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Overview of the campaign 

 
THE SEN2FLEX CAMPAIGN 
 
In the framework of its Earth Observation Envelope Programme the European Space Agency (ESA) 
carries out a number of ground-based and airborne campaigns to support geophysical algorithm 
development, calibration/validation and the simulation of future space borne Earth Observation missions. 
 
The SENtinel-2 and FLuorescence EXperiment (SEN2FLEX) is a campaign that combines different 
activities in support of initiatives related both to fluorescence experiments (AIRFLEX) for observation of 
solar induced fluorescence signal over multiple surface targets and to GMES Sentinel-2 initiative for 
prototyping of spectral bands, spectral widths, and spatial/temporal resolutions to meet mission 
requirements. Both initiatives require simultaneous airborne hyperspectral and ground measurements for 
interpretation of fluorescence signal levels (AIRFLEX), and simulation of an optical observing system 
capable to assess geo- and bio-physical variables and to classify target surfaces by spectral, spatial and 
temporal distinction (Sentinel-2). 
Furthermore, SEN2FLEX campaign has included activities in support of the EC Water Framework 
Directive (WFD) EO projects for the improvement of protection and management of Europe’s water 
resources. 
 
  The objectives of the SEN2FLEX campaign were 

• To observe solar induced fluorescence signal over multiple agricultural and forest 
targets to verify signal suitability for observations from space as proposed in the FLEX 
EO mission 

• To provide feedback to the Agency on key issues related to the definition of the ESA 
Sentinel-2 multispectral mission requirements. This includes the simulation of Sentinel-
2 products using different sensor configurations (spatial/spectral/temporal coverage) 
and the evaluation of product performance as a function of configuration. 

• To validate retrieval algorithms based on hyperspectral and fluorescence signals. 

• To provide feedback to the Agency on EO data requirements necessary to fulfil the EU 
Water Policy directive. 

 
The above objectives required the coordinated collection of satellite, airborne hyperspectral and 
coincident in-situ data along with preliminary analysis of the joint dataset. Two campaigns at different 
time period during the year were foreseen to ensure different crop growth stages and conditions. The first 
was carried out in early June 2005 and the second in mid July 2005.  
 
Following airborne and spaceborne datasets were made available for SEN2FLEX: 

 
(a)  Airborne 
 

• AIRFLEX (APMFD) airborne multi-wavelength passive fluorescence detector operated 
to cope with the campaign objectives  

• CASI3 airborne hyperspectral system covering the 400-1050 nm spectral region  
• AHS airborne hyperspectral scanner covering the following spectral regions:  445-1015 

nm (20 bands), 1550-1750 nm (1 band), 2000-2553 nm (42 bands), 3450-5250 nm (7 
bands), and 8400-12450 nm (10 bands). The system was properly calibrated and 
operated with flight and instrument modalities to cope with the campaign objectives 

 
 
(b)  Spaceborne: 

• CHRIS/PROBA, Landsat, and MERIS spaceborne sensors to collect representative 
measurements over the Barrax test site during the campaign time windows 
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Acquisitions were coordinated with in-situ measurements: 
 

• Atmospheric measurements required for satellite/airborne data atmospheric corrections 
(radio soundings, atmospheric characterisation by means of sun photometers, aerosols 
lidar and atmospheric particle counters) 

• LAI, fCover and Cab measurements 
• Leaf reflectance, transmittance measurements 
• Leaf dry matter and water content 
• Leaf pigments laboratory analysis for complete pigments characterisation 
• Biomass and soil moisture measurements 
• Plants 3D structure characterisation and mapping 
• Surface radiometric characterisation 
• Surface energy/water/CO2 fluxes 
• Thermal and emissivity surface measurements 

    
 
 
The main campaign component was based on the AIRFLEX flights, in preparation of a future Vegetation 
Fluorescence Mission.  These were the first scientific flights of the AIRFLEX instrument after the 
engineering flight carried out last October at DLR in Germany.  The AIRFLEX instrument flied on an 
aircraft provided by DLR, together an imaging spectrometer (CASI-3) in the same aircraft in order to 
collect high spectral resolution reflectance data simultaneously to passive fluorescence measurements.  
Flights took place in La Mancha, Spain, by the first week of June and the third week of July. 
 
A second campaign objective was the preparation of the Sentinel missions, the GMES component of 
future operational missions (follow-on of Landsat type of missions oriented to operational applications).  
The Sentinel missions are currently under definition.  The baseline is a kind of Landsat-TM type of 
instrument, and the campaign was used to define enhancements in spectral capabilities for such Sentinel 
mission over current Landsat capabilities. In order to cover the SWIR and TIR spectral regions we used 
the INTA AHS instrument as complement to CASI.   
 
A third aspect of the campaign was the GMES activities within the EU Water directives, covered as part 
of on-going GMES projects. 
 
Field measurements collected during both campaign windows (first week of June and third week of July) 
were similar to the field measurements carried out in previous campaigns, with the only difference that 
this year we had two campaigns rather than one.  Some instruments were deployed in the field the whole 
time between the two missions in order to collect longer time series. 

 
 

 
(A)  THE AIRFLEX INSTRUMENT FOR VEGETATION FLUORESCENCE MEASUREMENTS 

 
In the framework of the Earth Observation Preparatory Programme of the European Space 

Agency a study was launched in 2003 to design and build an interference-filter Airborne Multi-
Wavelength Passive Fluorescence Detector (APMFD). 

 
AIRFLEX specifications: 
 

 
• O2-B band: 684.91, 687.02 and 694.5 nm. 

• O2-A band: 757.5, 760.59 and 770.50 nm. 

• Field of view: 34 mrad. 

• Optical aperture diameter (pupil): 20.50 mm 

• Photodiode aperture (Si PIN): 2.54 mm. 
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PHYSICAL PARAMETERS PROVIDED BY AIRFLEX 
 

Fluorescence at 687 and 760 nm 
Reflectance at 687, 760, 531 and 570 nm 
PRI index = (R531-R570)/(R531+R570) 
NDVI index = (R760-R687)/(R760+R687) 
RF/FRF ratio = F687/F760 
 

 
 
 

 
The AIRFLEX instrument for vegetation fluorescence measurements 
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Atmospheric transmission, with indication of the positions of AIRFLEX bands 
 

(B)  THE SENTINEL-2 MISSION 
 

In the frame of the Global Monitoring for Environment and Security programme (GMES), ESA is 
undertaking the development of the Sentinel-2, a European polar orbit satellite system combining high 
and low resolution super spectral imagers and focussing on the monitoring of terrestrial surfaces and their 
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evolution with time. This mission will ensure the continuation of SPOT-type measurements (including 
VEGETATION), Envisat/MERIS for terrestrial applications and Landsat/ETM+. 
 
GMES is a joint initiative of the European Commission (EC) and the European Space Agency (ESA), 
designed to establish a European capacity for the provision and use of operational information for GMES. 
In 2008 the foundations and the structuring elements of the European Capacity for Global Monitoring of 
Environment and Security should be in place and operating.  
 
This Capacity is seen to be composed of three modules, which together constitute the functional GMES 
"system": (1) The production and dissemination of information in support of EU policies for Environment 
and Security; (2) The mechanisms needed to ensure a permanent dialogue between all stakeholders and in 
particular between providers and users; (3) The legal, financial, organisational and institutional frame to 
ensure the functioning of the system and its evolution. 
 
In the context of ESA’s role to provide the definition and the development of the space-related system 
elements GMES Sentinel-2 provides continuity to the service of supplying super spectral optical image 
data over global terrestrial surfaces on an operational basis. Sentinel-2 will capitalise on the technology 
and the vast experience acquired in Europe and the US with systems such as SPOT and Landsat families 
over the past decades, as well as with global terrestrial observing sensors such as VEGETATION, MERIS 
and MODIS.  Three priority areas have been identified for regional and global applications: 
 

 Improvement of land surface classifications; 
 Quantitative analysis of vegetation, soil and hydrological processes as well as natural hazards;  
 Monitoring and assessment of land use and land cover change.  

 
Concerning in particular Water Management and Soil Protection, the Service for the Provision of 
Advanced Geo-Information on Environmental Pressure and State (SAGE) aims at a comprehensive range 
of products to serve the demands coming from the European Water Framework Directive and the 
upcoming regulations of the Thematic Strategy on Soil Protection usually referred to as Soil Thematic 
Strategy. Public and private partners together have established core services addressing basic geo-
information needs of the environmental community. They mainly address water availability and water 
stress related issues as well as anthropogenic influence on surface and ground water quality. These 
services are the basis of customised end-user applications supporting the national and local 
implementation of the European Water Framework Directive and Soil Thematic Strategy. 

 
The distinction of green vegetation, non photosynthetic vegetation and soils is of high relevance for 
services associated with Aqua/Soil-SAGE. The detection of vegetation stress and soil degradation is also 
important indicators that drive the spectral performance of Sentinel-2.  Based on the experience with the 
programmability of spectral bands in the MERIS sensor on Envisat, it is recommended to also keep the 
Sentinel-2 spectral bands programmable in their spectral position, thus enabling (during the definition and 
development phase) their optimisation with respect to algorithm and product developments and 
consequently the services. This programmability would not apply to MIR and TIR spectral bands. 

 
The SEN2FLEX campaign was designed in such a way that all the spectral configurations between 
Landsat-TM and SPECTRA were tested with the combination CASI+AHS. Anticipating that the spectral 
capabilities of Sentinel-2 would be somehow in between ThematicMapper and those planned for 
SPECTRA, we should be able to get the alternatives in between with the current setup.  Since data were 
collected in high spatial resolution, spatial degradation can be used to test resolution requirements for 
each alternative spectral configuration. The basic idea is to compare Sentinel-2 products with Landsat-
TM products (taken as baseline) and SPECTRA-like products (taken as optimum), and then analyse 
potential intermediate cases. 

 
(C)  GMES / EU WATER POLICY DIRECTIVE 

 
The Framework Directive addresses the following objectives: 
 
- Protects all waters - rivers, lakes, coastal waters, and groundwaters. 
- Sets ambitious objectives to ensure that all waters meet “good status” by 2015. 
- Sets up a system of management within river basins that recognises that water systems do not stop at 
political borders. 
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- Requires cross border co-operation between countries and all involved parties. 
- Ensures active participation of all stakeholders, including NGOs and local communities, in water 
management activities. 
- Ensures reduction and control of pollution from all sources like agriculture, industrial activity, and urban 
areas, etc. 
- Requires water pricing policies and ensures that the polluter pays. 
- Balances the interests of the environment with those who depend on it. 
 

The SEN2FLEX activities in relation to GMES/Water aspects were focused on methodological 
questions related to a common understanding of the technical and scientific implications of the Water 
Framework Directive. The aim was to clarify and develop, where appropriate, supporting technical and 
scientific information to assist in the practical implementation of the Directive, providing advice on 
operational methods and other supporting aspects, and developing validation methodologies to check the 
different proposed scenarios by means of dedicated field measurements and with the help of Earth 
Observation methodologies. 

 
Taking advantage of the fact that the study area used in the SEN2FLEX campaign was one of the Pilot 
River Basins defined in the Water Framework Directive, any activity in the framework of SEN2FLEX in 
La Mancha becomes representative of the type of actions suggested in the implementation strategy. 
 
Some of the activities defined in the Directive implementation document were: 
 
-  Establishment of reference conditions and reference sites for the inter-calibration network; 
-  Preparation for specification of values for the ecological status classification systems; 
-  Analyses of the characteristics of the river basin, of pressures and impacts and the economics of water 
use. 
 

All such aspects were addressed as part of SEN2FLEX activities in relation to the Water 
Framework Directive, to help definition of operational monitoring programmes that can serve to 
implement the River Basin Management Plans. 

 

 
Water Framework Directive Pilot River Basins 
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Executed Workplan 
 
 
MISSION-1 
 
 
29/05/2005 

 
20:00 Previous Meeting to SEN2FLEX 

 
30/05/2005 

 
MODIS overpass 11:19 h (GMT) 
SEVIRI overpass each 15 min 
Radiosounding and Atmospheric Measurements 
Vegetation Measurements (along the day) 
Radiometric Measurements (along the day) 
19:00 Plenary Meeting to start SEN2FLEX 
 

 
31/05/2005 

 
MERIS overpass 10:42 h (GMT) 
AATSR overpass 10:42 h (GMT) 
MODIS overpass 10:24 h (GMT) 
SEVIRI overpass each 15 min 
Radiosounding and Atmospheric Measurements 
Vegetation Measurements (along the day) 
Radiometric Measurements (along the day) 
20:00 Review meeting 
 

 
01/06/2005 

 
SEVIRI overpass each 15 min 
DLR-AIRFLEX  flight 11:10-13:00 h (GMT) 
INTA-AHS flight+CASI 11:23-13:05 h (GMT) 
Radiosounding and Atmospheric Measurements 
Vegetation Measurements (along the day) 
Radiometric Measurements (along the day) 
20:00 Review meeting 
 

 
02/06/2005 

 
MODIS overpass 10:12 h (GMT) 
LANDSAT-5 10:54 (GMT) 
DLR-AIRFLEX  flight 11:05-13:05 h (GMT) 
INTA-AHS flight +CASI 11:19-12:50 h (GMT) 
Radiosounding and Atmospheric Measurements 
Vegetation Measurements (along the day) 
Radiometric Measurements (along the day) 
20:00 Review meeting 
 

 
03/06/2005 

 
MERIS overpass 10:47 h (GMT) 
MODIS overpass 10:55 h (GMT) 
SEVIRI overpass (acquisitions each 15 min) 
DLR-AIRFLEX  flight 10:50-12:30 h (GMT) 
INTA-AHS flight +CASI  11:11-12:40 h (GMT) 
LANDSAT-7 10:55 (GMT) 
Radiosounding and Atmospheric Measurements 
Vegetation Measurements (along the day) 
Radiometric Measurements (along the day) 
20:00 Review meeting 
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MISSION-2 
 
10/07/2005 

 
19:00 Plenary Meeting to start SEN2FLEX 

 
11/07/2005 

 
MODIS overpass 10:18 h (GMT) 
SEVIRI overpass each 15 min 
Radiosounding and Atmospheric Measurements 
Vegetation Measurements (along the day) 
Radiometric Measurements (along the day) 
20:00 Review meeting 
 

 
12/07/2005 

 
MERIS overpass 10:22 h (GMT) 
MODIS overpass 11:01 h (GMT) 
LANDSAT-7 11:01 (GMT) 
SEVIRI overpass each 15 min 
DLR-AIRFLEX+CASI  flight 11:05-13:30 h (GMT) 
INTA-AHS flight  11:56-13:11 h (GMT) 
Radiosounding and Atmospheric Measurements 
Vegetation Measurements (along the day) 
Radiometric Measurements (along the day) 
20:00 Review meeting 
Night flight:INTA-AHS flight  22:07-23:00 h (GMT) 
 

 
13/07/2005 

 
MODIS overpass 10:05 h (GMT) 
MODIS overpass 11:43 h (GMT) 
SEVIRI overpass each 15 min 
LANDSAT-5 10:50 (GMT) 
DLR-AIRFLEX+CASI flight  07:15-09:05 h (GMT) 
INTA-AHS flight   07:52-08:35 h (GMT) 
DLR-AIRFLEX+CASI flight 10:25-12:15 h (GMT) 
INTA-AHS flight   11:46-12:17 (GMT) 
Radiosounding and Atmospheric Measurements 
Vegetation Measurements (along the day) 
Radiometric Measurements (along the day) 
20:00 Review meeting 
 

 
14/07/2005 

 
MODIS overpass 10:49 h (GMT) 
DLR-AIRFLEX+CASI flight  07:00-08:20 h (GMT) 
INTA-AHS flight   08:03-08:50 h (GMT) 
DLR-AIRFLEX+CASI flight  10:50-12:10 h (GMT) 
INTA-AHS flight   12:06-12:45 (GMT) 
SEVIRI overpass (acquisitions each 15 min) 
Radiosounding and Atmospheric Measurements 
Vegetation Measurements (along the day) 
Radiometric Measurements (along the day) 
20:00 Review meeting 
 

 
15/07/2005 

 
MERIS overpass 10:28 h (GMT) 
AATSR overpass 10:28 h (GMT) 
MODIS overpass 11:31 h (GMT) 
SEVIRI overpass (acquisitions each 15 min) 
Radiosounding and Atmospheric Measurements 
Vegetation Measurements (along the day) 
Radiometric Measurements (along the day) 
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Chapter 1 - DESCRIPTION OF THE STUDY AREA: BARRAX 
 
1.1. OVERALL DESCRIPTION OF THE AREA 
 
 The chosen test area for data collection is located in Barrax in the south of Spain ca. 200 km 
away from Valencia and ca. 20 km away from Albacete. The area around Barrax has been used for 
agricultural research for many years. The test area has a rectangular form and an extent of 5 km x 30 km 
= 150 km². 

Figure 1.1. Distance from the test site in Barrax to Albacete is 20 km and to Valencia and Mediterranean 
ca. 200 km. 

 
Barrax test site is situated within La Mancha, a plateau 700 m above sea level. The test site is 

located in the west of province of Albacete. It is 20 km far away from the capital town Albacete 
(coordinates 39°3’ N, 2° 6’ W). The area is characterised by a flat morphology and large, uniform land-
use units. Differences in elevation range up to 2 m only.  The regional water table is about 20-30 m below 
the land surface. 

 
The climatic conditions accord the Mediterranean features: high precipitations in spring and 

autumn and the minimum in summer. The annual rainfall averages is about 400 mm. Furthermore, the 
region has high continentally with high thermal oscillations during all seasons. La Mancha represents one 
of the driest regions of Europe. 

 
The region consists of approximately 65% dry land and 35% irrigated land with different 

agricultural fruits. 
 

The test area has the following coordinates (related to UTM, Zone 30, and DATUM WGS84):  
 
Geographical  coordinates: 
 

 
 

UTM, Zone 30 North 
Datum: European 50 mean 

 

UTM, Zone 30 North 
Datum: WGS 84 

 
568747E 4321177N 568644E 4320972N 
599154E 4330790N 599050E 4330585N 

 
 
 

 
 

Figures 1.2 and 1.3 give an impression of the test site. 
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Figure 1.2. Landsat TM Satellite image of the test site in summer. Study area is shown in green and the 
AIRFLEX acquisition line in red. 

