended for sun-induced fluorescence 
measurements in the O2-A absorption band. Spectrometers were spectrally calibrated with known 
standards (CAL-2000 mercury argon lamp, OceanOptics, USA), whereas the radiometric 
calibration was inferred from cross-calibration measurements performed with a reference 
calibrated FieldSpec spectrometer (ASD, USA). The S-FLUOR box was set up on top of the 42- 
meter-high Hardwood Tower on 24 September; lat 35.9736, long -79.1004; Figure 2). The optical 
fibres used to measure the upwelling radiance of the target were pointed north with an inclination 
of 7° off nadir (north-west). The downward fibres were fixed at 17 meters above the canopy, and 
the view area corresponded to an ellipse of 7 m diameter. The cosine receptors used to collect 
the incoming irradiance were fixed and levelled at the top of the tower. The analysed target was 
a broadleaf canopy, mainly dominated by hickory at an early senescence stage. The S-FLUOR 
box recorded diurnal courses with a time interval of approximately five minutes from 26 
September to 6 October (11 days). 
 
In addition, sun-induced fluorescence at top of canopy was recorded by a custom made 
measuring box from NASA (FUSION) comprising high performance spectrometers. The FUSION 
box is designed for multi-angle and high-temporal-frequency acquisition of continuous radiometric 
measurements. FUSION was set up on top of the Loblolly Pine tower (Figure 3; chapter 3.2.2). 
 
 
4.4.2.2 Top-of-canopy spectral measurements over different sites in Duke Forest 

including grassland 
 
Portable spectrometric systems have been operated manually from platforms placed above the 
canopy (cherry picker or walk up towers). Measurements have been collected during the first 
measurement period in the days close to the overpasses. The portable system is composed of 
three Ocean Optics (USA) spectrometers: 
 

1. HR4000, operating in the 400–1,000 nm spectral range with a FWHM of 1 nm;  
2. HR4000, operating in the 700–800 nm spectral range with a FWHM equal to 0.15 nm 

Spectral resolution and spectral range of the spectrometer are specifically intended for 
sun-induced fluorescence measurements in the oxygen absorption band O2-A positioned 
at 760 nm (F760); 

3. QE 65000 operating in the 657–740 nm spectral range with a FWHM of 0.25 nm. Spectral 
resolution and spectral range of the spectrometer are specifically intended for sun-
induced fluorescence measurements in the oxygen absorption band O2-B. 

 
Bare fibre optics with a field of view (FOV) of 23° have been used to alternatively measure a white 
reference calibrated panel (Labsphere, Inc., USA) and the vegetated target. Ocean Optics 
spectrometers have been housed in a thermally regulated Peltier box (model NT-16, Magapor, 
Zaragoza, Spain) keeping the internal temperature at 25 °C in order to reduce dark current drift.  
 
The spectrometers have been spectrally calibrated with known standards (CAL-2000 mercury 
argon lamp, OceanOptics, USA) while the radiometric calibration has been inferred from cross-
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calibration measurements performed with a reference calibrated FieldSpec spectrometer 
(Analytical Spectral Device, USA). 
 
The portable spectrometer system was employed on the top of a mobile platform (Figure 11) to 
measure top-of-canopy fluorescence and reflectance of different species and location at the Duke 
Forest. According to the sampled points in the forest, the measurements were taken with a nadir 
view at different distances from the canopy (from 3.7 m up to 5 m), and the corresponding circular 
view area ranged between 1.7 m and 2.3 m of diameter. Two or three sampled points per canopy 
were collected in order to evaluate the variability within the same canopy per each monitored 
vegetation class. Table 4 gives an overview of the measurements, and Figure 24 shows the 
diurnal courses of sun induced chlorophyll at 760 nm. 
 

 

Figure 11: Mobile platform with portable spectrometric system for top-of-canopy 
fluorescence and reflectance measurements (left); position of the mobile platform during 
measurements (right). 

 
 
 

Table 4: Overview of the measurement location of the portable spectrometric system. 

Plot location Date Species 
 lat long   
CP1 35.97721 -79.09142 29 Sept  white oak 
CP2 35.97675 -79.0897 30 Sept red maple 
CP3 35.98082 -79.08971 1 Oct hickory, white oak 
CP4 35.977093 -79.091991 2 Oct loblolly pine 
CP5 35.97076 -79.09403 4 Oct grassland 
CP6 35.977093 -79.091991 5 Oct sweet gum 
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4.4.3 Characterization of the structural and functional status of vegetation 
at leaf level 
 
Leaves were collected from the outer part of the canopy by using the cherry picker or by using a 
rifle. Leaves were kept well watered, and the following measurements were subsequently 
performed (Figure 12): 
 

 FluoWat leaf clip to measure reflectance, transmittance, and fluorescence emission; 
 photography for leaf area; 
 integrating sphere measurements for leaf reflectance, transmittance absorbance; 
 gas exchange with a LI-COR 6400 for photosynthetic rate;  
 leaf disks for lab leaf biochemistry (chlorophyll and carotenoids) analyses; 
 fresh and dry weight of measured leaves. 

 
 

 
  

 

Figure 12: FluoWat, leaf area, integrating sphere and gas exchange measurements of 
single leaves.  

 
An overview of the measured leaf samples is in Table 5. For a detailed description of the 
measurements protocol, see the FLEX-US Data Acquisition Report [RD-7]. 
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Table 5: Overview of the leaf level samples. 

Sample ID Plot Species Date Location
    lat long 
D-CP1-wo-9 (10) CP1 white oak 28 Sept 35.97721 -79.09142 
D-CP2-rm-1(-10) CP2 red maple 29 Sept 35.97675 -79.08970 
D-CP1-wo-11(-20) CP1 white oak 29 Sept 35.97721 -79.09142 
D-VT1-h-1(-5) VT1 hickory 29 Sept 35.96793664 -79.09688039 
D_VT2-gm-1(-5) VT2 sweet gum 29 Sept 35.9731057 -79.09905051 
D-VT2-p-1(-5) VT2 poplar 29 Sept 35.9731057 -79.09905051 
D-VT2-wo-1(-5) VT2 white oak 29 Sept 35.9731057 -79.09905051 
D-VT9-ro-1(-5) VT9 red oak 30 Sept 35.97727549 -79.08941006 
D-VT9-rm-1(-5) VT9 red maple 30 Sept 35.97727549 -79.08941006 
D-VT9-wo-1(-5) VT9 white oak 30 Sept 35.97727549 -79.08941006 
D-VT7-wo-1(-5) VT7 white oak 1 Oct 35.97586956 -79.09075244 
D-VT7-rm-1(-5) VT7 red maple 1 Oct 35.97586956 -79.09075244 
D-VT6-wo-1(-5) VT6 white oak 1 Oct 35.97553495 -79.09136982 
D-VT6-ro-1(-5) VT6 red oak 1 Oct 35.97553495 -79.09136982 
D-VT6-rm-1(-5) VT6 red maple 1 Oct 35.97553495 -79.09136982 
D-CP3-h-1(-10) CP3 hickory 1 Oct 35.98082 -79.08971 
D-VT20-p-1(-5) VT20 poplar 1 Oct 35.98700392 -79.09324857 
D-VT18-h-1(-5) VT18 hickory 1 Oct 35.9869722 -79.09465973 
D-CP3-wo-1(-10) CP3 white oak 1 Oct 35.9808 -79.0897 
D-VT16-h-1(-5) VT16 hickory 2 Oct 35.98545362 -79.09602439 
D-VT-19-h-1(-5) VT19 hickory 2 Oct 35.98452694 -79.09634163 
D-VT-17-p-1(-5) VT17 poplar 2 Oct 35.97980662 -79.0897918 
D-VT17-gm-1(-5) VT17 sweet gum 2 Oct 35.97980662 -79.0897918 
D-VT12-ro-1(-5) VT12 red oak 2 Oct 35.97960651 -79.08964713 
D-VT12-gm-1(-5) VT12 sweet gum 2 Oct 35.97960651 -79.08964713 
D-FT-lp-1(-15) fusion tower loblolly pine 3 Oct 35.974004 -79.094143 
D-VT7-lp-1(-15) VT7 (pine 

map) 
loblolly pine 5 Oct 35.966542 -79.089809 

D-VT2-lp-1(-15) VT2 (pine 
map) 

loblolly pine 6 Oct 35.965372 -79.09494 

 
 
 

4.4.4 Eddy measurements 
 
Flux measurements at the surface are related to friction velocity, energy budget, and fluxes of 
trace species. At the various sites, the two former are measured together with the flux of CO2. To 
measure the surface energy balance expressed as the distribution of net radiation Rn into 
sensible heat flux (H), latent heat flux (LE), and ground heat flux (G), we used equipment 
consisting of a 3D sonic anemometer, an infrared gas analyser measuring CO2 and H2O 
concentrations and one or several radiation sensors. Friction velocity (u*), H, LE and CO2 flux are 
calculated using the eddy covariance technique.  
Continuous measurements of net CO2 ecosystem exchange rates were acquired during the 
campaigns. Those data are used to derive gross primary productivity (GPP). GPP time series 
might be used to investigate the link between photosynthesis and TOC sun-induced fluorescence. 
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5 Structural and functional status of vegetation at leaf 
level 

5.1 Structural characterization 
The structural characterization of seven different species (white oak (WO; Quercus alba), red 
maple (RM; Acer rubrum), hickory (H; Carya tomentosa), loblolly pine (LP; Pinus taeda), red oak 
(RO; Quercus rubra), sweet gum (GM; Liquidambar styraciflua), tulip poplar (TP; Liriodendron 
tulipifera), and black oak (BO; Quercus velutina)) at leaf level revealed significant differences in 
foliar pigments and moisture among species; results are reported below. Because the sampling 
locations had varying degrees of senescence, we also observed intraspecific differences for 
samples from different plots. These differences can be associated with specific micro-
environmental conditions, such as plot slope, aspect, moisture, and nutrient availability. 
 
We observed large variability in total leaf chlorophyll content, which ranged from 22 µg/cm2 to 55 
µg/cm2 among species (Table 6 and Figure 13, left; means and standard errors). Statistically 
significant differences for this variable were verified among species (ANOVA p < 0.001, r2 = 0.89), 
with hickory, sweet gum, and red maple having the lowest, and white oak (WO, bold) having the 
highest total chlorophyll content (Figure 13). Chlorophyll a (Chl a) content was relatively higher 
for oak species and loblolly pine (LP) as compared to the remaining species (Table 6). Chlorophyll 
b (Chl b) content was higher for white and red oaks (Table 6). The Chl a/b ratio was significantly 
different only when loblolly pine was compared to the other species (Figure 13, middle; ANOVA 
p < 0.001, r2 = 0.68).  
 
We also observed large variations in leaf carotenoid content (Table 6), with white oak having 
significantly higher content as compared to black oak, sweet gum, hickory, loblolly pine, and tulip 
poplar.  
Red oak carotenoid content was slightly lower than white oak but was significantly higher than 
only sweet gum and red maple. Because carotenoids (Figure 13, right) can prevent chlorophyll 
photo-oxidation, we can potentially use the relationship between chlorophyll and carotenoids as 
an indicator of photo-oxidative damage. Our results indicated strong variation and significant 
differences in chlorophyll to carotenoids ratios (Table 6). However, our confidence in using the 
relationship between chlorophyll and carotenoids was low due to the large intraspecific variability 
(ANOVA p < 0.001, r2 = 0.29) that we observed. We verified higher values for mean chlorophyll to 
carotenoids ratios for black oak, loblolly pine, maple, and white oak (Table 6). 
 
 

 

Figure 13: Left: variation in leaf mean total chlorophyll (Chl (a+b), µg/cm2); middle: 
variation in leaf mean Chl a/b ratio; right: variation in leaf total carotenoids (µg/cm2). BO: 
black oak; GM: sweet gum; H: hickory; RM: red maple; RO: red oak; TP: tulip poplar; WO: 
white oak; LP: loblolly pine. 
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Table 6: Statistics on leaf pigments by species, including chlorophyll and carotenoids 
(mean, median, standard error of the mean, standard deviation, and range).  