 

 
Figure 1.3. Landsat TM Satellite image of the test site in summer. Water test site is showed as a square in 

yellow. 
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1.2. PARTICULAR DESCRIPTION OF THE DIFFERENT STUDY AREAS CONSIDERED FOR 
DIFFERENT RESOLUTION SENSORS 
 

The Barrax test site is included in a bigger area used in EC’s DEMETER project. The 
DEMETER study area is defined so that it takes advantage of overlaps of coverage among different 
satellite orbits to get more frequently images of the area.  As it can be seen in Figure 1.4, the Barrax area 
is in the overlap between LANDSAT reference grid images 200-33 and 199-33, what makes easier to get 
coverage of the area from two different satellite orbits. 
 

 
Figure 1.4. Barrax area is in the overlap between LANDSAT reference grid images 200-33 and 199-33. 

 

 
Figure 1.5. Overlapping zone from different satellite images. 

 
When combining coverages from different satellites, an overlapping zone is defined where most 

intensive field activities are focused.  This overlap zone is about 30 by 30 square kilometres, and is 
representative of the hydrological system and agricultural practices in the whole management area. 
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Figure 1.6. Location of the most intensive field activities. 

 
 

1.3. DIGITAL ELEVATION MODEL (DEM) AND SOIL PROPIERTIES 
 

A DEM (Digital Elevation Model) with 5m of resolution is available for the areas selected in 
blue (Figure 1.7). This DEM reproduces the flight line and the test-site area (Figure 1.9) and Figure 1.8 
illustrates the information available for those marked areas. 

 
Figure 1.7. Areas selected (in blue) for the DEM (Digital Elevation Model). Resolution 5m. 
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Figure 1.8. DEM (Digital Elevation Model) for the main area of the Barrax test-site. 

 
 

 

 
Figure 1.9.DEM for the test-site area selected for the SEN2FLEX campaigns . 
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Soil properties have been mapped and characterised as shows Figure 1.10. 

 

 
Figure 1.10. Soil properties map. 
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Chapter 2 - SATELLITE DATA ACQUISITIONS 
 
2.1 CHRIS/PROBA ACQUISITIONS 
 
 CHRIS (Compact High Resolution Imaging Spectrometer) is a physically compact payload as its 
name implies (weighing less than 15 kg) and operates in the 'push-broom' mode. Its main applications 
will be in environmental monitoring, forestry inventory and precision farming. 
 
From a 600 km orbit, CHRIS can image the Earth in a 14 km swath with a spatial resolution of 18 m (this 
is somewhat variable as the altitude varies around the orbit). Using PROBA's agile steering capabilities in 
along and across track directions enables observation of selectable targets well outside the nominal field 
of view of 1.3º. Images will generally be acquired in sets of 5, these being taken at along track angles of  
± 55 degrees, ± 36 degrees, and as close to nadir as possible.  
 
CHRIS operates over the visible/near infrared band from 400 nm to 1050 nm and can operate in 63 
spectral bands at a spatial resolution of 36m, or with 18 bands at full spatial resolution. Spectral sampling 
varies from 2-3 nm at the blue end of the spectrum, to about 12 nm at 1050nm. Sampling is about 7nm 
near the red edge (~690-740nm). The instrument is very flexible and different sets of bands can be used 
for different applications.  
 

 
Figure 2.1. Illustration of how CHRIS can hold a target in view by using PROBA's pitch control. 
 
 
 
 
Key Characteristics:  

Spatial sampling interval 34m on ground at nadir 
Image area 14 km X 14 km (748 X 748 pixels) 
Number of images Nominal is 5 downloads at different view angles 
Data per image 
(for a 14x14 km2) 

131 Mbytes 

Spectral range 410nm to 1050 nm 
Number of spectral bands 63 bands at a spatial resolution of 34m 
Spectral resolution 1.3 nm @ 410nm to 12 nm @ 1050nm (i.e. it varies across the spectrum) 
 
Programmable operation: 

 

Across track pixel size 18m or 36m 
Along track pixel size finest resolution is 18m but can be made coarser by changing the 

integration time 
Spectral variable bandwidth and band location 
Digitization 12 bits 
Signal-to-noise ratio 200 @ a target albedo of 0.2 

Table 2.1. Key characteristics of CHRIS/PROBA. 
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Figure 2.2. The different five CHRIS-PROBA acquired images overlapped to LANDSAT image over the 

Barrax test site. 

 
 

Figure 2.3. CHRIS/PROBA quick looks from the images acquired at 05/06/2005. 
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CHRIS-PROBA programmed acquisitions: 
 
 

Table 2.2. CHRIS-PROBA acquired data during the Mission 1 of SEN2FLEX campaign 
Date Tag FZA Time Azimuth  Zenith  

5519 0 11:13:06 137.58 15.87 
551A +36 11:12:17 31.02 33.39 
551B -36 11:13:55 170.75 37.97 
551C +55 11:11:28 22.31 53.33 

5 June 

551D -55 11:14:44 180.61 56.49 
5528 0 11:24:24 224.91 10.70 
5529 +36 11:23:36 356.69 32.08 
552A -36 11:25:13 205.08 36.93 
552B +55 11:22:47 5.18 53.10 

6 June 

552C -55 11:26:02 199.99 56.28 
. 

 
Table 2.3. CHRIS-PROBA acquired data during the Mission 2 of SEN2FLEX campaign. 

Date Tag FZA Time Azimuth  Zenith  
56F4 0 11:14:15 139.16 13.14 
56F5 +36 11:13:26 28.35 32.59 
56F6 -36 11:15:04 175.39 37.86 
56F7 +55 11:12:37 20.45 53.73 

9 July 

56F8 -55 11:15:53 183.31 56.47 
576C 0 11:08:47 136.74 23.43 
576D +36 11:07:58 36.74 36.01 
576E -36 11:09:36 161.01 39.71 
576F +55 11:07:09 26.94 53.97 

17 July 

5770 -55 11:10:25 173.78 56.12 
5776 0 11:20:04 206.86 3.64 
5777 +36 11:19:15 10.79 30.00 
5778 -36 11:20:52 194.28 34.89 
5779 +55 11:18:14 11.62 52.08 

18 July 

577A -55 11:21:42 193.70 54.43 
 
 

 
 
 

0° 

+36°  

-36° 

+55° 

-55° 

CHRIS-PROBA DATA 
9/07/2005 
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For more information, please visit the CHRIS-on-PROBA Mission Web Page: 
http://www.chris-proba.org.uk 

 

CHRIS-PROBA DATA 
18/07/2005 
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2.2 MERIS ACQUISITIONS 
 

MERIS is a programmable, medium-spectral resolution, imaging spectrometer operating in the 
solar reflective spectral range installed on board of ESA’s Earth Observation satellite ENVISAT. Fifteen 
spectral bands can be selected by ground command, each of which has a programmable width and a 
programmable location in the 390 nm to 1040 nm spectral range.  

 
The instrument scans the Earth's surface by the so-called 'push broom' method. CCDs arrays 

provide spatial sampling in the across track direction, while the satellite's motion provides scanning in the 
along-track direction.  

 
MERIS is designed so that it can acquire data over the Earth whenever illumination conditions 

are suitable. The instrument's 68.5o field of view around nadir covers a swath width of 1150 km. This 
wide field of view is shared between five identical optical modules arranged in a fan shape configuration. 
In the calibration mode, correction parameters such as offset and gain are generated, which are then used 
to correct the recorded spectra. This correction can be carried out either on board or on the ground.  

 
The Earth is imaged with a spatial resolution of 300 m (at nadir). This resolution is reduced to 

1200 m by the on board combination of four adjacent samples across track over four successive lines.  
 
The scene is imaged simultaneously across the entire spectral range, through a dispersing system, 

onto the CCD array. Signals read out from the CCD pass through several processing steps in order to 
achieve the required image quality. These CCD processing tasks include dumping of spectral information 
from unwanted bands, and spectral integration to obtain the required bandwidth. On-board analogue 
electronics perform pre-amplification of the signal and correlated double sampling and gain adjustment 
before digitization. The on-board digital electronics has three major functions: it completes the spectral 
integration, performs offset and gain corrections in full processed mode, and creates the reduced-
resolution data when required.  

 
 
The calibration of MERIS is performed at the orbital South Pole, where the calibration diffuser is 

illuminated by the sun by rotating a calibration mechanism.  
 
The engineering requirements on the instrument, which have been derived from the ENVISAT 

mission requirements, are as follows:  
 
• Spectral range: 390 nm to 1040 nm  
• Spectral resolution: 1.8 nm  
• Band transmission capability: Up to 15 spectral bands, programmable in position and width  
• Band-to-band registration: Less than 0.1 pixel  
• Band-centre knowledge accuracy: Less than 1 nm  
• Polarization sensitivity: Less than 0.3%  
• Radiometric accuracy: Less than 2% of detected signal, relative to sun  
• Band-to-band accuracy: Less than 0.1%  
• Dynamic range: Up to albedo 1.0  
• Field of view: 68.5o  
• Spatial resolution: 300 m at nadir  

 
 
Figures 2.4 and 2.5 show respectively the area that was covered by the MERIS images for 

Mission 1 (days 31/05/2005 and 03/06/2005) and Mission 2 (days 12/07/2005 and 15/07/2005) and tables 
2.4 and 2.5 indicate the details of the acquisition. 
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Figure 2.4. Area that will be covered by the MERIS images of the days 31/05/2005 and 3/06/2005. 
 

 

Table 2.4. MERIS acquisition programmed during the SEN2FLEX-2005 campaign Mission 1 (in blue) 
and other MERIS acquisitions. 

Orbit Track Frame Date Time 
(UT) 

Solar Azimuth
 angle 

Solar zenith 
 angle 

16953 366 2835 2005/05/28 10:37:01   
16996 409 2835 2005/05/31 10:42:46 126.61º 25.12º 
17010 423 2835 2005/06/01 10:11:09   
17039 452 2845 2005/06/03 10:47:15 128.02º 24.07º 

 

 

 

Table 2.5. MERIS acquisition programmed during the SEN2FLEX-2005 campaign Mission 2 (in blue) 
and other MERIS acquisitions. 

Orbit Track Frame Date Time 
(UT) 

Solar Azimuth
 angle 

Solar zenith 
 angle 

17583 495 2745 20050711 10:53:00   
17597 8 2835 20050712 10:22:39 116.19º 30.04º 
17626 37 2745 20050714 10:58:45   
17640 51 2835 20050715 10:28:24 120.62º 28.36º 
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Figure 2.5. Area that was covered by the MERIS images of the days 12/07/2005 and 15/07/2005. 
 

 
2.3 MODIS ACQUISITIONS 
 
MODIS (or Moderate Resolution Imaging Spectroradiometer) is a key instrument aboard the Terra (EOS 
AM) and Aqua (EOS PM) satellites. Terra's orbit around the Earth is timed so that it passes from north to 
south across the equator in the morning, while Aqua passes south to north over the equator in the 
afternoon. Terra MODIS and Aqua MODIS are viewing the entire Earth's surface every 1 to 2 days, 
acquiring data in 36 spectral bands, or groups of wavelengths (see MODIS Technical Specifications). 
These data will improve our understanding of global dynamics and processes occurring on the land, in the 
oceans, and in the lower atmosphere. MODIS is playing a vital role in the development of validated, 
global, interactive Earth system models able to predict global change accurately enough to assist policy 
makers in making sound decisions concerning the protection of our environment.  
 
The MODIS instrument provides high radiometric sensitivity (12 bit) in 36 spectral bands ranging in 
wavelength from 0.4 µm to 14.4 µm. The responses are custom tailored to the individual needs of the user 
community and provide exceptionally low out-of-band response. Two bands are imaged at a nominal 
resolution of 250 m at nadir, with five bands at 500 m, and the remaining 29 bands at 1 km. A ±55-degree 
scanning pattern at the EOS orbit of 705 km achieves a 2,330-km swath and provides global coverage 
every one to two days. The Scan Mirror Assembly uses a continuously rotating double-sided scan mirror 
to scan ±55-degrees and is driven by a motor encoder built to operate at 100 percent duty cycle 
throughout the 6-year instrument design life. The optical system consists of a two-mirror off-axis afocal 
telescope, which directs energy to four refractive objective assemblies; one for each of the VIS, NIR, 
SWIR/MWIR and LWIR spectral regions to cover a total spectral range of 0.4 to 14.4 µm. A high-
performance passive radiative cooler provides cooling to 83K for the 20 infrared spectral bands on two 
HgCdTe Focal Plane Assemblies (FPAs). Novel photodiode-silicon readout technology for the visible 
and near infrared provides unsurpassed quantum efficiency and low-noise readout with exceptional 
dynamic range. Analog programmable gain and offset and FPA clock and bias electronics are located 
near the FPAs in two dedicated electronics modules, the Space-viewing Analog Module (SAM) and the 
Forward-viewing Analog Module (FAM). A third module, the Main Electronics Module (MEM) provides 
power, control systems, command and telemetry, and calibration electronics. The system also includes 
four on-board calibrators as well as a view to space: a Solar Diffuser (SD), a v-groove Blackbody (BB), a 
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Spectroradiometric calibration assembly (SRCA), and a Solar Diffuser Stability Monitor (SDSM).  
 
The first MODIS Flight Instrument, ProtoFlight Model or PFM, is integrated on the Terra (EOS AM-1) 
spacecraft. Terra successfully launched on December 18, 1999. The second MODIS flight instrument, 
Flight Model 1 or FM1, is integrated on the Aqua (EOS PM-1) spacecraft; it was successfully launched 
on May 4, 2002.  
 
 
MODIS Technical Specifications: 
 
 

• Orbit: 705 km, 10:30 a.m. descending node (Terra) or 1:30 p.m. ascending node (Aqua), sun-
synchronous, near-polar, circular 

• Scan Rate: 20.3 rpm, cross track 
• Swath Dimensions: 2330 km (cross track) by 10 km (along track at nadir) 
• Telescope: 17.78 cm diam. off-axis, afocal (collimated), with intermediate field stop 
• Size:1.0 x 1.6 x 1.0 m 
• Weight: 228.7 kg 
• Power:162.5 W (single orbit average) 
• Data Rate: 10.6 Mbps (peak daytime); 6.1 Mbps (orbital average) 
• Quantization: 12 bits 
• Spatial Resolution: 250 m (bands 1-2), 500 m (bands 3-7), 1000 m (bands 8-36) 

 
 
 

Table 2.6. Primary use, bandwidth and spectral radiance specifications for each MODIS band. 
Primary Use Band Bandwidth1 Spectral 

Radiance2 
Required 

SNR3 
1 620 - 670 21.8 128 Land/Cloud/Aerosols 

Boundaries 2 841 - 876 24.7 201 
3 459 - 479 35.3 243 
4 545 - 565 29.0 228 
5 1230 - 1250 5.4 74 
6 1628 - 1652 7.3 275 

Land/Cloud/Aerosols 
Properties 

7 2105 - 2155 1.0 110 
8 405 - 420 44.9 880 
9 438 - 448 41.9 838 

10 483 - 493 32.1 802 
11 526 - 536 27.9 754 
12 546 - 556 21.0 750 
13 662 - 672 9.5 910 
14 673 - 683 8.7 1087 
15 743 - 753 10.2 586 

Ocean Color/ 
Phytoplankton/ 

Biogeochemistry 

16 862 - 877 6.2 516 
17 890 - 920 10.0 167 
18 931 - 941 3.6 57 

Atmospheric 
Water Vapor 

19 915 - 965 15.0 250 
Primary Use Band Bandwidth1 Spectral 

Radiance2 
Required 

NE[delta]T(K)4 
20 3.660 - 3.840 0.45(300K) 0.05 
21 3.929 - 3.989 2.38(335K) 2.00 

Surface/Cloud 
Temperature 

22 3.929 - 3.989 0.67(300K) 0.07 
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 23 4.020 - 4.080 0.79(300K) 0.07 
24 4.433 - 4.498 0.17(250K) 0.25 Atmospheric 

Temperature 25 4.482 - 4.549 0.59(275K) 0.25 
26 1.360 - 1.390 6.00 150(SNR) 
27 6.535 - 6.895 1.16(240K) 0.25 

Cirrus Clouds 
Water Vapor 

28 7.175 - 7.475 2.18(250K) 0.25 
Cloud Properties 29 8.400 - 8.700 9.58(300K) 0.05 

Ozone 30 9.580 - 9.880 3.69(250K) 0.25 
31 10.780 - 11.280 9.55(300K) 0.05 Surface/Cloud 

Temperature 32 11.770 - 12.270 8.94(300K) 0.05 
33 13.185 - 13.485 4.52(260K) 0.25 
34 13.485 - 13.785 3.76(250K) 0.25 
35 13.785 - 14.085 3.11(240K) 0.25 

Cloud Top 
Altitude 

36 14.085 - 14.385 2.08(220K) 0.35 
1 Bands 1 to 19 are in nm; Bands 20 to 36 are in µm 
2 Spectral Radiance values are (W/m2 -µm-sr) 
3 SNR = Signal-to-noise ratio 
4 NE(delta)T = Noise-equivalent temperature difference  

Note: Performance goal is 30-40% better than required  

 
 
 
MODIS acquisitions programmed for SEN2FLEX-2005 campaign Mission 1:  
 

Orbit Track Frame Date Time 
(UT) 

28966 196 32 20050529 10:37:17 
28981 203 31 20050530 11:19:18 
28995 194 32 20050531 10:24:54 
29024 192 32 20050602 10:12:30 
29039 199 32 20050603 10:55:45 

 
 
 
MODIS acquisitions programmed for SEN2FLEX-2005 campaign Mission 2:  
 
 

Orbit Track Frame Date Time 
(UT) 

29592 193 32 20050711 10:18:09 
29607 200 32 20050712 11:01:23 
29621 191 32 20050713 10:05:45 
29622 207 31 20050713 11:43:24 
29636 198 32 20050714 10:49:00 
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Figure 2.6. Area that was covered by the MODIS images during the SEN2FLEX-2005 Mission 1 
campaign days. 