 

 
 
 
 
 

White Oak (WO)

n=18 (22)

Red Maple (RM)

n=21

Hickory (H)

n=10

Loblolly Pine (LP)

n=37

Red Oak (RO)

n=9

Gum (GM)

n=15

Tulip Poplar (TP)

n=14

Black Oak (BO)

n=5

Species
Carotenoids*

Chl a Chl b Chl (a+b) Chl a/b Car Total Chl(a+b)/Car Chl(a+b) + Car

Mean 28.78 21.92 50.61 1.37 7.92 6.53 58.53

Median 28.05 21.69 51.08 1.37 8.43 6.54 60.40

Std Err 1.45 1.59 2.90 0.06 0.49 0.24 3.31

Std Dev 6.16 6.74 12.30 0.25 2.07 1.00 14.03

Range 21.48 27.37 44.57 1.04 7.73 3.97 50.09

Mean 20.57 12.10 33.53 1.72 5.02 6.67 40.63

Median 18.44 11.31 30.39 1.60 4.80 6.76 35.43

Std Err 1.91 0.89 2.45 0.12 0.31 0.50 3.85

Std Dev 8.74 4.07 11.73 0.53 1.41 2.29 17.64

Range 29.48 17.25 34.86 1.67 5.26 10.74 73.26

Mean 24.05 13.29 35.71 2.25 5.19 4.45 42.48

Median 24.09 14.13 36.27 1.69 4.19 4.09 42.23

Std Err 1.57 1.64 2.35 0.47 0.81 0.35 3.56

Std Dev 4.98 5.18 8.80 1.50 2.58 1.11 11.26

Range 16.05 18.59 32.48 4.93 7.88 2.91 36.74

Mean 27.88 10.95 40.33 2.75 5.73 6.91 44.49

Median 28.66 10.82 43.30 2.60 5.95 7.09 44.97

Std Err 2.13 0.92 2.67 0.17 0.26 0.33 3.07

Std Dev 12.06 5.22 16.22 0.94 1.49 1.89 17.39

Range 38.93 20.79 57.08 4.93 6.14 7.85 57.55

Mean 29.17 19.74 48.83 1.48 7.48 4.55 56.31

Median 28.86 19.52 48.29 1.50 7.17 4.15 55.46

Std Err 0.91 0.84 1.70 0.03 0.57 1.05 2.15

Std Dev 2.74 2.52 5.09 0.09 1.71 3.33 6.44

Range 9.86 7.59 16.52 0.28 5.28 8.14 19.17

Mean 20.86 11.81 32.61 1.88 4.43 5.18 37.04

Median 21.74 12.12 34.36 1.83 3.93 5.68 37.70

Std Err 1.38 1.19 2.43 0.11 0.36 0.81 2.63

Std Dev 5.34 4.62 9.42 0.43 1.40 3.13 10.18

Range 15.07 13.76 28.68 1.59 4.45 11.60 32.64

Mean 20.89 13.36 34.18 1.70 6.09 5.45 40.28

Median 20.44 11.87 32.25 1.56 5.68 5.67 37.83

Std Err 2.74 1.93 4.50 0.15 0.56 0.47 4.99

Std Dev 10.24 7.24 16.83 0.55 2.11 1.76 18.66

Range 29.08 20.67 48.71 1.77 6.42 6.93 55.13

Mean 27.15 14.99 42.07 1.84 5.37 7.95 47.44

Median 27.83 13.84 41.59 2.01 5.32 7.81 46.91

Std Err 2.82 1.54 3.84 0.20 0.20 0.97 3.70

Std Dev 6.31 3.45 8.59 0.45 0.44 2.17 8.27

Range 15.82 9.03 23.09 1.11 1.14 6.08 21.95

*  µg/cm2

Parameter
Total Pigments*Chlorophyll *
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Figure 14: Left: leaf moisture (FW-DW); middle: fresh weight (FW); right: ratio of fresh and 
dry weight (FW/DW). 

 
Leaf moisture was calculated as the difference between leaf fresh and dry weights (FW and DW; 
Figure 14, left). Our results indicate statistically significant differences in leaf moisture among 
species (ANOVA p < 0.001, r2 = 0.72), with black oak, sweet gum, and tulip poplar having the 
highest moisture content (Figure 14). However, the variation within species associated with the 
different plots of collection was also statistically significant (ANOVA p = 0.015, r2 = 0.87). 
Significant differences in foliar moisture among plots may have contributed to different degrees 
of senescence associated with specific micro-environmental conditions (e.g., plot slope, aspect, 
moisture, and nutrient availability). Again, we should consider these variables during analyses of 
airborne measurements when comparing individual ROIs. Our results indicate statistically 
significant differences in leaf FW among species (ANOVA p < 0.001, r2 = 0.74). Leaf FW (Figure 
14, middle) was significantly higher for black oak, followed by tulip poplar. Hickory and red maple 
had lowest FW from all species. The ratio of leaf FW to DW (FW/DW) express differences 
associated with leaf moisture content and leaf mass. Our results indicate statistically significant 
differences among species in the FW/SW ratio (Figure 14, right; ANOVA p < 0.025, r2 = 0.52). 
FW/DW was significantly higher for sweet gum (GM), as compared to black, white, and red oak, 
hickory, and red maple. Differences in the FW/DW ration between sweet gum and tulip poplar 
and between tulip poplar and all other species were not significant.  
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5.2 Functional characterization 
We observed strong variations in maximum photosynthetic rate, which ranged from 1.5 to 17.3 
µmol CO2 m-2 s-1, with significant differences among species (Figure 15). Leaf photosynthetic rate 
was significantly higher for black oak (ANOVA p < 0.001, r2 = 0.48) as compared to all other 
species. We also measured relatively high photosynthetic function for sweet gum, tulip poplar, 
and loblolly pine; however, the differences among these species were not statistically significant. 
White oak presented the lowest photosynthetic function among all species considered.  

 

Figure 15: Maximum photosynthetic rate at leaf level. 

 
The FluoWat measured leaf-level fluorescence emission (chapter 5 and RD-7). The fraction of 
light absorbed by the leaf is derived from the leaf reflectance and transmittance measurements 
and integrated over the PAR region (fAPAR), allowing the calculation of the light that is actually 
absorbed and used for photosynthesis (APAR). The fluorescence (both upward and downward) 
divided by APAR gives the fluorescence yield (FY). The spectral FY, upward and downward, is 
reported in Figure 16 distinguishing between the sampled species. Based on the spectral FY, we 
calculated several metrics, including the FY value at 690 nm, 760 nm, peak ratio, integral, and 
peaks width. 
 

 

Figure 16: Up and downward fluorescence measured with the FluoWat leaf clip of all 
species in the Duke Forest. 
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In Figure 17, we provide boxplots referring to the upward FY at 690 nm and 760 nm and their 
ratio. We observed strong variations within the loblolly pine class in both FY 690 and FY 760. 
Overall, we found significant differences for FY 690 between loblolly pine, white oak, sweet gum 
and the other vegetation types. More differences are evident when analysing the FY 760 
parameter. In this case, the red oak behaves differently compared to the FY 690. When we 
analysed the peak ratio, two clear clusters emerged. The differences established by analysing 
the variability within the data are likely associated with the different senescent stage of the 
sampled stands. 
 
 

Figure 17: Boxplots of the FY 690, FY 760, and peak ratio. The different colours refer to the 
vegetation types considered. 

 
PRI was derived from the upward (top of leaf) radiances and compared with the corresponding 
upward Red/Far-Red fluorescence ratio computed from the top of leaf emission spectra (r = 0.89, 
p ≤ 0.000) for the seven deciduous species examined were: black oak, white oak, red oak, sweet 
gum, hickory, tulip poplar, and red maple, along with one coniferous species, loblolly pine. The 
species differences and slopes were highly significant (p ≤ 0.000) (Figure 18, left). 
Also, for the seven species, we determined the Red/Far-Red Fluorescence Ratio (top and bottom) 
from the leaf fluorescence emissions obtained using the FluoWat leaf clip and compared them 
with the light induced PSII efficiency index, the ratio of variable to maximum fluorescence 
(Fv’/Fm’), obtained with the LI-6400 photosynthetic system with a fluorimeter chamber (N = 125). 
The species differences and slopes were highly significant (r = 0.85, p ≤ 0.000) (Figure 18). 
 
 
 

Figure 18: Relationship between red and far-red peak ratio and photochemical 
reflectance index (PRI, left) and maximum fluorescence values (Fv’/Fm’, right). 
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6 Fluorescence maps from HyPlant 

6.1 Duke Forest 

 

Figure 19: Fluorescence map at 690 nm (F 690) calculated using the SVD method. Data 
were recorded on the morning of 25 October. 

 
Figure 19 and Figure 20 show the fluorescence map of Duke Forest recorded in the morning on 
25 October. Fluorescence values at 690 nm (Figure 19) range from 0 to 1.2 mW/m2/sr/nm. 
Fluorescence values at 740 nm (Figure 20) range from 0 to a maximum of 4 mW/m2/sr/nm. 
However, those maximum values only occur in a single area of the image. Fluorescence values 
within the forest mostly range between 0 to 2 mW/m2/sr/nm.  
It must be noted that a directional effects or gradient in each flight line is visible in the fluorescence 
map at 690 nm (Figure 19). This gradient is most likely enhanced by an edge effect of the PSF 
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correction. For further analyses of the data, we needed to remove (trim) about 30 pixels at the 
beginning and end of each acquisition line, that is, the first and last 30 columns in an image. 
 

 

Figure 20: Fluorescence map at 740 nm (F 740) calculated using the SVD method. Data 
were recorded in the morning of 25 October.  
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6.2 Parker Track 

6.2.1 Single Vector Decomposition (SVD) 

 

Figure 21: Fluorescence map at 690 nm (F 690) and 740 nm (F 740) calculated using the 
SVD method. Data were recorded in the morning on 26 October. 

 
Figure 21 shows the fluorescence map at 690 nm and 740 nm recorded on 26 October. 
Fluorescence values F 740 range from 0 to 2.7 mW/m2/sr/nm and are therefore lower than 
values of the Duke Forest. Fluorescence values at 690 nm range from 0 to 2 mW/m2/sr/nm and 
are comparable in range to the Duke Forest values (Figure 21).  
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6.2.2 3-FLD method 
 

 

Figure 22: Fluorescence map at 687 nm (F 687) and 760 nm (F 760) calculated using the 
modified 3-FLD method. Data were recorded on the morning of 26 October. 
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Fluorescence maps at 760 nm (F 760) calculated using the modified 3-FLD method are shown 
in Figure 22. In most areas of the image absolute values of the 3-FLD map are lower than the 
values calculated using the SVD Method (Figure 21). However, it must be noted that the SVD 
method derives the fluorescence at 740 nm on top of the second peak of the fluorescence 
emission spectra because the 3-FLD method calculates fluorescence values at 760 nm at the 
negative spectral slope of the fluorescence emission spectra 740 and 760 nm. 
Fluorescence values at O2-B band were derived at 687 nm using the modified 3-FLD method 
(Figure 22). Values should be comparable; however, fluorescence maps calculated with the 3-
FLD method (Figure 22 left) showed in general lower values than the fluorescence maps 
calculated with the SVD method Figure 21.  
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7 Top-of-canopy fluorescence and reflectance  
 

 

Figure 23: Time series of sun-induced chlorophyll fluorescence at 760 nm and normalized 
difference vegetation index (NDVI) measured at the Hardwood Tower above a hickory tree, 
Duke Forest. 

 
A time series of fluorescence and NDVI values recorded top of canopy above a hickory tree in 
Duke Forest show a continuous decrease of both parameters during the 11 days (Figure 23). At 
that time of the year, hickory started the senescent phase. The photosynthetic activity was down 
regulated (decrease of fluorescence values). In addition, the pigment and chlorophyll content 
changed; therefore, the NDVI decreased as well. 
 
Spectral fitting methods were used to retrieve TOC fluorescence values both at the O2B band 
(690 nm) and O2A band (760 nm) (Figure 24 and Figure 25). Diurnal courses of sun-induced 
fluorescence at 760 nm (F 760) of six different vegetation classes (grassland, hickory, loblolly 
pine, red maple, white oak, and sweet gum) are presented in Figure 24. 

 

Figure 24: Diurnal courses of sun-induced fluorescence at 760 nm (F 760) of different 
species (RM: red maple; H: hickory; LP: loblolly pine; WO: white oak; OF: grassland, open 
field; SG: sweet gum). 
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In Figure 25, the boxplots refer to the midday (11:00–15:00 solar time) fluorescence values of the 
six vegetation classes measured: grassland, hickory, loblolly pine, red maple, white oak, and 
sweet gum. Overall, the F 760 values are higher than the F 690, as expected. Generally, it can 
be noticed that the broadleaf canopies in a more advanced senescent stage (e.g. red maple and 
sweet gum) show lower values of F 760 compared to greener plants (e.g. hickory and oak). The 
dependency on senescence probably affects the standard deviation as well. In particular, 
senescence differences can be evident even within the same canopy. In fact, the red maple (red 
in Figure 25) shows the highest standard deviation and had the canopy with the highest 
heterogeneity within the same sampled tree. Considering the F 690 values (Figure 25, left panel), 
we are able to notice similar patterns between different vegetation types. Only the red maple 
shows values not aligned with the F 760 patterns. 
 