 
 

 
 

Figure 2.7. Area that was covered by the MODIS images during the SEN2FLEX-2005 Mission 2 
campaign days. 
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2.4 AATSR ACQUISITIONS: 
 
The AATSR (Advanced Along Track Scanning Radiometer) instrument is an imaging radiometer 
primarily designed to measure global Sea Surface Temperature (SST) to the high levels of accuracy and 
stability required for climate research and modeling.  Like its predecessors, ATSR 1 & 2 it will also 
produce high quality visible and thermal images.    
 
AATSR is the third in the ATSR series, and is to be a payload instrument on ESA's  ENVISAT-1  polar-
orbiting mission (due for launch in 2000). It is primarily funded by the UK Department of Environment, 
Transport and the Regions (DETR) with contributions from the Natural Environment Research Council 
and from Australia.  On behalf of the DETR, the Principal Investigator is Professor David Llewellyn-
Jones of the University of Leicester.  
 
AATSR has the same signal channels and embodies exactly the same viewing principle as ATSR-2. 
These are: thermal channels at 3.7, 10.8, and 12 microns wavelength; and reflected visible/near infrared 
channels at 0.555, 0.659, 0.865, and 1.61 microns wavelength.  
The main objective of AATSR is to contribute to the long-term climate record of global Sea Surface 
Temperature by extending the current ATSR-1 and -2 global data-sets well into the next decade. This 
could eventually provide the climate research community with uniformly high quality global SST data 
over a period of 12-15 years (depending on the lifetime of AATSR).  
 
Like its predecessors, ATSR-1 and ATSR-2, it will carry on-board calibration systems for the thermal 
channels, using two black bodies, viewed every scan, and for the visible channels a sample of solar 
radiation scattered from a diffuser plate is viewed once per orbit. Unlike ATSR-2 it maintains full 
digitization of all channels all the time and has no limited-data-rate operating modes.  
 
The AATSR instrument, in contrast to its predecessors (funded by SERC/NERC), is primarily funded by 
the DETR's Global Atmosphere Division, in order to complete a data-set of accurate global SST, lasting 
over ten years, which will contribute to The Climate Record and help provide quantitative assessments of 
possible climate change. The DETR is funding AATSR as a potential operational user of the data - the 
first environment ministry in Europe to take such a step - as part of a UK Government drive to direct the 
development and deployment of Earth Observation satellite missions more specifically towards the 
requirements of end-users of the data.  
 
The ATSR (Along Track Scanning Radiometer) instruments produce infrared images of the Earth at a 
spatial resolution of one kilometer. The data from these instruments is useful for scientific studies of the 
land surface, atmosphere, clouds, oceans, and the cryosphere. 
The first ATSR instrument, ATSR-1, was launched on board the European Space Agency's (ESA) 
European Remote Sensing Satellite (ERS-1) in July 1991, as part of their Earth Observation Programme. 
 

An enhanced version of ATSR, ATSR-2, was successfully launched on board ESA's ERS-2 spacecraft on 
21st April 1995. ATSR-2 is equipped with additional visible channels for vegetation monitoring. 

The AATSR (Advanced Along Track Scanning Radiometer) instrument has been successfully launched 
on board the ENVISAT spacecraft on 1st March 2002 at 01:07 GMT from the Kourou spaceport in 
French Guiana. 
 

AATSR programmed acquisitions:  
 

Orbit Track Frame Date Time 
(UT) 

16953 366 2835 20050528 10:37:01 
16996 409 2835 20050531 10:42:46 
17017 430 765 20050601 21:26:25 
17060 473 765 20050604 21:32:10 
Table 2.6. AATSR acquisitions programmed (in blue) during 

the Mission 1 of the SEN2FLEX campaign. 
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Orbit Track Frame Date Time 
(UT) 

17604 15 765 20050712 21:37:55 
17647 58 765 20050715 21:43:40 

     
Table 2.7. AATSR acquisition programmed (in blue) during 

the Mission 2 of the SEN2FLEX campaign. 
 
 
2.5 LANDSAT ACQUISITIONS: 
 
The Landsat Project is a joint initiative of the U.S. Geological Survey (USGS) and the National 
Aeronautics and Space Administration (NASA) to gather Earth resource data using a series of satellites. 
NASA was responsible for developing and launching the spacecrafts, while the USGS is responsible for 
flight operations, maintenance, and management of all ground data reception, processing, archiving, 
product generation, and distribution. 
The primary objective of the Landsat Project is to ensure a collection of consistently calibrated Earth 
imagery. Landsat's Global Survey Mission is to establish and execute a data acquisition strategy that 
ensures repetitive acquisition of observations over the Earth's land mass, coastal boundaries, and coral 
reefs; and to ensure the data acquired are of maximum utility in supporting the scientific objectives of 
monitoring changes in the Earth's land surface and associated environment. 
 
LANDSAT-5  
LANDSAT-5 was developed and launched in 1984 by the National Aeronautics and Space 
Administration (NASA). Following on-orbit testing, LANDSAT-5 was turned over to the National 
Oceanic and Atmospheric Administration (NOAA). In September 1985, NOAA transferred operational 
control of LANDSAT-5 to a commercial vendor, the Earth Observation Satellite (EOSAT) Company 
(currently known as Space Imaging, Inc). In July 2001, operational control of LANDSAT-5, and its entire 
data archive, was returned to the U.S. Government, to be administered by the U.S. Geological Survey 
(USGS). Three data product generation systems have been used to process LANDSAT-5 image data in 
the U.S. The first processing system, used by NOAA and adopted later by EOSAT, was theTMImage 
Processing System (TIPS). EOSAT updated TIPS to the Enhanced Image Processing System (EIPS) in 
October 1991. At the same time, the USGS began work on its own TM archive, processing TM data with 
the National Landsat Archive Production System (NLAPS), created by MacDonald Dettwiler Associates 
(MDA). 
 
The orbit of Landsat-5 is repetitive, circular, sun-synchronous, and near polar at a nominal altitude of 705 
km (438 miles) at the equator. The spacecraft crosses the equator from north to south on a descending 
orbital node from between 10:00 A.M. and 10:15 A.M. on each pass. Circling the earth at 7.5 km/s, each 
orbit takes nearly 99 min. The spacecraft completes just over 14 orbits per day, covering the entire earth 
between 81 north and south latitude every 16 days.  
 
 
 

Landsat 4-5 Wavelength
(micrometers)

Resolution 
(meters) 

Band 1 0.45-0.52 30 
Band 2 0.52-0.60 30 
Band 3 0.63-0.69 30 
Band 4 0.76-0.90 30 
Band 5 1.55-1.75 30 
Band 6 10.40-12.50 120* 
Band 7 2.08-2.35 30 
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LANDSAT programmed acquisitions:  
 
The LANDSAT-5 images acquired within the SEN2FLEX campaign over the Barrax test site corresponds 
to 02/06/05 (Mission 1) and 13/07/05 (Mission 2). These images have been processed by IDR in order to 
georreference and perform the atmospheric correction. To this end the algorithm developed by the 
University of Valencia (Guanter et al., 2005) was applied. 
 
 
 

   
  

Figure 2.8. Quick looks of LANDSAT images acquired on (a) 02/06/05, path/row: 200/33, and (b) 
13/07/05, path/row: 199/33. 

 
The effect of the atmospheric correction can be observed on the NDVI. Thus, a profile of NDVI along the 
main flight line for missions 1 and 2 has been obtained from the Landsat images on 13/07/05 with and 
without atmospheric correction (see Figure 2.9). 
 
 
 

Landsat NDVI Profiles along the flight line on 13/07/05
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Figure 2.9. LANDSAT NDVI profiles along the flight line on 13/07/05 for images with and without 

atmospheric correction. 
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Figure 2.10. Area that was covered by the LANDSAT-5 images during  
the SEN2FLEX-2005 campaign days. 
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Chapter 3 AIRBONE DATA ACQUISITION 
 
 

3.1 AHS (INTA) 
 
The INTA-AHS 80Airborne Hyperspectral Scanner (AHS) is based on the integration of many advanced 
technologies developed by SenSyTech under R & D contracts over the past few years. While the 
combination of these components is offered here for the first time, each of the individual items has been 
delivered and field-tested in operational use. The AHS incorporates advanced components to ensure high 
performance while maintaining the ruggedness to provide operational reliability in a survey aircraft.  
Whiskbroom line scanner type airborne sensor designed to fulfill the needs of INTA remote sensing 
laboratory users in the hyperspectral field. INTA aims to offer to the remote sensing scientific community 
a tool to carry out projects in which high spatial, radiometric and spectral resolutions are required. 
Gathered raw-data are recorded on board in a standard hard disk support, and are immediately accessible 
through an Ethernet connection.  
 

 
Figure 3.1. The Airborne Hyperspectral Scanner (AHS) 

 
AHS technical specifications: 
 

• FOV: 90º 
• IFOV: 2,5 mrad 
• GFOV: 2 ÷ 6 m @140 kts platform speed 
• Scan rate: 6.25, 12.5, 18.75, 25, 31.25, 35 r.p.s.  
• Digitization accuracy: 12 bits 
• Pixels per scan line: 750 
• Reference sources: two controllable thermal blackbodies. 
 
Arrangement of spectral bands: 
 

Table 3.1. AHS spectral bands 

. 

Band edges Optical port Channels Number of 
bands Lower 

μm 
Upper 
μm 

Band width 
μm 

Visible and Near 
Infrared 

1-20 20 0.441  1.018  0.030  

Near Infrared 21 1 1.491 1.650 0.200  
Near Infrared 22-63 42 2.019 2.448 0.013 
Mid Infrared 64-70 7 3.03 5.41 0.300 
Long Wave 
Infrared 

71-80 10 7.95 13.17 0.40-0.50 
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FLIGHT DATA & AHS SETTINGS 
 
Aircraft  CASA 212-200 N/S 270, “Paternina” 
Nominal aircraft ground speed  GS 140 kts (72 ms-1) 
Altitude above ground level  AGL 975 m (3 200 ft) 
  AGL 1 370 m (4 500 ft) 
Mean ground elevation  700 m (2 300 ft) 
 
AHS installation   on main cabin floor front window 
IMU installation  on AHS scan headed ACTIVE 
 
AHS scan rate  35 rps @ AGL 3 200 ft 
  25 rps @ AGL 4 500 FT 
AHS IFOV/FOV  2.5 mrad / 90° 
AHS pixel size @nadir - GIFOV  2.5 m @ AGL 3 200 ft & GS 140 kts 
  3.4 m @ AGL 4 500 ft & GS 140 kts 
AHS along-track scan line overlap  16% @ GS 140 kts 
AHS nominal coverage  1 960 m @ AGL 3 200 ft 
  2 750 m @ AGL 4 500 ft 
AHS internal thermal reference sources  TBB1= 15°C & TBB2 = 50°C (TBC) 
AHS spectral configuration  Port 1+ Port 2A + Port 2 + Port 3 + Port 4  
AHS calibration date  April 2005 

 
(Further information about AHS can be found at www.inta.es and www.crepad.rcanaria.es/info/npoc/indexlab.html) 
 
 
3.2 AIRFLEX 
 
The first AIRFLEX certification and feasibility studies were performed successfully over the Bavarian 
forest during two campaigns, (20-25 September 2004) and (18-23 October 2004). As the forest was 
almost senescent, it was necessary to test the AIRFLEX sensor over a more homogeneous target. The 
well-known agricultural site of Barrax - La Mancha, Spain - and its related facilities offers a good 
opportunity for such tests. 
 
The goal of the Airborne mission was to study the spatial variability of the fluorescence signals at 687 
and 760 nm when varying several parameters including i) vegetation type, ii) chlorophyll content and iii) 
physiological state. An important objective was also the evaluation of the signal variability over natural 
vegetation (nearby oak and pine forest). 
Three main types of cultures were available at the Barrax's site: i) Maize, ii) Sugar beet, and iii) Alfalfa. 
 
Special attention was paid to check the reproducibility of the detected signals using the same target and 
flight conditions. The effect of the air mass on the detected flux was also analyzed by repeating the 
measurements on the same target at several flight altitudes ranging from 300 m to 3000 m. 
 
Ground measurements of passive fluorescence were conducted in parallel to the AIRFLEX flight 
measurements. This was done thanks to a second sensor (TERFLEX) identical to the AIRFLEX sensor. 
TERFLEX was deployed in an experimental area near the lysimeter meteorological station at Las Tiesas-
Anchor site (Barrax, Spain) and operated continuously. Diurnal cycle measurements were measured from 
10:00 to 17:00 local time. 
 
Chlorophyll fluorescence emission spectra and Chlorophyll content measurements were acquired on 
samples of the most important fields of the flight line. 
 
The AIRFLEX instrument: 
 
The AIRFLEX instrument was the main airborne sensor used during the SEN2FLEX campaign to assess 
the chlorophyll fluorescence (ChlF) and reflectance fluxes on vegetation canopies. The AIRFLEX 
instrument was aimed to monitor from an airborne platform the status of different types of controlled 
vegetation canopies, at different altitudes. The airborne measurements were performed with a Cessna C 
208B Grand Caravan, from DLR (Oberpfaffenhofen, Germany). 
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The AIRFLEX instrument is based on the Fraunhofer line principle, applied in the atmospheric Oxygen 
absorption A and B bands (760nm and 687nm, respectively). The ChlF signal is obtain by measuring the 
in-filling of the Fraunhofer lines of the solar radiation. Therefore, high-resolution reflectance 
measurements were performed in the vicinity of the Oxygen A and B absorption bands: at 760 and 687 
nm, respectively. 
 
Description of the AIRFLEX instrument 
 
The AIRFLEX instrument consists of three main components: the multichannel-based optical head, the 
data acquisition system and control electronics, and a dedicated PC laptop for real time monitoring, data 
recording, and control. The AIRFLEX instrument includes also, as parallel devices, a simultaneous video 
camera recording of the target, and recording of GPS and navigation data (the video display and 
navigation parameters are monitored on an additional laptop). 
 
The AIRFLEX optical head is equipped with six optical channels measuring, in parallel and 
synchronously, with narrow band interference filters. For both bands (at 687 and 760 nm), three optical 
measurements are performed: in the depth of the atmospheric Oxygen absorption (at 687.02 and 760.59 
nm, respectively for B and A bands), at a shorter wavelength, at 684.91 and 757.50 nm on the continuum, 
and at a higher wavelength of the depth, at 694.5 and 770.50 nm. Because of the particular structure of the 
atmospheric Oxygen absorption bands, the measurements are performed with filters of 1 nm bandwidth 
and 0.5 nm bandwidth respectively for A and B bands. The set of filters used in the optical head is 
maintained at a constant temperature (at 40 °C) to avoid any shifting or broadening of the transmission 
filters. Previously to the campaign, the AIRFLEX instrument was calibrated using a black body. 
 
 
Summary of optical specifications 

 
• O2-B band: 684.91, 687.02 and 694.5 nm. 

• O2-A band: 757.5, 760.59 and 770.50 nm. 

• Field of view: 34 mrad. 

• Optical aperture diameter (pupil): 20.50 mm 

• Photodiode aperture (Si PIN): 2.54 mm. 

 

Using these optical channels it is possible to determine the NDVI in addition to the measurement of the 
ChlF. In a previously used configuration it was also possible to monitor the Physiological Reflectance 
Index, PRI, by using filters at 531 and 570 nm. Airborne measurements with AirFLEX instrument include 
also simultaneous video recording of the target. GPS Data and navigation parameters are also recorded 
during the experiment. The flights should take place around solar noon in order to minimize the air mass 
variation.  The airborne measurements are typically performed at an altitude of about 600 m, but also at 
other altitudes. At 600 m, the target footprint is about 20 m. The speed of the aircraft should be less than 
70 m/s.  
 
In parallel to the airborne measurements, which were performed with a Cessna C 208B Grand Caravan 
(DLR/Oberpfaffenhofen, Germany), ground-based measurements were also carried out with the TerFLEX 
instrument which has identical optical characteristics than AirFLEX. Daily cycle measurements on a 
reference panel or vegetation were performed. 
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Figure 3.2. AirFLEX instrument installed in aircraft (Cessna C 208B Grand Caravan). 
General view of the airborne set up 

 

 
 

Figure 3.3. The Cessna C 208B Grand Caravan aircraft at DLR, Oberpfaffenhofen, Germany.  
(b)TERFLEX instrument installed in the Las Tiesas-Anchor site. 

 
The TERFLEX instrument: 
 
The TERFLEX instrument was the second passive fluorescence sensor operating in the atmospheric 
Oxygen A and B bands that was used during June and July 2005 in SEN2FLEX campaign. The 
TERFLEX instrument was used to perform complementary measurements, from the ground, on a 
reference panel and/or on the grass (Festuca). 

 
Description of the TERFLEX instrument 
The TERFLEX instrument has identical optical characteristics than AirFLEX. The only difference 
consists in the data acquisition system and the software (see chapter 5). 
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3.3 CASI (Compact Airborne Spectrographic Image) 
The commercial CASI-1500 (Compact Airborne Spectrographic Imager) system developed by ITRES 
Research Limited is a calibrated remote sensing instrument designed to measure and record these spectral 
reflectance differences across the specified wavelength region. The CASI-1500 generates a digital image 
in the chosen spectral wavelengths along a swath representing an individual flight line.  
 
The CASI-1500 is typically installed for operational use on a variety of fixed-wing or rotor-based aircraft. 
This instrument is integrated with an Inertial Measurement Unit (IMU) that records aircraft motion (roll, 
pitch, and heading) using gyroscopes and accelerometers and also records aircraft position using 
differential GPS. A geometric calibration flight was conducted in Calgary before acquisition in Idaho to 
determine the offsets between the CASI-1500 sensor and the IMU for this installation. This allows 
measurements made by the IMU and GPS to be referenced to the CASI-1500 sensor head.  