 

Figure 25: Boxplot of top of canopy fluorescence values at 690 nm (F 690) and at 760 nm 
(F 760) of six different vegetation classes 
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8 Fluorescence variation in Duke Forest 
 
For the analysis, we used three flight lines (L6, L5, and L3) recorded in the afternoon of 30 
September and the same flight lines recorded in the morning, at midday, and in the afternoon on 
25 October.  
 

8.1 Fluorescence variation within and between land cover 
classes  

The different land cover types chosen for the analyses are hardwood green (HW), hardwood 
‘medium’ (HWm), hardwood senescent (HWs), loblolly pine (LP), grass green (GRg), grass 
senescent (GRs), and non-fluorescence surfaces (NF). Selected ROI cover an area of 42 m x 42 
m. Five ROI for each line and land-cover class were selected (Figure 26). 
 
 

 

Figure 26: Reflectance values at 755 nm of three flight lines (L6, L5, and L3) recorded on 
30 September. Five ROIs of seven different land cover types were selected. 
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Figure 27: Fluorescence at 740 nm and at 690 nm, MERIS terrestrial chlorophyll index 
(MTCI) and normalized difference vegetation index (NDVI) derived from the overpass on 30 
September at 14:50 local time. 

 
The boxplots in Figure 27 and Figure 28 show the distribution of F 740, F 690, MTCI and NDVI 
values (dispersion around the median value indicated by the red horizontal line) in the different 
land cover classes analysed. Figure 18 refers to the images collected on 30 September at 14:50 
local time and Figure 28 refers to those collected on 25 October from 13:30 to 14:05 local time. 
As we expected, non-fluorescent areas show fluorescence values (both F 690 and F 740) close 
to 0 mW m-2 sr-1 nm-1 confirming the reliability of the fluorescence maps. It is worth noting that F 
690 maps are characterized by a higher within-treatment variability compared to F 740 probably 
because of the higher retrieval noise associated to the shallower solar and atmospheric lines in 
the window from 670 to 690 nm.  
Optical properties of the hardwood forest show high variability between different species and 
stands, as we had already observed in the leaf analysis. This variability is possibly due to differing 
degrees of senescence at different sampling locations and could be connected to, for example, 
nutrient availability, plot slope, moisture, and aspect). For this, reason fifteen ROIs have been 
selected in the hardwood forest, five for each ‘senescence class’ distinguishable on the airborne 
images. 
Different hardwood stands show decreasing values of F 740, MTCI, and NDVI with increasing 
senescence. This means that stands in an advanced senescent stage have lower green biomass, 
chlorophyll content, and possibly photosynthetic efficiency. A similar relationship is observed in 
the two classes of grassland: green and senescent. On the contrary, F 690 shows a different 
behaviour across senescent classes. The senescent grassland shows a higher F 690 value 
compared to the green one. This increase in F 690 could be caused by a decreased re-absorption 
due to a reduction in grassland greenness; however, retrieval biases at either spectral region 
cannot be discarded. 
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Figure 28: Fluorescence at 740 nm and at 690 nm, MERIS terrestrial chlorophyll index 
(MTCI), and normalized difference vegetation index (NDVI) derived from the overpass on 
25 October from 13:30 and 14:05 local time (Duke Forest). 
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8.2 Fluorescence variation within the forest 
 
 
Three different forest classes were chosen for the analyses: 1) hardwood (HW); 2) hardwood 
senescent (HWs); and 3) loblolly pine (LP). The selected ROI cover an area of 30 m x 30 m, and 
15 ROI for each line and forest class were selected (Figure 29). 
 
 

 

Figure 29: Reflectance values at 755 nm of three flight lines (L6, L5, and L3) recorded on 
30 September. Example of loblolly pine ROI selection (45 ROIs). 

 
 
In Duke Forest on 30 September, F 690 values ranged from about 0.1 mW m−2 sr−1 nm−1 to 0.5 
mW m−2 sr−1 nm−1 in loblolly pine and from 0.2 mW m−2 sr−1 nm−1 to 1.2 mW m−2 sr−1 nm−1 in 
broadleaf trees on 30 September (Figure 21). F 740 values range from about 0.4 mW m−2 sr−1 
nm−1 to 1.5 mW m−2 sr−1 nm−1 in loblolly pine and from 0.1 mW m−2 sr−1 nm−1 to 2.5 mW m−2 sr−1 
nm−1 in broadleaf trees (Figure 30). F 690 values are up to 3 times lower than F 740 values. Thus, 
the ratio between F 740 and F 790 is higher than that measured at leaf level. In addition to the 
difficulties of comparing leaf and canopy measurements due to the use of an artificial light source 
with an excitation spectrum slightly different from the solar one for the leaf analysis, we can 
explain these higher values at canopy level by considering the re-absorption of F 690 by 
photosynthetic pigments within the canopy layers not occurring at leaf scale. 
F 740 shows a logarithmic relationship with NDVI and MTCI, suggesting that fluorescence can 
provide additional information in species characterized by high green biomass and chlorophyll 
content, where other indices tend to saturate. No significant relationships were found between 
F 690 and NDVI and MTCI.  
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Figure 30: Scatterplots of fluorescence values at 740 nm (F 740) and at 690 nm (F 690), 
MTCI (MERIS terrestrial chlorophyll index), and NDVI (normalize difference vegetation 
index) of hardwood and pine calculated from flight lines recorded on 30 September. 
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9 Comparison of airborne and ground fluorescence 
values 

The ground data refer to the midday values (11:00–15:00 solar time) and the related standard 
deviation indicate the temporal (in the time interval considered) and spatial variability (depending 
on the sampled plot of the canopy). On the contrary, the airborne data are based on the 
fluorescence maps of flight lines 3, 5, and 6. The standard deviations are then referred to the 
spatial variability between the analysed ROIs. Unless the values refer to visually defined 
vegetation classes, which can include tree species different from those measured on the ground, 
due to the high heterogeneity of the hardwood forest, the overall values shown in Figure 31 seem 
to have similar patterns. In particular, the agreement between ground and airborne data seems 
to work better for the F 760 maps, especially considering the relative variation between the 
hardwood classes. The three senescent stages of the hardwood class seem to be better 
discriminated at the airborne level. This is understandable because the ROIs have been visually 
defined to stress differences in senescent stage of the vegetation. 
 