In post-processing, the installation offsets were applied and the CASI-1500 image data was georeferenced 
using the synchronized attitude and DGPS positions from the IMU along with application of a digital 
elevation model (DEM) supplied to ITRES by the University of Valencia . 

CASI-1500 Image Characteristics 
For this project, the CASI-1500 was configured to collect 288 band hyperspectral data at 1 x 7 meter 
resolution for the daily passes. Appendix D contains the wavelength details for the imagery acquired for 
this mission. Next table contains the CASI-1500 parameters for the data acquired. 
 
 

CASI-1500 system parameter Integration time 
(frame rate) 

Flight 
Altitude 

Aircraft 
Speed 

Aperature 

Mission 1 (CASA) 96 ms (10.1/s)   5 
Mission 2 (DLR Cessna 208) 96 ms (10.1/s)   5 

 
 
 

ITRES Acquisition System Hardware utilized for SEN2FLEX 
 

Instrument Purpose Description 
 

CASI-1500 
 

Hyperspectral imaging. Spectral range of approximately  
  360 – 1050nm 
Motorized aperture lens 
 

POS / AV 
310 

Precision aircraft and position 
measurements.  Integrated GPS/IMU.  
Real-time differential GPS. 

Real-time roll:  0.05 degrees 
Real-time pitch:  0.05 degrees 
Real-time heading:  0.1 degrees 
LN200 Inertial Measurement Unit 
Integrated Novatel GPS receiver 
 

Processing 
computer 

 Field processing of image and attitude data 

 
Prior to system installation in the aircraft, calibration checks were performed on the CASI-1500 sensor to 
validate the stability of the system. Coefficient files generated during the calibration were used in the 
radiometric correction of the data. As a result of the calibration, data acquired with the system was 
ensured to be within ITRES specifications of the respective sensors. 
 

3.4 FLIGHTLINES COORDINATES 
 
AHS-INTA was operated onboard a CASA aircraft and AIRFLEX was operated onboard a DLR Cessna 
C 208B Grand Caravan aircraft. Due to the difficulties found in getting permission for operate CASI 
onboard the DLR aircraft during the Mission 1 of the campaign, it was operated onboard the CASA 
aircraft simultaneously to the AHS-INTA. 
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Figure 3.4 indicates that the test site is located in special use airspace. This Temporarily Restricted 
Airspace (TRA) is managed by the Spanish Airforce. INTA and DLR had to request permission for 
entering this airspace before each mission. 
 
The flights took place between the 1st and the 3rd of June 2005 (Mission 1), and between the 11th and the 
14th of July 2005 (Mission 2), respectively during the first and the second part of the SEN2FLEX-2005 
campaign.  
 
Mission 1 was mainly focused on the validation of AIRFLEX data, and then all the effort was put to get 
statistical significance about the repeatability of the measurements and the capability to correlate spatial 
variations observed in AIRFLEX data with measured surface properties. 
 
 
 

 
Figure 3.4.  Sketch showing the use of airspace over the test area. 

 
 
The main drivers considered in making a final decision about flight plans for the SEN2FLEX Mission-1 
campaign were the following: 
 

(a) Due to the way of processing of AIRFLEX data (a non-imaging instrument where single line 
segments have to be processed after cutting usable data segments from the overall dataset) and 
for better interpretation of the variability observed in the data, it is preferable long segments of 
30 km rather than several small segments of 10 km.  The longest the strait line used for 
measurement the best for AIRFLEX measurements.  A 30 km length was considered optimum. 

 
(b) In order to test the retrieval method used in AIRFLEX, it is mandatory to fly at different 

altitudes (to get different paths through the atmosphere). Apart from the nominal altitude of 600 
m, a lower altitude of 300 m is requested and a higher altitude as well (between 1200 m and 
3000 m). In order to satisfy the requirements of CASI, the highest altitude was selected at 3000 
m.  Then, each flight should be repeated at 3 altitudes: 300 m, 600 m and 3000 m. 

 
(c) In order to avoid illumination changes, all the flights should be performed around local noon 

(maximum illumination conditions), within one hour before and one hour after noon (two hours 
as typical duration of each flight). 

 
(d) Since the number of field instruments available for passive fluorescence measurements is 

limited, the idea is to focus on a single line where all the field teams can be deployed to optimize 
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the resources.  The line should be defined so that it covers a maximum variability in crop types, 
vegetation species and natural variability, including bare soil areas as well, and also natural 
vegetation types such as forests. 

 
Taking into account all these conditions, it was decided that during Mission 1 it was a total of 4 flights 
days, nominally 31 May and 1, 2 and 3 June.  Each flight day, a total of about 2.5 hours were used for the 
flight. This gives a total number of 10 flight hours along the whole mission. 

 
In each flight, AIRFLEX data were acquired at 3 altitudes: 300 m, 600 m and 3000 m, while CASI data 
were nominally acquired only at 3000 m altitude.  The option of acquiring CASI data at other altitudes 
were considered, but nominally it was assumed that CASI acquisitions were only at 3000 m, with a 
typical resolution of 5x1.5 m and 288 spectral bands.  Since the length of the flight line is 30 km, the total 
amount of CASI data acquired during Mission 1 were 30 km x 4 lines = 120 km. 
 
 
Each one of the four flights was assumed to have the following typical sequence 
 

Start the flight    at 10:55 solar time 
from take-off to climb to 300 m at 10:55 - 11:10  solar time 
first line at 300 m at 11:10 - 11:30 solar time 

 climb to 600 m at 11:30 - 11:50 solar time 
 second line at 600 m at 11:50 - 12:10 solar time 

climb to 3000 m at 12:10 -  12:30 solar time 
 third line at 3000 m at 12:30 - 12:50 solar time 
 landing at 12:50 – 13:05 solar time 
 End the flight    at 13:05 solar time. 

 
 
The flight line was selected to include the areas where field measurements are planned and to include also 
the needed bare soil fields for reference and natural areas such as pine forest. 
 
At the maximum altitude of 3000 m, the field of view of AIRFLEX is in the order of 100 m.  On the 
other hand, given the instantaneous field of view of CASI, 39.5 degrees, at the altitude of 3000 m the area 
covered in the ground is of about 2000 m (1000 m on each side of the ground track).  Then, a strip of 30 
km long and 2 km wide was considered for field measurements. 
 
Figure 3.5 shows the selected flight line, and the flight lines start and ending coordinates for the 
programmed acquisition day are given in the following table. Mission 2 in July was nominally considered 
a repetition of Mission 1. 
 
 

Flight 
line 

UTM, Zone 30 North 
Datum: European 50 mean 

 

UTM, Zone 30 North 
Datum: WGS 84 

 
568747E 4321177N 568644E 4320972N Mission 

1 599154E 4330790N 599050E 4330585N 
 
CASA aircraft followed the same flight line as DLR. In each flight, AHS-INTA data were acquired at 2 
altitudes: 983 m and 1376 m. Next table shows the flight lines specifications for AHS:  
 
AAT (m)  Res NADIR (m) COB. LAT (m) 

1376 3.44 2751 
983 2.46 1965 

 
As the CASI was finally operated at CASA aircraft during the Mission-1, AHS-INTA and CASI data 
were acquired at 3 altitudes: 983 m, 1376 m and 3000m.  
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3.4.1 Mission 1 Acquisition by INTA 
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Figure 3.5. Flight line reported by INTA. 

 

 
The acquired AHS flight lines for the first campaign in SEN2FLEX 2005 project follows the pattern 
indicated in the previous figure reported by INTA with the quick looks that are showed at the next figure: 
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Figure 3.6. AHS quick looks from the images acquired during the Mission-1. SEN2FLEX-2005 

campaign. 
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AIRFLEX flied an extra line over the Alarcon reservoir for calibration (Figure 3.7). Next table shows the 
flight lines specifications: 

Flight 
line 

UTM, Zone 30 North 
Datum: European 50 mean 

 
560278E 4400164N Mission 

1 570824E 4383883N 
 

 
Figure 3.7. Flight configuration for extra line over the Alarcon reservoir for AIRFLEX calibration 

(Mission 1 of SEN2FLEX campaign). Reported by IDR. 

 
3.4.2 Mission 2 Acquisitions by INTA 
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The acquired AHS flight lines for the second campaign in SEN2FLEX 2005 project follows the pattern 
indicated in the previous tables reported by INTA with the quick looks that are showed at the next figure: 
 

AHS_050712_P01BD AHS_050712_P01BN 
 

AHS_050713_P01B1 AHS_050713_P01B2 AHS_050714_P01B1 AHS_050714_P01B2

   
   

Figure 3.8. AHS quick looks from the images acquired during the Mission-2. SEN2FLEX-2005 
campaign. 
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3.4.3 Mission 1 CASI-1500 Acquisitions 
 
The CASI1500 and POS AV system were shipped to INTA in Torrejon De Ardoz, Spain for installation 
into a CASA212-200 supplied by the Spanish Air Force (Squadron 403). 
The CASI1500 system was installed alongside the INTA operated AHS system for concurrent imaging of 
the region of interest. This arrangement was a result of INTA accommodating ITRES after the initial bid 
for flight certification on the DLR Platform was rejected in Munich.   
 
 

Daily image acquisition times in UTC – Mission I 
 

Date Bandset Time (UTC) Conditions 
31-May 288 N/A Weather day 

 144 N/A Weather day 
1-Jun 288 12:33 Clear 

 144 12:11 Clear 
2-Jun 288 12:25 Clear 

 144 12:03 Clear 
3-Jun 288 12:19 Clear 

 144 11:57 Clear 
 

 

 
 

 
Full flight summaries can be found in Appendix A. 
 

3.4.4 Mission 2 CASI-1500 Acquisitions 
 
After receiving notification of acceptance for the installation of the CASI1500 system on board the DLR 
Cessna 208 platform, the system was shipped from Calgary to Oberpfaffenhofen, Germany on July 4th, 
2005. The system was installed in the platform on July 8th , 2005 at the DLR flight facility. A bundle 
adjustment flight was performed in intermittent light conditions over the Oberpfaffenhofen region on July 
9th,2005 with the Cessna ferrying to Albacete to be present for flight operations on July 12th, 2005. Due 
to timing concerns with parties involved, there were 2 sorties per day on July 13th and 14th, resulting in 
morning and noon images of the Barrax flightline on those dates (see Appendix B).  
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Daily image acquisition times in UTC – Mission II 

 
Date Bandset  Time (UTC) Conditions 

12-Jul 288 12:41 Clear 
  144 N/A   
13-Jul (A) 288 8:26 Clear 
  144 8:41 Clear 
13-Jul (B) 288 11:38 Clear 
  144 11:52 Clear 
14-Jul (A) 288 7:55 Clear 
  144 N/A  
14-Jul (B) 288 11:46 Clear 
  144 N/A  

 
 
 

 

Figure 3.9. CASI quick look acquired during the 13/07/05 overpass (Mission-2). SEN2FLEX-2005 
campaign. 

 

3.4.5 ITRES Standard Processing to CASI-1500 Georeferenced Imagery 
Standard processing of CASI data produces georeferenced, radiometrically corrected imagery.  There are 
two major steps. The first step is applying radiometric calibrations to convert the raw digital numbers into 
radiance values. The second step applies measurements from the airborne inertial system and GPS to 
create a georeferenced mosaic in UTM coordinates using the WGS84 datum.  These processes are well-
established for the CASI imagery and are described more fully in the following sections. 
 

Radiometric Correction 
Radiometric quality of the imagery is important so that scene brightness remains stable under varying 
illumination and site conditions. The input parameters for the radiometric corrections include realtime 
system offset measurement such as dark data, scattered light, electronic offset and calibrated brightness 
coefficients generated in the lab. Radiometric corrections are applied to the CASI-1500 imagery to 
convert the raw digital numbers to spectral radiance units (1 SRU = 1.0 µW cm-2 sr-1 nm-1). A traceable 
light standard is used to determine the appropriate multiplicative coefficients for the radiometric 
corrections. ITRES normally quotes an accuracy of ± 2% over the spectral range of 470 to 800 nm. 
Between 430 and 470 nm and between 800 and 870 nm, the quoted accuracy is ± 5%. Once 
radiometrically calibrated, a measurement made from any CASI-1500 instrument will be identical to the 
same measurement made from another CASI-1500 to within the accuracies quoted above. 
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Figure 3.10. CASI1500 data before and after radiometric correction 
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Figure 3.11. CASI1500 spectral plots for a tree before and after radiometric correction 

Notes on accuracy of radiometric correction 
 
*Over the course processing the flight data from the SEN2FLEX acquisitions, a number of issues related   
to the radiometric correction of the CASI1500 data were encountered. 
*Blue end calibration sphere shortcoming 
*Manufacturing defect in smile being out of spec (+/- 1nm) 
*Physical shifting of spectrograph inside SHU due to thermal or kinetic movement (measured by day- 
found in wavelength files per day). 

Geometric Corrections 
Once radiometrically corrected, the spectral radiance imagery is submitted to geocorrection processing. 
For this project, imagery is georeferenced to the UTM coordinate system. The map projection used is 
WGS84 and the horizontal datum is UTM zone 33, NAD83. All units are in meters and pixel size is 
reported in meters (3m). 
 
This process involves the integration of five separate data streams: 
 

1) Radiometrically corrected CASI image data  
2) Coincident airborne GPS data from an integrated GPS receiver 
3) Coincident ground-based GPS data from an externally operated GPS base-station 
4) Coincident attitude data from an integrated IMU onboard the aircraft 
5) Digital elevation model  

 
These data streams are blended to generate a geometrically corrected image map using the following six 
steps: 

 
1) Raw CASI digital numbers are calibrated. 
2) Aircraft GPS data are differentially corrected (DGPS) using data from a nearby GPS base-

station. 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 60 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

3) Blended solutions of DGPS positions with aircraft attitude data from the Inertial 
Measurement Unit (IMU) are generated. 

4) Position and attitude data are optimized using sensor misalignments determined in bore-site 
calibration (bundle adjustment process) and applied to the CASI image data. 

5) A Digital Elevation Model (DEM) is applied during geocorrection to remove topographic 
effects and facilitate the final ortho-rectification of the CASI imagery. 

6) A north-up image with square fixed-sized pixels is populated using a nearest neighbor 
algorithm. 

 

Figure 3.12. CASI1500 data (figs 3.10,3.11) after geocorrection & resampling to 3x3m pixels 

 
There is some blocking or missing pixels visible in the geocorrected imagery. This blocking is a result of  
rapid (relative to the image scan rate) aircraft pitch changes during data collection. These missing pixels 
are localized and in this case, primarily due to significant turbulence during acquisition. They make up 
less than 5% of the block and will not affect subsequent corrections performed on the data.  
Figure 3.12 shows samples of CASI imagery resampled to 3 x 3m pixels (3 bands approximating true 
color), after radiometric calibration and after the geocorrection process. 

Note on the positional accuracy of image data 
The acquisition of CASI1500 imagery for the first mission (CASA-210) was affected by a write error 
within the ITRES POS AV system. This did not allow for proper recording of the attitude measurements 
obtained by the inertial measurement unit (IMU) mounted on the CASI1500 sensor head plate. ITRES 
used the concurrent measurement s recorded by the INTA IMU mounted inside the AHS system. As both 
IMUs were not located on the exact same plane of reference, the bundle adjustment flight data recoded 
over the Las Tiesas area on June 2nd were not within specification. ITRES analysts used the data flown 
on the second mission (calibrated in Oberpfaffenhofen, Germany) to interpolate a bundle adjustment 
solution effective for the first mission. Some residual offsets do remain in the imagery. 
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3.4.6 AIRFLEX Measurements by LURE team 
 
Measurements protocol 
 
The airborne campaign was carried out during June and July 2005, and consisted on the measurement 
over different types of cultivated fields under different physiological conditions, but also on bare fields. 
They were also carried out on the water (Alarcon reservoir, Barrax) for calibration and determination of 
the signal-to-noise ratio. In July, an additional sensor (CASI from ITRES) was installed on the same 
aircraft (Cessna C 208B) to perform parallel and simultaneous measurements. 
The measurement flights were performed mainly around solar noon, in order to minimize the air mass 
variation, but also in the morning (see Table 1). In addition to the reference altitude of 600 m, the 
airborne measurements have been performed at 300, 1200, 2200 and 3000 m. At 600 m, the target 
footprint was about 20 m. The speed of the aircraft was less than 70 m/s in all flights. 
The flight line, which included cultivated fields, forests and bare fields was selected between two points: 
 

a point: 4321177N, 568747E (UTM, zone 30 North-Datum: European 50 mean) 
b point: 4330790N, 599154E (UTM, zone 30 North-Datum: European 50 mean).  

 
On the other hand, the flight line over the Alarcon reservoir was selected between the following points: 
4400164N, 560278E and 4383883N, 570824E (UTM, zone 30 North-Datum: European 50 mean) 
 
List of measured parameters 
 

-Tiempo: Time 
-F760m: Flux measured in the depth of the A band at 760 nm, 
-B760m: Flux measured at the edge of the A band at 760 nm, 
-F687m: Flux measured in the depth of the B band at 687 nm, 
-B687m: Flux measured at the edge of the B band at 687 nm, 
-R695m: Flux measured at 695 nm, 
-R770m: Flux measured at 770 nm, 
-Tdiodes: Average temperature of the photodiodes. 

 
List of corrected parameters 
 

-F760Cor: Flux in the depth of the A band (at 760 nm) corrected by the black body, 
-B760Cor: Flux at the edge of the A band (at 760 nm) corrected by the black body, 
-F687Cor: Flux in the depth of the B band (at 687 nm) corrected by the black body, 
-B687Cor: Flux at the edge of the B band (at 687 nm) corrected by the black body. 

 
 
Flight program and available data: 
 
 

Mission 1 
Date Time Altitude Flight line 

01/06/2005 Solar noon 300 m a to b 
01/06/2005 Solar noon 600 m a to b 
01/06/2005 Solar noon 600 m b to a 
01/06/2005 Solar noon 1200 m a to b 
02/06/2005 Solar noon 600 m Reservoir 
02/06/2005 Solar noon 300 m a to b 
02/06/2005 Solar noon 600 m a to b 
02/06/2005 Solar noon 600 m b to a 
02/06/2005 Solar noon 1200 m a to b 
03/06/2005 Solar noon 300 m a to b 
03/06/2005 Solar noon 600 m a to b 
03/06/2005 Solar noon 1200 m a to b 
03/06/2005 Solar noon 3000 m a to b 
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Mission 2 
Date Time Altitude Flight line 

12/07/2005 Solar noon 300 m a to b 
12/07/2005 Solar noon 600 m a to b 

12/07/2005 Solar noon 1200 m a to b 

12/07/2005 Solar noon 2200 m a to b 

12/07/2005 Solar noon 2200 m a to b 
13/07/2005 Morning 300 m b to a 
13/07/2005 Morning 600 m a to b 

13/07/2005 Morning 1200 m b to a 

13/07/2005 Morning 2200 m a to b 

13/07/2005 Morning 2200 m b to a 
13/07/2005 Solar noon 300 m b to a 
13/07/2005 Solar noon 600 m a to b 

13/07/2005 Solar noon 1200 m b to a 

13/07/2005 Solar noon 2200 m a to b 

13/07/2005 Solar noon 2200 m b to a 
14/07/2005 Morning 300 m b to a 
14/07/2005 Morning 600 m a to b 

14/07/2005 Morning 2200 m b to a 
14/07/2005 Solar noon 300 m b to a 
14/07/2005 Solar noon 600 m a to b 

14/07/2005 Solar noon 2200 m b to a 
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Chapter 4 - ATMOSPHERIC MEASUREMENTS 
 
 
 
Aerosols and water vapor vertical profiles have been characterized at Barrax (Albacete) during the 
SEN2FLEX 2005 CAMPAIGN. Knowledge of the atmospheric conditions, mainly the aerosol optical 
depth, its vertical profile and the water content, is required to perform accurate atmospheric correction of 
satellite imagery. Four types of measurements were done simultaneously to the satellite overpass 

 
a) Free soundings, 
b) Aerosol size distributions at ground level 
c) Aerosol chemical analysis at ground level and  
d) Lidar aerosol vertical profiles. 
 

Size distribution and chemical composition affect the optical properties of aerosols. Although they were 
measured at ground level, the vertical profile provided by the lidar system will allow their extension to 
columnar properties. Lidar measurements are a tool to determine the diurnal evolution of the aerosols 
vertical structure. Changes in this structure can have some importance for the detailed atmospheric 
corrections of hyperspectral/multiangular data. Therefore, an evaluation of the impact on radiative 
transfer computations of atmospheric transmittance and radiance of all these parameters, as well as the 
implications for multiangular observations, may be interesting. 
 
In the first part of this chapter, we briefly describe each instrument and its measurement protocol. In a 
second part, we compare lidar profiles with radio soundings in order to establish the atmosphere 
stratification and identify the mixing layer height and its aerosol loading. The water content profile was 
compared with the standard atmosphere values to find out the most suitable atmosphere for the 
atmospheric correction. Finally, we discuss the results obtained and comment about further analysis and 
processing of the data foreseen. 

       
4.1 INSTRUMENTATION AND MEASUREMENTS PROTOCOLS 
 
4.1.1 Soundings 
 

The Vaisala RS80 radiosondes are small sensors integrated in a light box and released into the 
atmosphere on meteorological helium filled balloons. Pressure, Temperature and Humidity are measured 
at regular intervals and transmitted to the surface by radio signals. The equipment was completed with a 
ground station AIR Inc. TS-2AR Receiver s/n 259 for the signal reception. The altitude of the sonde can 
be computed using the hydrostatic equation, which is a function of the pressure. Relative humidity is 
directly measured by capacitive thin film sensor with reliable response even at low temperatures and after 
exposure to condensation. Wind speed and direction are not directly measured but computed by the 
ground equipment from the GPS information about the sonde position. Two balloons were released each 
day, one in the early morning before the mixing layer develops and another at the satellite overpass time, 
in order to characterize the precise water vapor profile in the lower layers that change rapidly during the 
day due to solar heating. The coordinates of the ground station were:  
 

Longitude: 2º 6’ 10” W (UTM: 577700) Latitude: 39º 3’ 44” N (4323200). 
 
Tables 4.1 and 4.2 summarize the exact time and duration of each radio sounding, and the precipitable 
water (Mission 2). Two values of this quantity were calculated, one integrating the profile between 
ground level (703 m) and the highest altitude reached, indicated in the last column, and other between 1 
and 12 km, following the previous value between parentheses. This last value allows the comparison with 
standard atmosphere values, that start at sea level with values each kilometer up to 100 km. Atmospheric 
water vapor can be considered negligible for altitudes above 10 km, experimentally proved by comparing 
the integrals between 1 and 12 km with those obtained between 1 km and the highest altitude reached by 
the sounding (∼25 km). 
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Table 4.1: Radio soundings launch time, duration, altitude and PW. (Mission-1) 

Date Starting time 
(UTC) Duration Final altitude 

(gpm) 
Prec. water (g/cm2) (1-

12 km) 
30/05 12:32 21 m 58 s 8.759 m 2.2325778 (**) 

 15:39 22 m 22 s 8.772 m 1.8545749(**) 
31/05 11:21 7 m 14 s 3.100 m 1.5298991(*) 

 12:34 2 m 52 s 1.612 m 0.7218983(*) 
 18:03 9 m 22 s 3.948 m 1.7258650(*) 

01/06 07:55 8 m 58 s 3.997 m 1.2231655(*) 
 11:08 3 m 6 s 1.942 m 0.4432901(*) 

02/06 07:34 6 m 58 s 3.139 m 0.8982246(*) 
 11:02 67 m 46 s 21.808 m 1.1948175 

03/06 08:04 11 m 52 s 4.789 m 1.4383312(*) 
 11:01 16 m 18 s 6.195 m 1.6186599(*) 

* Soundings on day 11th of July provided data from the first kilometers only due to connection problems 
in the receiver. 

Table 4.2: Radio soundings launch time, duration, altitude and PW.(Mission-2) 

Date Starting time 
(UTC) Duration Final altitude 

(gpm) 
Prec. water (g/cm2) (1-12 

km) 
10/07 15:41 34 m 26 s 12.355 m 1.88806 (0.85655) 

08:55 6 m 2 s 2.620 m 1.05221* 11/07 
17:12 21m 2 s 7.934 m 1.12862* 
07:10 74 m 12 s 24.957 m 1.48406 (1.22381) 
10:48 73 m 6 s 24.435 m 1.66162 (1.37681) 

12/07 

21:39 74 m 12 s 23.170 m 1.79244 (1.62394) 
06:55 88 m 22 s 25.809 m 2.04566 (1.83977) 13/07 
10:48 78 m 50 s 24.264 m 1.55406 (1.34924) 
07:07 80 m 56 s 25.935 m 1.48200 (1.26605) 14/07 
10:50 44 m 0 s 17.178 m 1.40382 (1.23817) 
06:41 87 m 38 s 25.408 m 1.57766 (1.41202) 15/07 
11:43 63 m 18 s 16.467 m 1.56774 (1.39488) 

* Soundings on day 11th of July provided data from the first kilometers only due to connection problems 
in the receiver. 

Experimental Setup: 

 
 

Figure 4.1. Radio soundings experimental setup 
 
 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 66 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

4.1.2 LIDAR system 
 
The lidar system is a mobile equipment based on a Nd: YAG laser source (Continuum model NY82-20) 
operating at the 2nd harmonic (532 nm). The laser energy was 20 mJ/pulse, expanded five times and 
operated vertically due to safety reasons. Other instrument characteristics have been described 
elsewhere1. The detection window, selectable by a pulse generator that switch the detector gain, was 
chosen with 1 μs delay respect to the laser fire and 20 μs duration, which produced return signals from 
250 to 6000 m. These signals were range-corrected and spatially averaged to improve the signal-to-noise 
ratio, obtaining a range resolution of 6 m. Each signal corresponds to a temporal average of 1200 laser 
pulses (1 minute). Finally, the signals were inverted to derive vertically resolved aerosol extinction 
coefficient and integrated to provide aerosol optical depth (AOD) at 532 nm. The measurements protocol 
consists on a vertical characterization with data acquisition interval of 15-min. In the 2h-interval around 
the satellite overpass time, the interval was reduced to 5-min. Table 4.3 summarizes the lidar 
measurements: 

 

Table 4.3: Time distribution of LIDAR measurements. 

Date Time UTC Nº files Interval Res. Max. range Comments 

11/07 13:53-19:38 26 15 min. 6 m 6 Km. Cooling unit failure. 

07:52-09:52 9 15 min. 6 m 6 Km. -- 

10:02-12:27 30 5 min 6 m 6 Km. MERIS (10:22) 
MODIS (11:01) 

LANDSAT-7 (11:01) 
AIRFLEX (11-13) 

INTA-AHS (11-13). 

12/07 

12:33-23:48 46 15 min. 6 m 6 Km. -- 

00:03-07:48 32 15 min. 6 m 6 Km. Osc. Comm. problems 

09:03-10:51 9 15 min. 6 m 6 Km. -- 

10:54-11:53 13 5 min. 6 m 6 Km. MODIS (10:05 & 11:43) 
LANDSAT-5 (10:50) 

AIRFLEX (11-13) 
INTA-AHS (11-13) 

13/07 

12:15-20:50 35 15 min 6 m 6 Km Laser power failure. 

07:10-07:46 4 15 min. 6 m 6 Km. -- 

07:52-08:56 13 5 min. 6 m 6 Km. -- 

09:11-09:39 3 15 min 6 m 6 Km. -- 

09:41-12:16 30 5 min. 6 m 6 Km. MODIS (10:49) 
AIRFLEX (11-13) 
INTA-AHS (11-13) 

14/07 

12:19-23:47 48 15 min 6 m 6 Km -- 

00:02-09:54 42 15 min. 6 m 6 Km. -- 15/07 

10:02-11:12 15 5 min. 6 m 6 Km. MERIS (10:28) 
MODIS (11:31). 
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Table 4.4. Technical characteristics of LIDAR system 

 

Emission line 
 

Laser system Nd:YAG 

Wavelength 532 o 355 nm 

Energy per pulse 600 o 275 mJ 

Frequency 20 Hz 

Pulse width 10 ns 

Beam divergence ∼0.2 mrad 

Beam diameter 5 cm 

Detection line 
 

Periscope  
Azimuth 0.2 mrad. 0-360º 
Zenith 0.2 mrad 0-180º 

Telescope Newtonian 
Diameter 300 mm 

Focal length 999 mm 
Field of view 1.3 mrad (selectable with iris) 

PMT Hamamatsu R928 
Quantum efficiency 25 % (λ=300nm), 12% (λ=532nm) 

Max. HV anode-cathode -1250 V 
Response time 2.2 ns. 
Current gain 1.0 x 107 

  
Range Enter 2 and 6 Km 

Spatial resolution (typical) 1.5 m - 30 m  
 
 

 
 

Figure 4.2. CIEMAT Mobile laboratory carrying LIDAR and related devices. 
 
4.1.3. High Volume Samplers 
 
24 h sampling of ground level aerosols was carried out by means of a MCV high volume samplers (30 
m3/h) equipped with a PM10 inlet and quartz fiber filters. Analysis of major and trace elements by ICP-
MS of acidic digestion of a ½ fraction of each filter and soluble anions and cations by chromatography 
will allow the characterization of the aerosol chemical properties. Table 4.4 summarizes the time details 
of each filter. 
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Table 4.4: Time interval of air flowing through each quartz filter. 

Starting Date UTC Ending Date UTC Interval Air volume [m3] 
11/07/05 16:16 12/07/05 16:27 24 h. 719.4  
12/07/05 16:33 13/07/05 16:38 24 h. 719.4 
13/07/05 16:41 14/07/05 16:50 24 h. 719.5 
14/07/05 16:53 15/07/05 11:06 20 h 13 min. 545.8 

 
4.1.4 Aerosol Monitor 

The aerosol size distribution at ground level was measured using a laser monitor GRIMM mod. 1108, 
which provides particles per liter for the size fractions: >0.3, 0.4, 0.5, 0.65, 0.8, 1.0, 1.6, 2.0, 3.0, 4.0, 5.0, 
7.5, 10.0, 15.0, & 20.0 µm in diameter. This is a portable system that performs particulate measurement 
by 90-degree laser light scattering. Air sample passes through a flat laser beam, produced by a laser diode 
and the scattered signals are detected by a pulse height analyzer for size classification. The measurements 
interval was set up to 5 minutes, providing the data time-series summarized in table 4.5: 

Table 4.5: Time distribution of GRIMM measurements. 

Date Time UTC Nº files Interval 
11/07 16:24-23:59 91 5 min. 
12/07 00:04-23:59 287 5 min. 
13/07 00:04-23:59 287 5 min. 
14/07 00:04-23:59 287 5 min. 
15/07 00:04-11:49 141 5 min. 

 

4.1.5 Solar Radiation Group Measurements 

 
4.1.5.1 Instruments 
 
Licor 1800 Spectroradiometer: 
 Simple monochromator. Detector silicon photocell. 

 Measurement range 300-1100 nm with a bandwidth of 6 nm. Precision of 1 nm. 
 Accessories: Module for direct radiation measurement, FOV = 5º 
 
Optronic 754-O-PMT Spectroradiometer: 
 
  Double monochromator. Photomultiplier in detection. 
 Measurement range 280-800 nm with a bandwidth of 1.6 nm at 1 nm pass. 

 Accessories: Integrating quartz sphere for global measurements. Module for direct radiation 
measurement, FOV = 5.72º 

 
Cimel CE-318 photometer:  
  
 It determines AOT for seven wavelengths and water vapor content along the atmospheric 

column. 
 Filter configuration: 340, 380, 440, 500, 670, 870, 940, 1020, 1600nm. 
 FOV = 1.2º 
Sun photometer Microtops II: 

 
It was configured to measure total ozone column, total water vapor and aerosol optical 
thickness at 1020 nm. 

  Filter configuration: 305.5, 312.5, 320, 940 and 1020 nm. 
       FOV 2.5º 
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Figure 4.3. LiCor 1800 Spectroradiometer with 
direct module 

 

Figure 4.4. Right tripod: Optronic 754-O-PMT with 
quartz integrating dome. Central tripod: LiCor 1800 

Spectroradiometer in global irradiance 
configuration. Left tripod: Cimel CE 318 

sunphotometer 

 
Figure 4.5. Cimel 318 sunphotometer 

 
Figure 4.6. Microtops II sunphotometer 

 
 

Table 4.6. Characteristics of the Microtops II channels 

 
 
 

Channel λ (nm) FWHM (nm) Measurement 
1 300.0±0.3 2.4±0.4 ozone content 
2 305.5±0.3 2.4±0.4 ozone content 
3 312.5 ±0.3 2.4±0.4 ozone content 
4 940.0±1.5 10.0±1.5 water vapor 
5 1020.0±1.5 10.0±1.5 aerosol optical depth 
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4.1.5.2 Available data   
 
The measurements carried out with the different instruments during the campaign appear in tables 4.7-4.9. 

The measurements appear with one of the following letters: 

A. Direct normal solar irradiance in the range [300, 1100] nm  @ 1 nm step: LiCor 1800 

Spectroradiometer (units: W m-2 nm-1).  

B. Global horizontal solar irradiance in the range [300, 1100] nm  @ 1 nm step: LiCor 1800 

Spectroradiometer (units: W m-2 nm-1).  

C. Global solar irradiance in the range [680, 780] nm @ 0.5 nm step: Optronic 754-O-PMT 

Spectroradiometer (units: W cm-2 nm-1).  

D. Total ozone column (in Dobson units), total precipitable water column (in atm-cm), aerosol 

optical thickness at 1020 nm: Microtops II sunphotometer.  

0.0

0.5

1.0

1.5

2.0

200 400 600 800 1000 1200

DIRECT NORMAL
GLOBAL HORIZONTAL

S
O

LA
R

 IR
R

A
D

IA
N

C
E 

(W
 m

-2
 n

m
-1

)

Wavelength (nm)

0.0

0.5

1.0

1.5

2.0

660 680 700 720 740 760 780 800

G
LO

B
A

L 
H

O
R

IZ
O

N
TA

L 
IR

R
AD

IA
N

C
E

 (W
 m

-2
 nm

-1
)

Wavelength (nm)  

Figure 4.7. (a) Direct normal (A) and global horizontal (B) ;( b) Global horizontal irradiance at noon (C).  
Barrax 13 July 2005 

 

The Cimel CE-318 sunphotometer is also used to assess aerosol characteristics by measuring sky radiance 
for several scattering angles in several channels. The schedule for sky radiance measurements is based on 
the CIMEL default for the AErosol RObotic NETwork (AERONET). Therefore, sky radiance 
measurements in the almucantar and principal plane are acquired at least once every hour, right after a 
direct radiance measurement, when the air mass is lower than 2. For higher air masses, the sky radiance 
measurements are taken for air masses 4, 3, 2 and 1.7.  Solar direct measurements are also performed all 
day long by the CIMEL sunphotometer in order to retrieve the aerosol optical thickness and columnar 
water vapor content, at least four times an hour for air masses lower than 2. Extra user measurements 
were added in order to better characterize the aerosol properties at the time of airborne sensor overpasses, 
usually at a 5 minutes resolution, when the instrument is supervised.  

Figure 4.7 (a) shows an example of the measurements of the direct normal (A) and global horizontal (B) 
irradiances at noon on 13 July 2005. Figure 4.7 (b) shows and example of the global horizontal irradiance 
(C) taken to detect the oxygen bands with a resolution of 0.5 nm at noon on the same day. Figure 4.8 
shows the different measurements carried out with the Microtops II sunphotometer during 15 July 2005. 

Products 

Using the acquired data described above, the products are: 

- Incident energy to the ground: global, direct and diffuse calibrated irradiances. 

- Calibrated global irradiance in the oxygen bands. 