Figure 31: Fluorescence values at 690 nm (F 690) (left column) and in the far-red region (at 
760 and 740 nm) (right column) derived in different land cover classes from ground (upper 
panel) and airborne data (lower panel) collected in September 2013. The five vegetation 
classes are: grassland (GR), hardwood (HW), hardwood medium (HWm), hardwood 
senescent (HWs) and loblolly pine (LP).  
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10 Influence of structure on fluorescence 

10.1 Lidar parameters  
 
The data processing workflow for the airborne scanning lidar includes full waveform analysis and 
georeferencing laser data by merging laser data and position data derived from the OXTS 
GPS/INS unit. An example of one such unfiltered lidar point cloud from G-LiHT lidar acquisitions 
over the Duke Forest DK3 CO2 flux tower is shown in Figure 32, in which a clear discrimination 
of first returns from the top of canopy are depicted by yellow to red dots, while ground returns are 
delineated by dark blues. Statistical distributions of forest elements are generated from all 
recorded returns between these two layers. 
 

 

Figure 32: Sample cross section of the G-LiHT lidar point cloud from the Duke Forest 
hardwood flux tower site. Point clouds are classified into tree shrub and ground returns 
from which forest metrics describing stand structure are derived along with canopy height 
and digital surface models. 

 

Customized lidar data processing code was written in IDL (EXELIS Visual Information Solutions, 
Boulder, CO, USA) to ingest the raw, swath-based, unfiltered LAS files from G-LiHT. Algorithms 
were coded that apply a grid-based, bottom-up Delaunay triangulation process with a progressive 
morphological filter. Lowest elevation points (i.e., ground returns) are isolated and used to create 
a Triangulated Irregular Network (TIN) from which the digital terrain model (DTM) is generated 
through interpolation to uniform raster grid spacing. The grid cell size is selected such that each 
cell has a sufficient population of lidar returns proportional to flight altitude, laser repetition rate, 
surface complexity, and reflectance at 1550 nm. An example of a G-LiHT DTM surface product is 
shown in Figure 33 (right), where elevations units are reported as height in meters above Earth 
Gravitational Model 1996 (EGM96) geoid. Additional G-LiHT DTM products include ground slope 
and aspect that are reported in degrees. Next, triangulation is then used to determine the base 
elevation of every non-ground return and the canopy height model (CHM) is created by selecting 
the greatest vegetation return height for every grid cell. An example of the DTM and CHM 
products for data acquisitions over Duke Forest are shown in Figure 33 with from left to right; an 
RGB image from G-LiHT’s imaging spectrometer, the CHM derived canopy height, forest rugosity 
(std. of canopy height), and the DTM derived surface elevations of the underlying topography 
(right).  

Lidar parameters and products derived from G-LiHT recordings are available for each recorded 
flight line. However, the spatial resolution varies depending on the product (Figure 33, Figure 34):  
 
 

 surface models: canopy height model (CHM) and digital terrain model (DTM) (2 m); 
 surface rugosity (standard deviation of the CHM) (2m); 
 tree fractional cover (14 m); 
 distribution of canopy elements (deciles and percentiles) (14 m). 
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Figure 33: Duke Forest lidar surface model at 2 m spatial resolution (from left): RGB 
composite of the study area, canopy height model (CHM), surface rugosity (standard 
deviation of the CHM), and the digital terrain model (DTM) given as height above geoid. 

 
We derive additional statistical metrics from the remaining lidar returns, which fall between the 
modelled top of canopy and ground surfaces. These are sub-divided into shrub and tree classes 
based on a threshold-height, aboveground value of 1.37 m. Statistical metrics are calculated 
based on a 14 m grid size, such that a sufficient sample population is achieved for each grid cell. 
A total of 35 lidar metrics are included in the standard G-LiHT distributed data products, including 
mean and standard deviation of all tree and shrub heights, tree fractional cover (fraction of first 
returns intercepted by tree), and tree return percentiles and deciles in 10% increments. 
Examples of 14 m gridded lidar metrics are shown in Figure 34 with the same RGB image of the 
Duke Forest site to the left for reference. Because multiple returns can be recorded each laser 
pule, the tree fractional cover (tree_fcover) is the fraction of all first returns that are classified as 
tree, and values can range from ground only (0:black) to 100% forest canopy closure (1:red). Tree 
cover is also expressed as the fraction of all returns including multiple returns per laser pulse that 
are classified as tree (tree_fract_all). Both lidar metrics are related to the impact of stand structure 
on the fate of incident radiation as it penetrates forests. Additional plot scale metrics include lidar 
deciles, in which all tree returns are sorted into ten equal parts so that each part represents 10% 
of the population. Each decile value is normalized by the total number of tree returns per 
corresponding grid cell. An RGB representation of the information contained in lidar deciles is 
shown in Figure 34 where red indicates dominant heights in the 9th decile, green indicates 
dominant heights in the 6th decile, and blue indicates dominant heights in the 3rd decile. By 
combining this density decile information with corresponding canopy height, we can create a 
graphic description of the dispersion of forest canopy elements along the vertical profile (Figure 
34, right). 
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Figure 34: Duke Forest lidar metrics at 14 meters spatial resolution (from left): RGB 
composite of the study area, tree fractional cover with all tree returns, lidar deciles to 
distinguish low (blue, D3), medium (green, D6) and high (red, D9) canopy layer within the 
forest. 
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10.2 Combination of lidar parameters and sun-induced 
fluorescence  

 

In this section, we briefly introduce the preliminary results obtained at the loblolly pine site located 
at Parker Track, and we present the empirical evidences of a relationship between fluorescence 
and forest age.  

It is well known that several forest processes change over time. For example, the proportion of 
respiration for growth and maintenance is not constant and depends on the age of plants. For 
loblolly pine ecosystems, it has been recently observed that gross primary production declines 
with time.1 Usually, allocation fractions change with plant age and resource availability. Vegetation 
reacts to long-term changes; therefore, we test the hypothesis that canopy fluorescence may also 
change with forest age. Implicitly, we assume that forests stands are in unstressed conditions, 
same seasonal phenology, similar historical management and that growing conditions has been 
the same as derived from similar soil type, morphology and climatic conditions. 