- Atmospheric components: spectral aerosol optical thickness (in the visible range and in 1020 

nm), total ozone column and precipitable water column. 
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Figure 4.8. (a). Total columnar ozone content (D). (b). Precipitable water content (D). (c)Aerosol optical 

thickness at 1020 nm (D). 
 

 

 
Table 4.7. June SEN2FLEX data. (Mission-1) 

01/06/2005 02/06/2005 03/06/2005 
GMT Measurements GMT Measurements GMT Measurements 
09:20 A,  D 09:18 A, D 9:00 A,  D 
09:28 A,  D 09:30 A, B, D 9:15 A, D 
09:34 A 09:45 A, B,  D 9:30 A, B, D 
09:41 A,   D 10:00 A, B, D 9:45 A, D 
09:48 A 10:15 A, B,  D 10:00 A, D 
09:59 B 10:30 A, B, C, D 10:15 A, D 
10:07 B,  D 10:45 A, B, C, D 10:30 A, D 
10:16 B 11:00 A, B, C, D 10:44 A, D 
10:19 A, B, D 11:15 A, B,  C, D 11:00 A, B, C, D 
10:31 A, B, D 11:30 A, B,  C, D 11:15 A, B, C,  D 

01/06/2005 02/06/2005 03/06/2005 
GMT Measurements GMT Measurements GMT Measurements 
10:45 A, B, D 11:45 A, B, C, D 11:20 A, B, C, D 
11:00 A, B, D 11:55 A, B, D 11:30 A, B, C, D 
11:15 A, B,  D 12:00 A, B, C, D 11:45 A, B, C, D 
11:30 A, B,  C, D 12:05 A, B, C, D 11:50 A, B, C, D 
11:45 A, B, D 12:15 A, B,  C, D 12:01 A, B, C, D 
11:55 A, B, D 12:30 A, B, C, D 12:15 A, B,  C, D 
12:00 A, B, C, D 12:45 A, B, C, D 12:22 A, B,  C, D 
12:07 A, B, C, D 13:00 A, B, C, D 12:30 A, B, C, D 
12:15 A, B,  C D 13:15 A, B,  C, D 12:44 A, B, D 
12:30 A, B, C, D 13:30 A, B,  C, D 13:00 A, B, C, D 
12:45 A, B, C, D 13:45 A, B, C, D Cloudy - 
13:00 A, B, C, D 14:00 A, B, C, D   
13:15 A, B,  D Cloudy -   
13:30 A,  D     
13:45 A, D     
14:00 A, D     
14:15 A,  D     
14:31 A, D     
14:45 A,  D     
15:00 A, D     
15:15 A, D     
15:30 A, D     
15:45 A,  D     
16:00 A, D     
16:15 A,  D     
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Table 4.8.  11-14 July SEN2FLEX data (Mission-2) 

11 July   2005 12 July   2005 13 July   2005 14 July   2005 
GMT Measurements GMT Measurements GMT Measurements GMT Measurements 
12:00 A, D 08:33 A, B, D 08:00 A, B, C, D 07:17 A, D 
12:30 A, B, D 08:45 A, B, D 08:15 A, B, C, D 07:22 A, B, D 
12:45 B, D 09:00 A, B, D 08:30 A, B, C, D 07:30 A, B, C, D 
13:00 A, B, D 09:15 A, B, D 08:45 A, B, C, D 07:45 A, B, C, D 
13:15 A, B, D 09:30 A, B, D 09:00 A, B, C, D 08:00 A, B, C, D 
13:30 A, B, D 09:45 A, B, D 09:15 A, B, C, D 08:15 A, B, C, D 
13:45 A, B, D 10:00 A, B, D 09:30 A, B, C, D 08:30 A, B, C, D 
14:00 A, B, D 10:15 A, B, D 09:45 A, B, C, D 08:57 A, B, C, D 
14:15 A, B, D 10:30 A, B, C, D 10:00 A, B, C, D 09:00 A, B, C, D 
14:30 A, B, D 10:45 A, B, C, D 10:15 A, B, C, D 09:15 A, B, C, D 
14:33 A, B, D 11:00 A, B, C, D 10:30 A, B, D 09:30 A, B, C, D 
14:47 A, B, D 11:15 A, B, C, D 10:45 A, B, D 09:45 A, B, C, D 
15:00 A, B, D 11:31 A, B, C, D 11:00 A, B, C, D 10:00 A, B, C, D 
15:15 A, B, D 11:45 A, B, C, D 11:15 A, B, C, D 10:15 A, B, C, D 
15:30 A, B, D 12:00 A, B, C, D 11:30 A, B, C, D 10:30 A, B, D 
15:45 A, B, D 12:15 A, B, C, D 11:45 A, B, C, D 10:45 A, B, C, D 
16:00 A, B, D 12:30 A, B, C, D 12:00 A, B, C, D 11:00 A, B, C, D 

  Cloudy - 12:15 A, B, C, D 11:15 A, B, C, D 
  13:30 A, B, C, D 12:30 A, B, C, D 11:30 A, B, C, D 
  Cloudy - 12:45 A, B, C, D 11:45 A, B, C, D 
    13:00 A, B, C, D 12:00 A, B, C, D 
    13:15 A, B, C, D 12:15 A, B, C, D 
    13:30 A, B, C, D 12:30 A, B, C, D 
    13:45 A, B, D 12:45 A, B, C, D 
    14:00 A, B, D 13:00 A, B, D 
    14:15 A, B, D 13:15 A, B, D 
    14:30 A, B, D 13:30 A, B, D 
    14:45 A, B, D 13:45 A, B, D 
      14:00 A, B, D 
      14:15 A, B, D 
      14:30 A, B, D 
      14:45 A, B, D 
      15:00 A, B, C, D 

 
 

Table 4.9.  15 July SEN2FLEX data (Mission-2) 

15  July  2005 
GMT Measurements 
09:30 A, B, D 
09:37 A, B, D 
09:47 A, B, D 
10:00 A, B, D 
10:15 A, B, D 
10:30 A, B, D 
10:45 A, B, D 
11:00 A, B, D 
11:15 A, B, D 
11:30 A, B, D 
11:45 A, B, D 
12:00 A, B, D 
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4.1.6 CNR IIA LARA & IMAA MEASUREMENTS (MISSION-2) 

Assessments of water vapor columnar content and Aerosol Optical Thickness from FieldSpec Pro 
FR solar direct irradiance measurements. 
 
The aim of the work carried on by the CNR IIA LARA and IMAA was estimate the Water Vapor 
Columnar Content (WVCC) and the Aerosol Optical Thickness (AOT) as function of wavelength (λ) 
through solar direct irradiance measurements from a ground-based spectrometer. The objective was to 
provide precise assessments of WVCC and AOT to be both used as input parameters of the radiative 
transfer code applied for the image atmospheric correction or to validate the WVCC and AOT values 
obtained from the image itself. Further aspect of their estimation was to validate the results of 
atmospheric models used for atmospheric corrections. 
 
 
4.1.6.1 Instruments 

FielSpec Pro FR 

The FieldSpec FR PRO (ASD) is a highly portable and multipurpose instrument and a versatile 
Spectroradiometer thanks to a fibre optic bundle for light collection. Inside the instrument, light is 
projected from the fibre optics onto a holographic diffraction grating where the wavelength components 
are separated and reflected by the detectors for independent measurements. 
The spectral range is 350 - 2500nm and the spectral sampling is approximately 1.4 nm in the VNIR and 
2.0 nm in the SWIR. The spectrum is linearly interpolated to every nanometer prior to be recorded on the 
personal computer that controls the spectrometer. 
 

 
Figure 4.9. ASD- FieldSpec FR PRO 

 
4.1.6.2 Data Acquisition 
 
The ASD (Figure 1) was positioned at the atmospheric test site where CIMEL, LICOR and MICROTOPS 
had been already set up. Data were collected tracking the Sun from 11th to 15th July 2005, about every 15 
minutes. The ASD together with the CIMEL and MICROTOPS measurements were acquired 
simultaneously. 
In order to measure the solar direct spectral irradiance by ASD, the Spectroradiometer was mounted on a 
tripod and accomplished by a combination of a) a diffuser to measure total down welling irradiance and 
b) a collimator with a FOV of approximately 00.1  to acquire only solar direct irradiance component. On 
the top of the collimator a pinhole and a target allow us to make a precise alignment to the Sun. 
An example of ASD solar irradiance spectrum is plotted in Figure 4.10; the units of measurements of 
ASD irradiance are nmmW 2 . 
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Figure 4.10. Example, ASD solar direct irradiance acquired in 

Barrax. 

 
Water vapor columnar content 
 
The ASD operating in the strong water vapor absorption vibrational band ( nm936 ) has been used to 
determine the water vapor amount in the atmosphere when the path to the Sun is clear of clouds. 
The method applied, Split Window, to determine atmospheric water vapor amount uses solar radiometers 
simultaneously by measuring differential solar transmission in two bands, on and near the nm936 . The 
aim of this method is the existence of a relationship between the water vapor columnar content and the 
intensity of radiation along sun-sensor direction in the water absorption band. The Split Window method 
defines a linear relationship between W  and the irradiance in two channels: one in atmospheric window 
( nm890 ) and the other one in absorption band ( nm936 ). 
 
The Split Window equation is: 

( )[ ] ( )[ ]nmnmnmnmnmnm EEEbEEEaW 9368909369368908901 −⋅+−⋅=  

where nmE890 , nmE936  are the irradiance in atmospheric window and in water absorption band. W is the 

total atmospheric columnar absorption due to water vapor. The coefficients a  and b  are retrieved from a 
linear multiple regression applied to the equation  for simulated irradiance obtained by means of 
MODTRAN (Moderate Resolution Transmittance Code) code. Both coefficients were then employed to 
assess the W  based on each ASD irradiance measurements of SEN2FLEX campaign (Mission-2). 
 
Aerosol optical thickness.  
 
Under cloudless sky conditions, direct beam radiation constitutes most of the incoming solar shortwave 
radiation. Moreover, its measurement can be used to get information on probable atmospheric conditions 
(e.g., gaseous amounts and turbidity). The beam irradiance received at ground level by a normal surface 
to the sun’s rays (or “beam normal irradiance”) at wavelength _ is given by Beer-Lambert-Bouger law: 

λλλλλλλ awnRnbn TTTTTEE 00=  

where λnE0  is the extraterrestrial irradiance adjusted for the actual Sun-Earth distance. The other factors 
are the transmittances for the different extinction processes considered here: 

iim
i eT τ
λ

−=  

where i  is referred to RayleighRi =≡ , aerosolai =≡ , 3OOi =≡ , 2NOni =≡ , OHwi 2=≡ , 

MixedGasesgi =≡ . im  is the refracted path length of ith constituent through the atmosphere (or air 
mass) and iτ  is optical thickness for ith constituent at the time of acquisition. 
 
The consideration of separate optical masses improves the model accuracy; the optical mass formulae 
have been fitted with good accuracy by  
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−
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where Z  is the zenith angle and the coefficients ija  are tabulated. 
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The AOT is retrieved by solving eq. (3) for each ASD irradiance λE , acquired during SEN2FLEX 
campaign: 

( ) ( )[ ]wwggOONONOnaeraer mmmmEEm τττττ λλλ −−−−=
33220ln1  

 
 
4.2 EXPERIMENTAL RESULTS 
 
4.2.1 VERTICAL PROFILES OF ATMOSPHERIC CONSTITUENTS FROM LIDAR AND   

SOUNDING MEASUREMENTS 
 
In a preliminary analysis of the data, evidence of the arrival of a Saharan dust intrusion was found. It 
affected the vertical distribution of aerosols on days 13th to 15th. 
 

 
Figure 4.11. Temporal variation of the atmospheric aerosols structure provided by the CIEMAT lidar 

during the last three days of the SEN2FLEX-2005 campaign. 
 
 
Figure 4.11, a color-coded plot of the extinction coefficient vertical profiles obtained by interpolating all 
the lidar measurements, shows the boundary layer evolution from the 13th to the 15th of July. The 
horizontal axis represents time and the vertical axis is height above ground level. The color represents the 
extinction coefficient, expressed as Mm-1. The white spots on the 13th morning are clouds. The inversion 
algorithm performs poorly in this situation, providing low extinction coefficient values below the cloud. 
A relevant vertical structure was found on day 14th, with a high aerosol load layer located between 1.5 
and 4 km and probably decoupled from surface. Such structure can be due to the arrival of dust-rich air 
mass from the Sahara. Further analysis of the whole set of atmospheric data, supported by back 
trajectories, meteorological models (SKIRON, DREAM) and satellite images (SeaWifs, TOMS) are 
required. During the night of the 14th and the 15th morning, the aerosol load in the boundary layer 
decreased slowly, leaving a residual layer above it, as it can be seen in the right-most part of the figure.  
 
Figures 4.12, 4.13 and 4.14 show a comparison of the radio sounding data and aerosol profiles. The 
virtual potential temperature (θ) was calculated from the temperature and relative humidity values at each 
height in order to identify the mixing layer, where it remains constant. In Figure 4.12, the convective 
layer reaches 1200 m, with low wind speeds without defined direction component. Above this layer, 
another layer with constant θ = 310 ºK and west-component winds with speed over 5 m s-1 extends up to 
3700 m, where the free troposphere begins. The lidar profile shows the aerosol loading in both layers, 
which, along with the relative humidity profile, suggest that the second layer is probably a residual layer 
from the previous day. The aerosol loading of the residual layer must be considered on atmospheric 
correction algorithm, therefore, the aerosol vertical profiles should be directly measured, instead of rely 
on meteorological data, as many radiative transfer codes do.  
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Figure 4.13 shows the radio sounding launched during the 12th night, an exceptional feature of this 
campaign. The sharp decrease in θ between 1 Km down to ground level, caused by the surface cooling 
after sunset, can be clearly seen. The residual layer reaches 4.5 Km. The lidar profile indicates the 
presence of a cloud between 3 and 5 Km, by a large increase in the extinction coefficient values, up to 
1000 Mm-1(0.001 m-1).  
 
The relative humidity measured by the sonde inside the cloud reached only 80%, which might indicate an 
underestimation of this parameter by the sonde sensor. This has been previously suggested when the 
precipitable water is calculated from the radio sounding values, providing systematically lower values 
than solar measurements or satellite products. Another relevant feature of this sounding is the presence of 
a nocturnal low-level jet at about 150 m above surface, with peak wind speed of 7 m s-1. This 
phenomenon is well-documented on the La Mancha site2. 
 

 
Figure 4.12. Comparison of the radio sounding data (virtual potential temperature (in red) and wind 
direction (in green) and speed (in blue)) launched at 12/07/2005 10:48 UTC with the aerosol vertical 

profile (in black) provided by the lidar system at 10:47 UTC. The relative humidity vertical profile has 
been plotted in this last panel, in order to show the coincidence between both vertical distributions. 

 
Figure 4.14 shows the vertical profile of the atmosphere once the Saharan intrusion reached the site. The 
radio sounding indicates a small boundary layer, up to 1300 m, with slightly decreasing aerosol loading. 
A transition layer, from 1300 to 2500 m and another layer above it with high aerosol load and relative 
humidity. This two-fold layer is probably a transport layer with desert dust. As it was mentioned before, 
deeper analysis of the whole set of atmospheric data are required.  
 
Figure 4.15 show the vertical profiles of the water content measured on day 12th night and 15th at the 
satellite overpass time and the standard atmospheres profiles taken from McClatchey3. The 12th of July 
nocturnal profile is midway between the Sub-Artic Summer and the US62 atmospheres, up to 2 km, with 
a large increase in the precipitable water content from there, where the lidar detected the presence of 
clouds along most of the time that night. The 15th of July profile clearly shows the two layers structure 
created by the arrival of an air mass from the Sahara. A first layer, up to 2 Km, nearly follows the Sub-
Artic Summer profile, followed by a sharp drop in the absolute humidity values and another layer from 3 
to nearly 8 Km with unusually high values, created by the transport of an air mass from the south. The 
integral of these profiles can be compared with the standard atmosphere values in order to select the most 
suitable for atmospheric correction. In this case, it will be the Sub-Artic Summer atmosphere. 
 
Values for other days were tabulated on the last column of Table 4.2 and may be compared with those of 
the standard atmosphere indicated in the Figure 4.15. 
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Figure 4.13.Comparison of the radio sounding data (virtual potential temperature (in red) and wind 

direction (in green) and speed (in blue)) launched at 12/07/2005 21:39 UTC with the aerosol vertical 
profile (in black) provided by the lidar system at 21:38 UTC. The relative humidity vertical profile has 

been plotted in this last panel, in order to show the coincidence between both vertical distributions. 
 
 

 
Figure 4.13.Comparison of the radio sounding data (virtual potential temperature (in red) and wind 

direction (in green) and speed (in blue)) launched at 14/07/2005 10:50 UTC with the aerosol vertical 
profile (in black) provided by the lidar system at 10:49 UTC. The relative humidity vertical profile has 

been plotted in this last panel, in order to show the coincidence between both vertical distributions. 
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Figure 4.15. Comparison of the measured water content profile with the standard atmospheres. 

Precipitable water values are integrated between 1 and 12 km: (a) 12/07/05 ;(b) 15/07/05. 
 
 
4.2.2. CNR IIA LARA & IMAA MEASUREMENTS PRELIMINARY RESULTS. 
 
A comparison was made between the water vapor measured by MICROTOPS,

MICW , and by 
ASDW , both 

simultaneously taken. The 
ASDW  was generally estimated lesser than the one measured with the

MICW . The 
differences varying between a few percent up to 10%. The difference (Table 1) was calculated through 
the relationship: 
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Where 

MICW  is the water vapor measured with MICROTOPS and ASDW  estimated with Split Window 
method applied to ASD irradiance. 