In this context, we exploited the fluorescence maps derived from the statistical approach applied 
to HyPlant images, vegetation fractional cover (Fc) from lidar data, and forest age data from the 
available dataset. 

To merge lidar and HyPlant datasets, we resampled HyPlant products from the original 1 m 
resolution grid to the lidar grid at 14 m spatial resolution using an aggregating algorithm (Figure 
35). We chose this resolution to match the size of a common forestry plot, thus representing a 
standardized forest observation level. We selected a set of squared ROIs (28 m x 28 m) over all 
the loblolly pine stands characterized by different plantation year and extracted mean values for 
each ROI for each map. Overall, 48 ROIs were selected. 
 

 

Figure 35: Example of F 740 maps of Parker Track study site. Left: original F 740 map at 1 
m spatial resolution. Right: F 740 map resampled at 14 m spatial resolution on the lidar 
grid. 

We found that the relationships between tree age and fluorescence/fractional cover ratio (i.e., the 
fluorescence normalized to take into account the spatial variability of vegetation fractional cover) 
decrease almost linearly (Figure 36). Fluorescence decline is quite evident. It seems that young 
forest stands emit double the amount of fluorescence during the juvenile phase than older stands.  
 

                                                     
1 Drake et al. (2011). Increases in the flux of carbon belowground stimulate nitrogen uptake and sustain the 
long-term enhancement of forest productivity under elevated CO2. Ecology Letters 14.4:349–357, DOI: 
10.1111/j.1461-0248.2011.01593.x 
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Figure 36: Relationship between fluorescence at 740 nm aggregated at 14 m spatial 
resolution normalized for the vegetation fractional cover tree age. 

These results are still difficult for us to explain properly, and they represent an initial empirical 
observation of this possible link. This study, in fact, represents the first attempt to understand if 
and how canopy fluorescence changes with age. Although the decoupling of structure and 
fluorescence is accomplished by using a simplified approach, we believe that it does not invalidate 
the empirical evidence and quantifying the magnitude of young and old forest stands remains of 
interest. If such a relationship is confirmed, it may open new perspectives for the remote sensing 
of fluorescence for investigating ecosystem processes.  
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11 Influence of temperature on fluorescence 
G-LiHT’s LWIR thermal imager generates surface temperature data products for both individual 
flight lines and mapped areas. The imager, with its 384 cross track pixels and a 30° FOV, has the 
narrowest swath and lowest cross track sampling of G-LiHT’s sensors and frequently dictates the 
flight line spacing for continuous coverage. Along track, however, the surface is oversampled, 
and typically 100 along track lines are extracted from each frame of the 25 Hz video sequence. 
The fixed relationship between lidar scan angles to pixel centres is exploited through backwards 
projection to populate each co-registered raster grid cell of the final data product. Handheld 
infrared thermometer devices (Agri-Therm II, Everest Intersciences, Tucson, AZ, USA) and a 
portable calibration blackbody (Palmer Wahl, Asheville, NC, USA) are used to measure the 
temperature of aerial targets and geo-located natural targets of opportunity and used to verify the 
accuracy of G-LiHT’s surface temperature products. We show repeated collections of thermal 
imagery for the mapped Duke Forest site in Figure 37, in which differences in radiant energy 
between morning and midday acquisitions along imaging spectroscopy are used to further 
ecosystem assessments of gross primary production (GPP) and photosynthetic light use 
efficiency. 
 

 

Figure 37: Surface temperature data products over Duke Forest from G-LiHT LWIR imager 
with repeat collections for morning (left) and midday (right). 
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Figure 38: From left to right: RGB image, canopy height model (CHM), photochemical 
reflectance index (PRI), and temperature (Temp) derived from G-LiHT data; Fluorescence 
at 760 nm and 688 nm derived and peak ratio derived from HyPlant data and aggregated 
to 14 m resolution. Recording of the flight lines in the morning of 26 October at Parker 
Track. 

 
Figure 38 shows an RGB image, canopy height model (CHM), photochemical reflectance index 
(PRI), and temperature (Temp) map derived from G-LiHT data recorded in the morning of 26 
October at Parker Track. Parallel recorded HyPlant data were used to derive fluorescence maps 
at 760 nm and 688 nm using the SVD method. Subsequently, the peak ratio of red to far-red 
fluorescence was calculated. We calculated fluorescence maps using the original spatial 
resolution of 1 m. To compare the fluorescence maps to the temperature maps, we aggregated 
pixels to 14 m spatial resolution. ROIs within homogeneous patches of the Parker Track forest 
were selected to compare Temperature and fluorescence maps. The scatter plots in Figure 39 
(A, B) show a significant positive correlation between the surface temperature and the 
fluorescence at 688 nm (R2 = 0.81). However, no relationship between surface temperature and 
fluorescence at 760 nm or the peak ratio could be found. 
Temperature is directly affects energy dissipation at PSII and also influences the degree of non-
photochemical heat dissipation. Most mechanisms for non-photochemical heat dissipation are 
also located at PSII. F 687 is dominantly determined by the functional status of PSII; therefore, it 
is a logical consequence that temperature differences are mainly related to F 687. 
The observed TOC red fluorescence is dominated by upward facing leaf surfaces and is more 
closely tied to the reaction centre activity of PSII. As a consequence, red fluorescence is 
frequently deemed the physiologically active portion of the emitted signal and is more closely 
linked to photosynthetic activity. A significant portion of the far-red fluorescence signal is 
transmitted through leaves, can experience multiple scattering by canopy elements, and is 
significantly impacted by forest structure as a result. This hypothesis is supported by the stronger 
association between observed red fluorescence and surface temperature. 
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Figure 39: Scatterplot between: (A, B) surface temperature and fluorescence at 688 nm; 
(C) surface temperature and fluorescence at 760 nm; and (D) surface temperature and red 
to far-red (R/FR) fluorescence ratio. 
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12 Impact of the data on state of the art modelling 

12.1 Retrieval of leaf structural parameters from leaf-level 
measurements in Duke Forest 

To quantify leaf structural parameter differences and their effect on fluorescence emission state, 
we tuned the FLUSPECT model to the reflectance (Figure 40, top) and the transmittance (Figure 
40, middle) data of the integrating sphere of all leaf level samples collected in Duke Forest (4.4.3; 
Figure 41) by using an automatic fitting package programmed in Matlab. The fitting minimizes the 
difference between simulations and observations over a specified wavelength range, in this case 
400–2,200 nm. We used transmittance data rather than reflectance because the former is less 
sensitive to leaf or needle mirror and directional effects. We calculated leaf structural parameters 
from the simulated spectra and compared them to measured parameters. The theoretical effects 
of leaf structural differences on fluorescence were evaluated. 
 