 
Table 4.10: Difference between ASD results and MICROTOPS measurements. 
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4.3. CONCLUSIONS 

 
The set of experimental data obtained by the atmosphere group allows a suitable characterization of the 
atmosphere in terms of the required inputs for atmospheric correction codes. The preliminary analysis of 
the lidar data has shown evidence of the arrival of a Saharan dust intrusion during the campaign. It 
affected the vertical distribution of aerosols on days 13th to 15th. In these conditions, the aerosol loading 
of the transport layer is higher than in the mixing layer and must be considered on atmospheric correction 
algorithm. Therefore, the aerosol vertical profiles should be directly measured, instead on rely on 
meteorological data, as many radiative transfer codes do, because that will not inform on the aerosol 
distribution on elevated layers. The precipitable water values obtained by integrating the water vapor 
vertical profiles show that the Sub-Artic Summer standard atmosphere model is the most convenient to 
depict the atmospheric conditions over Barrax during the campaign, although there was a different water 
profile evolution for each day and a large variability in the range of values. Also, some evidence of an 
underestimation of the relative humidity measured by the sonde was found, as it only reached 80% inside 
clouds.  
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Chapter 5 - GROUND RADIOMETRIC MEASUREMENTS 
 

5.1 SOLAR RANGE GROUND RADIOMETRIC MEASUREMENTS 

Measurements of leaf reflectance and transmittance, and canopy reflectance were made on several crop 
types during the SEN2FLEX field campaign, which took place at Barrax from July 11-15, 2005. These 
measurements were carried out by the Dept. of Geography from University College London (UCL) and 
Laboratory for Earth Observation (LEO) from University of Valencia. They were made with two ASD 
FieldSpec Pro Spectroradiometer, which records radiation from 350-2500nm.  Various crop types were 
measured throughout the week and these are listed in Table 5.2. In addition, some soil and litter 
reflectance spectra were taken in a few of the fields, where it was considered that the soil/litter would 
have an impact on canopy reflectance. 

5.1.1 Instrumentation 
 
· ASD FieldSpect Pro FR Spectroradiometer 

 
The FieldSpec Pro (Figure5.1) is a highly portable, general-purpose spectroradiometer, a fiber optic 
bundle for light collection. Inside the instrument, light is projected from the fiber optics onto a 
holographic diffraction grating where the wavelength components are separated and reflected for 
independent measurement by the detectors. The response of each detector is digitized to 16-bit precision. 
 
The Visible/Near Infrared (VNIR) portion of the spectrum, the 350-1050 nanometer wavelength domain, 
is measured by a 512-channel silicon photodiode array. Each channel is geometrically positioned to 
receive light within a narrow (1.4 nm) bandwidth. The VNIR spectrometer has a spectral resolution 
(FWHM of a single emission line) of approximately 3 nm at around 700 nm. 
 
The Short-Wave Infrared (SWIR), also called Near Infrared (NIR), portion of the spectrum is acquired 
with two scanning spectrometers. These differ from the array used in the VNIR in that they measure 
wavelengths sequentially, rather than simultaneously. Each spectrometer consists of a concave 
holographic grating and a single thermoelectrically cooled indium gallium arsenide (InGaAs) detector. 
The gratings are mounted about a common shaft that oscillates with a period of about 200 milliseconds 
(100 ms/scan). Unlike the VNIR, each SWIR spectrometer has only one detector, which is exposed to 
different wavelengths of light as the grating oscillates. The first spectrometer (SWIR1) measures light 
between about 900 – 1850 nm; the second (SWIR2) covers the region between about 1700 – 2500 nm. 
The sampling interval for each SWIR region is about 2 nm, and the spectral resolution varies between 10 
nm and 12 nm, depending on the scan angle at that wavelength. 
Light may be collected with a bare fiber optic that has a field of view (FOV) of 25 º or with the use of 
fore-optic devices, which provide FOV of 8º or 1º, and Remote Cosine Receptors (RCR) for full-
hemisphere albedo measurements. 
 

Figure 5.1. ASD FieldSpect Pro-FR 
Spectroradiometer 
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· GER 3700 Spectroradiometer 
 
The GER 3700 Spectroradiometer (Figure5.3), with a spectral range of 300 to 2500 nm, has 704 
measurement channels. Spectral resolution of 1.5 nm from 300 to 1050 nm, 6.5 nm from 1050 to 1900 nm 
and 9.5 nm from 1900 to 2500 nm. Their scan time is 50 ms and it has a field of view (FOV) of 6º 
circular. Spectrum averaging is selectable from 4 to 9. 

 
 

· Spectralon reference panel 

Physical Properties 

• Density: 1.25 - 1.5 g/cm3  

• Water Permeability: <0.001% (Hydrophobic)  

• Hardness: 20 - 20 Shore D  

• Coefficient of Linear Expansion: 5.5 - 6.5 x 10(-5) in/in-F°, 10(-40)C(-1)  

• Thermal Stability: to 350°C  

• Vacuum Stability: No out gassing except for entrained air  

• Flammability: Non-flammable (UL rating V-O) 

 
 
Spectralon reflectance material is a perfectly diffuse reflecting material that is ideal for applications 
ranging from the UV-VIS to the NIR-MIR wavelength region. Spectralon is a highly lambertian, 
thermoplastic material that can be machined into a wide variety of shapes to suit any reflectance 
component requirement. Typical applications include back-light illuminators, lamp housings, integrating 
spheres, laser cavities and calibration targets. Three grades of Spectralon reflectance material are 
available for component fabrication.  
 
· Transmittance/Radiance images using electronic tunable filters. 
 
Hyperspectral images of leaves were acquired by the ATFS System developed by the GPDS Group of the 
University of Valencia. The ATFS System acquires images sequentially at different spectral wavelengths 
in the visible and near infrared range of the electromagnetic spectrum. The spectral selection is performed 

Figure 5.2 GER 3700 
Spectroradiometer 
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by an acousto-optic tunable filter (AOTF), which is driven by a custom radio-frequency generator. The 
images are formed through a carefully designed optical layout and acquired with a high performance 
digital camera (Coolview EM1000/TV from Photonics Science). The application software controls the 
instrument and acquires the raw spectral images from the camera. This software optionally corrects the 
image for the AOTF non-idealities, such as diffraction efficiency variations, spatial non-uniformity, and 
chromatic aberration, and generates a single multiband image file. This file is in ENVI format (header file 
‘*.hdr’ and a file data ‘*.bsq’). In the header file are included the exposure times of the acquired images 
in “Band names” metadata. 
 

 
Figure 5.3. ATFS set-up for measuring leaf reflectance 

 
Main ATFS characteristics of the acquisition mode used in SEN2FLEX: 

• Spectral Range:450-800 nm 

• Bandwidth: 10 nm  

• Spectral sampling: 10 nm 

• Spectral Bands: 36 bands 

• Spectral bands are acquired sequentially. 
  

Main characteristics of the Firewire CoolView EM1000/TV camera: 
• Image size: 1000x1000 pixels (8.5 x 8.5 cm2) 

• Spatial resolution: 85 µm/pixel 

• Spectral response: 400nm-1080nm 

• Digitalization: 16 bits 
 
· Description of OKSI LCTF 
 
A LCTF is formed by a stack of polarizer and tunable retardation liquid crystal plates. Combining the 
transmission of all the plate only a narrow band can be transmitted. Changing the band pass is very fast 
(~50 msec). We used the OKSI hyperspectral camera, which uses a pair of VarisPec Tunable Imaging 
Filter from Cambridge Research, Inc., one covers the VIS range and the second one the NIR. 
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Table 5.1.- Charactersitics for tjhe Varispec LCTF 
Spectral range Bandwidth 

400-720 nm 5 nm 
650-1050 nm 7 nm 

 
 

 
 

 
Figure 5.4.VIS filter and the VIS/NIR control units. 

 
· Description of Brimrose AOTF. 
 
The “AOTF Camera Video Adapter CVA-100” from Brimrose is a sealed unit that contains AOTF 
modular, relay optics, zero-order stop and CCD camera interface. It has a front aperture and a back 
aperture to connect, respectively, a camera objective and an optical sensor. The optical device is 
controlled by an AOTF Driver with a frequency range from 69 MHz to 219 MHz. This equipment has the 
following specifications: 
 

–Aperture size: 10x10 mm. 
–Wavelength range: 400 - 1000 nm. 
–Spectral resolution: 4.5 nm @ 800 nm. 
–Drive frequency: 90 to 210 MHz. 

 
· Camera 
 
The camera used to acquire the spectral bands is a 12-bit resolution Qimaging Retiga EX with the 
following features: 

• 1360x1036 pixels. 
• High Quantum efficiency. 
• FireWire IEEE 1394 digital interface 
• High-Speed low noise electronics 
• Exposure/Integration control 40 µ seconds to 15 minutes 
• 5 fps in 12-bit mode 

 

 
Figure 5.5. (a) Brimrose AOTF Video adapter with a B/W Firewire camera.(b) Monochrome video 

camera 
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5.1.2 Data Acquisition 
 
Optical radiometric measurements were performed with three objectives in mind: 
 

- Radiometric calibration of air and spaceborne sensors imagery. 
- Radiometric characterization of main crops in test area. 
- Transmittance and reflectance at leaf level under controlled conditions. 

 
For calibration purposes appropriate homogeneous fields were identified for measurements in a time-span 
of one hour before and after the overpass of sensors, in a daily basis. 
Reference fields were plowed bare soils (if they do not present strong color changes), alfalfa fields and 
dense grass fields. The size of the fields was taken into account in order to assure that they at least double 
the pixel size of the corresponding sensor each day. 
 
The sampling strategy was to cover the fields in transects with continuous measurements, making several 
stops at random to take white reference radiance and a larger number of samples of the same spot for 
greater accuracy. The radiometers used for these measurements were the ASD-FSFR.  For the 
characterization of vegetation, a number of significant crops were determined in coordination with the 
teams in charge of vegetation measurements. In them separate measurements took place of soil and 
canopy under sun and shadows conditions. The radiometers involved were the ASD-FSFR, ASD-HH, and 
GER3700. The GER was place on top of a crane in order to measure over tall crops, with capability for 
angular measurements. 
 
The ATFS System was used to analyze crops from some reference fields of the campaign. From these 
fields, several leaf samples were collected and preserved for imaging spectrometric measurements. These 
measurements took place in a dark room specially set for this purpose in a building of the ITAP at the test 
area. 
 
The experimental set-up of the elements (light source, sensor, sample and white reference) was designed 
to measure both reflectance and transmittance of leaves. The light source had two changing positions 
which allowed recording of reflectance and transmittance images without moving the samples. Special 
care was taken to avoid specular reflections of the light on the leaves. The leaf sample was placed at a 
fixed distance from the spectrometer and it was acquired in the adaxial (front) and abaxial (back) sides of 
the leaf. Figure 5.6 shows the optical set-up used to measure leaf reflectance and transmittance. The light 
source pointed directly to the leaf sample in reflectance measurements. In transmittance measurements, 
the light illuminated the white reference panel, then the reflected light crossed the leaf sample and finally 
the transmittance image was acquired by the AOTF System. 

 

 
Figure 5.6. SmartSpectra set-up for measuring leaf reflectance (left) and transmittance (right). 

 
To calculate the reflectance (or transmittance) of an object, both the reflectivity (or transmission) and the 
white reference images must be recorded. The reflectance or transmittance associated with the object is 
the pixel-to-pixel quotient between the two images (object reflectivity and white reference). Such a pixel-
to-pixel ratio gives a 2-D distribution of the reflectance (or transmittance). The system records two 
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images, one for the white reference (IW), which also contains the spatial non-homogeneity pattern, and 
another for the object of study (IO). A further two offset images corresponding to the white reference and 
the object (DW and DO) are recorded by setting zero the power at the AOTF generator, to compensate for 
the stray light. Equation 1 is applied to calculate R, where the quotient is executed pixel to pixel. The 
spatial non-homogeneity is therefore corrected automatically. The same procedure is carried out when 
calculating transmittance.  
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The FieldSpec Pro FR from Analytical Devices Inc (www.asdi.com) was used at the same time that we 
measured with the AOTF sensor. This makes possible a comparative measurement between the spectrums 
of both sensors. As the FieldSpec is a punctual spectrometer, we need to integrate the same area took by 
this instrument in the AOTF image. Note in Figure 5.7 that the two spectrums are quite similar. 
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Figure 5.7 (left) The red circle shows the area integrated in the AOTF image in order to obtain the same 
spectrum using the FieldSpec. (right): comparative between the spectrums of the FieldSpec instrument 

(magenta dashed line) and the integrated spectrums of the AOTF (blue line) of a sugar beet leaf. 
 

 
Figure 5.8 shows the acquired image dataset and Figure 5.9 an example of the reflectance and 
transmittance in both leaf sides. These images provides a spatial and spectral characterization of the same 
species that were measured during the campaign 
 

 
Figure 5.8. Image of the acquired leaves. 

 

Sunflower Vineyard Potato Onion 

Alfalfa Garlic Corn Sugar beet

ASD 
FOV 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 86 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

 
Figure 5.9. Illustration of reflectance and transmittance images acquired per leaf. 

 
The measured samples were: 
 

Crop Site Code Coord(UTM-E,UTM-N) Images 
Alfalfa A-2 569230  4320809 4 [L1,L2,L3,L4] 
Garlic G-1 568812  4320809 2 [L1,L2] 

Sugar-beet SB-1 570483  4321597 4 [L1,L2,L3,L4] 
Corn C-9 596144  4330287 2 [L1,L2] 

Sunflower SF-1 575242  4326009 2 [L1,L2] 
Vineyard V 577713  4323840 2 [L1,L2] 

Potato P1 579830  4323238 2 [L1,L2] 
Onion On-3 576002  4324786 2 [L1,L2] 

 
 
Spectral reflectance of festuca at the lysimetric station was conducted by IDR team by using the GER 
3700 spectrometer (GER, Millbrook, NY, USA). This spectrometer is equipped with a 10º fore optic and 
operated mounted on a fixed tripod 1.75 m above the ground. This configuration is equivalent to a 
footprint of about 0.49 m2. The target to be scanned can be accurately positioned through a laser sighting 
and completely identified through a Qimaging Camera (QIMAGING, Burnaby, BC, Canada) which was 
mounted on the GER 3700 external receptacle. This camera allows us to perform snapshots of the target 
concurrent to the spectral reflectance measurements.  
 

 
Figure 5.10. Spectral reflectance obtained in festuca on 01/06/2005. 

 

Reflectance Adaxial  Reflectance Abaxial

Transmittance AbaxialTransmittance AdaxialTransmittance AbaxialTransmittance Adaxial

Reflectance Adaxial  Reflectance Abaxial
Sugar beet leaf Sunflower leaf 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 87 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

These snapshots were used for the calculation of the fractional green cover. The GER 3700 incorporates 
three detectors: (1) a 512 element silicon detector array that covers the 300 nm to 1050 nm wavelength 
range with a spectral resolution of 1.5 nm, (2) a 128 PbS detector array that covers the 1050 nm to 1900 
nm with a sampling interval of 6.5 nm, and (3) a 64 PbS detector array that works in the 1900 nm to 2500 
nm with a sampling interval of 9.5 nm. 
 
Example of reflectivity data obtained with the GER3700 by IDR team: 
 

///GER ASCII FILE/// 
name= festuca.7 
instrument= 3700: 1031 
time= 01/06/2005 15:13:17 
averaging= 4,4 
Si integration Speed= 5,1 
PbS integration Speed= 8,8 
optic= 3,3 
temperature=32.33, 32.94, 32.29,32.34, 32.94, 32.3, 
matchfactor= 0.9020, 1.0484, 0.9020 
comm=  
data=  
331.26   4042      423        10.47 
332.48   4323      506        11.70 
333.71   5224      598        11.44 
334.94   5914      618        10.46 
336.17   6829      725        10.61 
337.41   7880      791        10.03 
338.65   8757      890        10.17 
339.89   10527     984        9.35 
341.14   11408     1045       9.16 
342.39   13370     1106       8.28 

 
UCL Leaf Reflectance/Transmittance and Top-of-Canopy Reflectance data acquisition 
 
(a)Leaf reflectance and transmittance spectra 
 
Leaf reflectance and transmittance measurements were done during Mission 2 in coordination with the 
groups in charge of biophysical parameters retrieval. The data were collected using two methods: 1) with 
the ASD FieldSpec Pro attached to a contact probe and leaf clip, and 2) with the ASD FieldSpec Pro 
connected to an integrating sphere. The quality of the spectra obtained from the second method is not 
very high, which we suspect is due to a weak signal from the light source. Leaf spectra collected using the 
leaf clip and contact probe however, are generally of high quality. Quality assessment is ongoing with 
these spectra.   
 
Using the leaf clip and probe, measurements were made in the field, with the leaves still attached to the 
plant, thereby avoiding damage to the plants. As such, it may be considered that the spectra collected 
represent actual conditions. Leaf samples for use with the integrating sphere, however, were brought back 
from the field to the dark laboratory. The majority of leaf spectra were obtained using the leaf clip and 
probe, owing to the shortcomings of the bulb in the integrating sphere (Table 5.1). For both methods, 
measurements were made of the ad axial and abaxial surfaces of the leaves, and, where possible 
(dependent upon leaf size), the bottom, middle, and top sections of the leaves. 
 
 (b)Canopy reflectance spectra 
 
Top of canopy (TOC) reflectance measurements were collected over the crop types listed in Table 5.2 and 
Table 5.3. Measurements were collected in raw digital number (DN) mode, and a Spectralon panel was 
used as the reflectance reference. Generally these TOC data are of high quality, and Figure 5.12 displays 
the mean spectra obtained from three different crop types.  
 
Within each field the team was to walk around trying to pass over areas representative of the natural 
variability (whenever the crop allowed for it) stopping at a number of spots where three measurements 
had to be taken standing still with a measurement of a white reference at start and end (total of 5 
measurements), and marking the spot by GPS localization. These measurements are considered to be the 
most accurate ones, as the time to take them is very short and the white references assure that possible 
rapid changes in illumination are taken into consideration, but each only covers an area smaller than 1 m2, 
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which is not always the most appropriate size for certain surface types were the elements involved are 
approximately of that size (such as crops planted in rows). 
 
In order to capture the local variability the instruments were to be kept measuring while walking between 
spots, setting the integration time to allow covering several meters during each single measurement. 
These measurements, that are representative of an area similar to the airborne sensors spatial resolution, 
have proven to give better results in fields with a large small-scale variability. 
Also, the distance between spots is large; therefore there are many measurements collected continuously 
while walking in transects. These transects give a good indication of the large-scale variability in the 
field. 
 