 

Figure 40: Example of simulated (black) and measured (grey) data of Hickory leaf (D-CP3-
H-2). Top: reflectance tuned; middle: transmittance tuned; bottom: reflectance and 1-
transmittance tuned simultaneously. 
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Figure 41: All loblolly pine spectra measured (grey) and modelled (black) spectra of 
reflectance and 1-transmittance. 

 
After tuning, FLUSPECT accurately reproduces observed fluxes (Figure 40, Figure 41). Only 
minor differences between measurements remain due to the vertical profile of the leaf. The model 
assumes this is homogeneous, and for this reason, it can never fit both transmittance and 
reflectance perfectly at the same time. Tuning both Reflectance (R) and Transmittance (T) 
simultaneously (instead of just one of them) increases RMSE by a factor of 3, but in general this 
value is still low (Figure 40). In addition, the FLUSPECT input spectra of carotenoids are not 
accurate, causing an overestimate of the R and T at 550 nm. This is consistent for all leaf and 
needle samples (Figure 41). However, the effect of this overestimate on the fluorescence spectra 
is very small. 
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Figure 42: Tuned leaf parameters, binned as averages and standard deviations per 
species. The number of samples per species varied between 5 and 53. Cab: chlorophyll 
content; Cdm: dry matter content; Cw: water content; Cs: senescent material; 
Carotenoids: carotenoid tent; N: leaf thickness parameter. 

 
There are differences between species (Figure 42) in leaf chlorophyll (Cab), leaf water content 
(Cw), leaf dry matter content (Cdm) and leaf thickness (N), particularly loblolly pine (L and LP) 
because its needles are thicker and have a higher dry matter and leaf water content. 
The correlation between measured and retrieved parameter is weak (Figure 43) although the 
range of the retrieved parameter values were in agreement with those of the laboratory 
measurements. 
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Figure 43: Retrieved parameter values (by tuning of the SCOPE model to integrating 
sphere measurements) versus corresponding values (derived in the laboratory for 
individual leaves/needles of a number of species). Note that the legend shows all species 
but not all species were sampled. Chlorophyll a and b content (Cab), Carotenoids, water 
content (Cw), and dry matter content (Cdm).  
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Figure 44: Simulated fluorescence as averages and standard deviations per species.  Top: 
peak ratio. Middle: fluorescence in backward direction (i.e., the illuminated side of the leaf, 
in this case the top). Bottom: fluorescence in forward direction (i.e., the non-illuminated 
side of the leaf, in this case, the bottom). For the absolute values of the fluxes, full, 
summer, daylight sun irradiance was used. 

 
The structural effects cause variations in fluorescence intensities at both peaks (Figure 44) 
although the differences in the mean between the species are not significant. Loblolly pine, red 
oak, and poplar have lower peak ratios (relatively low red fluorescence) than the other species. 
This is mainly due to their high chlorophyll content. Loblolly pine has the lowest overall 
fluorescence emission. 
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12.2 Forward simulation of top-of-canopy, sun-induced 

fluorescence for the Hardwood Tower in Duke Forest 
 
 
The objective of this modelling exercise was to simulate sun-induced fluorescence (SIF) and 
gross primary productivity (GPP) from the leaf level information obtained in the previous step. The 
simulated SIF and GPP can then be compared to tower estimates. 
 
The methodology was as follows: 
SCOPE_v1.60 was parameterized with the mean values of the FLUSPECT parameters of 
mockernut hickory (Carya tomentosa (Poir.) Nutt.), which occupies 46% of the footprint area of 
the flux tower according to http://ameriflux.ornl.gov/fullsiteinfo.php?sid=68.  
The meteorological input for the simulations were half-hourly data from the flux tower. These 
included irradiance, air temperature and humidity, air pressure, and wind speed. 
For LAI, a value of 4.0 was selected. For Vcmax at 25 °C (Vcmo in the model), a value of 50 μmol 
m-2 s-1 was used for the top of the canopy. This is a rough estimate based on the following 
argumentation. In the model, the value of Vcmax declines with depth in the canopy. In the middle 
of the canopy, Vcmax at 25 °C would be about 30 μmol m-2 s-1. With this value, the observed 
maximum photosynthesis rates with the LI6400 in the Duke Forest (‘JC_Duke_213_m.xlsx’) can 
be reproduced. Vegetation parameters were kept constant during the simulations. Changes in 
model output during the time series cannot be attributed to changes in vegetation structure or 
function. 
The results were as follows (Figure 45): 

 The simulated fluorescence flux in NADIR direction was about 1 W m-2μm-1sr-1 for in the 
NIR (760 nm), and about 0.35 W m-2μm-1sr-1 in the red (685 nm). 

 The diurnal cycle of irradiance dominated diurnal changes in all fluxes.  
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Figure 45: Time series of simulated fluxes of: total canopy photosynthesis (top), fluxes of 
net radiation (Rnet), latent (λE) and sensible (H) heat flux, and sun-induced fluorescence 
at 685 and 760 nm. Vegetation parameters were kept constant during the simulation period, 
and meteorological variables were half-hourly values from the flux tower. 
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13 Outlook and recommendations for future activities 
The combination of different instruments can obtain unique measurements to describe 
vegetation’s biochemical constituents and physiological responses to environmental conditions at 
an ecologically relevant spatial scale and to provide direct retrievals of photosynthesis.  
However, the exact co-registration of the different data products needs more work, and a future 
data analysis using ROI might be a feasible way to proceed. Especially for the first time, the 
established good correlation between surface temperature and red fluorescence is a noteworthy 
example that the combination of different instruments can provide a deeper insight to the 
physiological response of vegetation.  
The results obtained within this campaign suggest that continuing to combine different 
instruments and their products, and as a next step including manipulating experiments in such 
measurement set-ups, would be greatly beneficial for further activities preparing the FLEX 
mission. 
 