A drawback for this way of measuring is that no white reference is taken, except those at transect’s start 
and end (corresponding to the static measurements described above). This fact makes necessary 
interpolating the white reference samples in order to obtain ground reflectance, and any contribution to 
variability due to illumination changes cannot be noted. 
 
Most measurements were supported by GPS positioning, for better calibration and validation of 
air/spaceborne imagery. A map with the radiometric sampling is shown in Figure 5.11. 
 
Additional measurements 
 
The GPDS group from University of Valencia designed and built a robotic device (RoboScan) that allows 
attaching the radiometer’s fiber optic and performs programmed pointing and scanning. With RoboScan 
angular measurements were made in the solar principal and normal planes of different surface types: 
festuca, wheat and bare soil. Also, a scan of the festuca field at the lysimeter station was taken. The scan 
mode of RoboScan produces a hyperspectral image simulating a photographic camera (Figure 5.13). 

 
Table 5.2.  Summary of spectral measurements made during the SEN2FLEX Mission 1 field campaign,  

1-3 June 2005. 
Site 1 June 2 June 3 June Notes 

Bare Soil (BS1) X X  Next to thermal measurements 
Bare Soil (BS2) X X X  

Festuca (F) X X X Lysimeter station 
Wheat (W2)  X  After irrigation 
Wheat (W5)  X   
Corn (C1)  X  Diagonal and perpendicular to rows 

 
 

 
Figure 5.11. GPS position of radiometric measurements in Mission 1. 

 
 
 
 
 

Table 5.3.  Summary of spectral measurements made during the SEN2FLEX Mission 2 field campaign,  
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11-15 July 2005. 
 Measurement and Date 

Site and Code Leaf reflectance 
probe 

Leaf reflectance 
integrating sphere 

Canopy/Surface 
reflectance 

Alfalfa 2 (A2) 
   

X 
(12 July UCL) 
(14 July LEO) 

Alfalfa (A4)   X 
(14 July LEO) 

Harvested Alfalfa (A5)   X 
(13 July LEO) 

Alfalfa (A7)   X 
(14 July LEO) 

Harvested Barley 
(HB1)   X 

(13 July LEO) 

Sugar Beet 1 (SB1) X 
(12 July UCL) 

X 
(15 July UCL) 

X 
(13,14 July UCL) 

Onion 1 (O1) 
   X 

(13 July UCL) 
Wheat 1 (W1) 

   X 
(13 July UCL) 

Garlic 1 (G1) 
 

X 
(11, 12 July UCL)   

Corn 1 (C1) 
 

X 
(12 July UCL)   

Corn 6 (C6) 
 

X 
(14 July UCL)  X 

(14 July UCL) 
Corn 7 (C7) 

 
X 

(14 July UCL)  X 
(14 July UCL) 

Vineyard 1 (V1) 
   X 

(14 July UCL) 
Vineyard 1 

Goniometer (V1)   X 
(15 July UCL) 

Festuca (F)   X 
(12, 13 July LEO) 

Bare Soil (BS1)   X 
(12 July LEO) 

Bare Soil (BS3)   X 
(13 July LEO) 

 
 

Figure 5.12.  Mean top of canopy reflectance spectra for three field crops, sugar beet 1 (SB1), Onion 1 
(O1), and Alfalfa 2 (A2), collected during the SEN2FLEX field campaign in July 2005. 
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Figure 5.13. Hyperspectral panoramic image of the lysimeter field taken with RoboScan in real color 
(above) and color composite of VIS, SWIR1 and SWIR2 (bottom). 

 
5.2 GROUND MEASUREMENTS IN THE OXYGEN A AND B ABSORPTION BANDS:THE 
TERFLEX INSTRUMENT  
 
 
The TERFLEX instrument: 
The TERFLEX instrument was the second passive fluorescence sensor operating in the atmospheric 
Oxygen A and B bands that was used during June and July 2005 in SEN2FLEX campaign. The 
TERFLEX instrument was used to perform complementary measurements, from the ground, on a 
reference panel and/or on the grass (Festuca). 
 
Description of the instrument: 
The TERFLEX instrument has identical optical characteristics than AirFLEX. The only difference 
consists in the data acquisition system and the software. 
 
 

 
Figure 5.14. TERFLEX instrument installed in the Las Tiesas-Anchor site. 
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Measurement protocol: 
 
During SEN2FLEX campaign, the TERFLEX instrument was aimed to perform correlated measurements 
with the airborne records (AIRFLEX instrument measurements) and also to perform diurnal cycle 
measurements. The TERFLEX instrument was installed at the Las Tiesas-Anchor site (Barrax, Spain), 
few meters from the Lysimeter permanent meteorological station (39° 03’ 30’’ N; 2° 05’ 24’’ W).  
 
The instrument was installed on the ground in a vertical position: at around 1 m height from the ground. 
At that height, the spot size (or the field of view) on the target was about 20 cm. During all the campaign, 
the instrument was north-to-south oriented to avoid any shading of the target. During the first part of the 
campaign (June 2005), the measurements were performed on a reference panel only (Diurnal cycles on a 
Spectralon panel). During the second part of the campaign (July 2005), the measurements were performed 
alternatively on the grass (Festuca) and on a light reference panel. This reference panel has similar optical 
characteristics than the Spectralon and was controlled by a step motor to make alternated measurements 
on the target and on the reference. 
 
To ensure good correlations between the airborne measurements and the ground measurements the 
TERFLEX and AIRFLEX instruments were cross-calibrated during several diurnal cycles on the 
Spectralon panel. 
 
List of measured parameters 
 

-Tiempo: Time 
-F760m: Flux measured in the depth of the A band at 760 nm, 
-B760m: Flux measured at the edge of the A band at 760 nm, 
-F687m: Flux measured in the depth of the B band at 687 nm, 
-B687m: Flux measured at the edge of the B band at 687 nm, 
-R695m: Flux measured at 695 nm, 
-R770m: Flux measured at 770 nm, 
-Tdiodes: Average temperature of the photodiodes. 

 
List of corrected parameters 
 

-F760Cor: Flux in the depth of the A band (at 760 nm) corrected by the black body, 
-B760Cor: Flux at the edge of the A band (at 760 nm) corrected by the black body, 
-F687Cor: Flux in the depth of the B band (at 687 nm) corrected by the black body, 
-B687Cor: Flux at the edge of the B band (at 687 nm) corrected by the black body. 

 
 
Data recorded 
 
 

Date Time Period Target 
01/06/2005 Diurnal Cycle Spectralon Panel 
02/06/2005 Diurnal Cycle  Spectralon Panel 
03/06/2005 Diurnal Cycle Spectralon Panel 

   
12/07/2005 Diurnal Cycle Grass/ Reference Panel 
13/07/2005 Diurnal Cycle Grass/ Reference Panel 
14/07/2005 Diurnal Cycle Grass/ Reference Panel 

 
 
Fluorescence spectra measurements in the fields 
 
Passive measurements of Chl fluorescence in the atmospheric Oxygen absorption bands provided the 
fluorescence fluxes at 687 and 760 nm, from which the fluorescence ratio F687/F760 was determined.  
 
This ratio is one of the major fluorescence signatures of the vegetation. Ground measurements at the leaf 
level were required to assess this parameter in the field. Environmental conditions (temperature, solar 
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radiation) should be those prevailing at the time of flight measurement. Although fluorescence emission 
spectra are easily determined under laboratory conditions, commercially systems able to perform this 
measurement outdoors, under full sunlight illumination, are not available. 
 
To fill this gap, the LURE team adapted a portable spectrometer (USB 2000, Ocean Optics) to measure 
the fluorescence emission spectrum under full sun light illumination (Figure 5.15). 
  
 

 
 
 
 
 

Figure 5.15. Set-up of the fluorescence spectra measurement developed by the Lure team. 
The sun is used as the excitation source. The light attenuation introduced by the lowpass 

filter is exactly compensated by the light concentration operated by the lens. As a 
result, the analysed part of the leaf is under the same illumination than outside. 

 
 
 
 
 
5.3 THERMAL INFRARED GROUND RADIOMETRIC MEASUREMENTS 

 
The Global Change Unit members from the University of Valencia and other collaborators performed 
thermal measurements in the framework of the SEN2FLEX campaign. A team of 16 scientists carried out 
thermal measurements of the area to help define the need for such data on future missions. 
 
5.3.1 Instrumentation 
 
Radiometric measurements were carried out in the thermal infrared region with various instruments that 
include fixed FOV and single band or multi bands radiometers. In addiction, two thermal cameras and 
two black bodies (calibration source) for calibration purposes were used. 
 
· CIMEL CE312-1 and CE312-2 radiometers 
The CIMEL CE-312-1 and CE312-2 are radiance-based thermal-infrared radiometers composed of two 
major components: an optical head containing the detector and optics, and the electronic unit which 
performs the data storage. The CE312-1 detector includes one broad-band filter, 8-13 μm, and three 
narrower filters, 8.2 – 9.2 μm, 10.5 – 11.5 μm and 11.5 – 12.5 μm. The CE312-2 detector includes 6 
bands, a wide one, 8-13 μm, and five narrower filters, 8.1 – 8.5 μm, 8.5 – 8.9 μm, 8.9 – 9.3 μm, 10.3 – 11 
μm and 11 – 11.7 μm. An external temperature probe can be added by the user into the control unit. It 
allows collecting the temperature of an external blackbody especially for the estimation of absolute 
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emissivity. A set of different scenarios is available to collect data depending on the user desires. One 
CIMEL CE312-1 and two CIMEL CE312-2 were used during the field campaign. 

· RAYTEK ST6 Infrared radiometers 
Two portable RAYTEK ST6, single band 8–14 μm were used, one standard and other ProPlus with a 
FOV of 7º and 2º respectively and an adjustable emissivity operation mode. They range from -32 up to 
400ºC with a sensitivity of 0.1 K and an accuracy of 1K. A laser beam supports users in aiming at the 
target. Additionally, an Oakton Temp Tester I portable radiometer, with single band 8–14 μm was used. 
This radiometer has a sensitivity of 0.5K and an accuracy of 2K, with fixed emissivity value set to 1. 

· RAYTEK Thermalert MID radiometers 
Three Raytek Thermalert MID radiometers with FOV of 30º, 30º and 6º respectively were used. They 
have an infrared sensor with a single band 8–14 μm with adjustable emissivity operation mode. They 
range from -40º up to 600ºC with a sensitivity of 0.5 K and an accuracy of 1K. Additionally, 2 Everest 
radiometers model 4000, with FOV of 15º were used. 

 OPTRIS MiniSight Plus Infrared radiometers 
The OPTRIS MiniSight Plus radiometer is an infrared sensor with a single band 8–14 μm, with a FOV of 
3º, and with adjustable emissivity operation mode. It ranges from -32 up to 530ºC with a sensitivity of 0.7 
K and an accuracy of 1K. A laser beam supports users in aiming at the target. 
Five OPTRIS radiometers with the same characteristics were used during the field campaign. 

· Irisys-Iri1011 thermal camera  

It is a thermal infrared camera with a single band 8-14 μm, with an IFOV of 20º and adjustable emissivity 
operation mode. It ranges from -20 up to 200ºC with a sensitivity of 0.5K. 

Thermo Tracer TH9100 Pro thermal camera 

It is a thermal infrared camera with a single band 8-14 μm, with an IFOV of 21º×16º and adjustable 
emissivity operation mode. It ranges from -40 up to 120ºC with a sensitivity of 0.08K. A visible image 
can also be acquired simultaneously to the thermal image. 

EVEREST 1000 calibration source  
A calibration source EVEREST model 1000 was used to calibrate the radiometers. Its operating range is 
from 0ºC to 60ºC, with a sensitivity of 0.1K and an absolute accuracy of 0.3 K over entire range. 

· GALAI 204-P calibration source 
A calibration source GALAI model 204-P was used to calibrate the radiometers. Its operating range is 
from 0ºC to 100ºC, with a sensitivity of 0.1K and an absolute accuracy of 0.2 K over entire range. 
 

· LICOR LI-1000 Dataloggers 
Different Licor LI-1000 dataloggers were used to store data from the radiometers set up on the masts. 

 

· Emissivity box, cold lid and hot lid 
The central part of the emissivity box is formed by a parallelepiped whose walls are made of polished 
aluminium. Two lids are used alternatively as top of the box: the hot lid and the cold lid. Both are 
provided with central holes through which the radiometric measurements are done. The hot lid is made of 
rough aluminium painted of Parson's black and equipped with electrical resistance, a Digital Thermostat 
and 3 temperature sensors to display the hot lid temperature. The cold lid is made of polished aluminum.  

· Infragold from Labsphere Inc 

A diffuse reflectance standard plate was used to estimate the downward radiance. 

· Goniometric motorized system 
The goniometric motorized system consists of a circular shaped rail with a rotating arm installed to 
change the observation angle in the zenith and azimuth directions.  
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Figure 5.16.  Radiometers and instruments used during the SEN2FLEX field campaign. 

 
 
 
5.3.2 Measurement protocol 

 
A set of thermal radiometric measurements was carried out in the framework of the SEN2FLEX-2005 
experimental field campaign. These include brightness temperature in coincidence with plane/satellite 
overpasses (MODIS, SEVIRI, MERIS, AHS, AIRFLEX, CASI, LANDSAT7, AATSR) thermal angular 
measurements using the goniometric motorized system, thermal imagery with the two thermal cameras 
and emissivity measurements. Figure 5.17 shows the parcels where the different measurements where 
carried out and Table 5.4 shows the work plan of the field campaign, where BS is bare soil, W is wheat, L 
is lisimeter field, WB is water body, C is corn, RA is reforestation area, SC is small corn, CW is cut 
wheat, V is vineyard, YW is young wheat and CB is cut barley.  

 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 95 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

 
Figure 5.17. Location of parcels where thermal infrared measurements were performed. 

 

Table 5.4. Experimental measurements during the SEN2FLEX field campaign. 

 
 
A) Transects 

Transects were realized over selected surfaces. They were performed concurrently to the plane/satellite 
overpasses, starting half an hour before and ending half an hour after. Brightness temperatures were 
measured with field radiometers, at regular steps (3 meters) along a walk performed within a well defined 
area. Measurements of the sky down welling radiance were also performed. Figure 5.18 shows some 
preliminary results obtained from transects. 
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Figure 5.18. Surface temperature and emissivity retrieved with the TES method using the measurements 

with the CIMEL CE312-2 over different crops during 2nd July, 2005 

B) Masts 

Thermal measurements were continuously recorded with radiometers located on fixed masts 
over determined areas and periods of time, in coincidence with the plane/satellite overpasses. Figure 5.19 
shows the masts set up. 

 

    

Figure 5.19. Mast set up on bare soil (BS6), Corn (C2), Wheat (W1) and grass (L13) 

 

C) Angular Measurements 

An experimental investigation of the angular variation of the infrared emissivity of some representative 
samples at angles of 0º-60º (at 15º increments) was carried out in the solar plane and the perpendicular 
plane using the goniometric motorized system. Several series of measurements were performed and 
measurements on a diffuse reflectance standard plate (Infragold from Labsphere Inc.) were carried out. 
The two CIMEL radiometers were set up together and were used simultaneously with the Irisys thermal 
camera. 

 

D) Thermal Imagery 

The TH9100 thermal camera was used to characterize the different crops in the region of study. Temporal 
series were acquired over selected samples and thermal imaging of the parcels was carried out during the 
satellite/plane overpasses. Figure 5.20 shows some preliminary results obtained with the thermal camera 
at day and night time. 

 

E) Emissivity Measurements 

The emissivity of representative samples was measured by means of the Box method. The box allows the 
retrieval of surface emissivity from three different measurements; one with a cold lid (whose emissivity is 
ε=0), another one with a hot lid (ε=1), and the last is a measure of the temperature of the hot lid. 
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VISIBLE. Parcel L13. Day 
time. 

 
TIR. Parcel L13. Day time. 

 
TIR. Parcel L13. Night time. 

 
VISIBLE. Parcel W1. day time 

 
TIR. Parcel W1. Day time. 

 
TIR. Parcel W1. Night time. 

Figure 5.20.Thermal and Visible imagery obtained from parcels 13 and W1 at day and night 
time. 
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Chapter 6 - VEGETATION MEASUREMENTS 
 
A large amount of ground measurements were collected in the Barrax study area during the SEN2FLEX 
campaign, covering LAI, fCover, Leaf Chlorophyll a+b, Leaf water content and leaf biomass, together 
with other complementary data. All the available ground measurements were cross-checked with GPS 
measurements. 
 
6.1. VEGETATION PROPERTIES AND SAMPLING STRATEGY SCHEME 
 
The sampling strategy to be followed in choosing measurement points has been designed according to 
statistical criteria. Nevertheless, most times experimental constraints become critical, and finding a 
balance between what is mathematically optimal and what is experimentally possible requires some 
compromise. According to statistical requirements, till 4 to 15 areas had to be sampled to fully 
characterize a crop (its size and heterogeneity). These areas were chosen randomly, but it is not 
operationally very often (high plant densities, very wet soils or tall plants may cause moving across the 
cross be very hard). So, the aim is to perform random sampling in crops where it was possible, but restrict 
sampling to crop geometrical constraints when it was not. Once sampling areas were chosen, a strategy to 
take samples inside each area will be again needed. The above considerations on the choice of areas were 
again useful in point sampling within the sampling area: random criterion was mathematically supported, 
so it was the one to be followed when field crop configuration allowed it; however, it was sometimes 
difficult to move around one measurement point to take samples randomly, so mobility requirements were 
taken into account in such cases, and a sampling strategy that made sampling easier was followed. 
Biophysical parameters that were used in the characterization of the different crops: 
 
a. Dry Matter content (DM)  
b. Water Content (WC)  
c. Leaf Area Index (LAI) from LAI-Licor 
d. Fractional Vegetation Cover (FVC) from hemispherical photographs  
e. Chlorophyll Content (CC) 
 
The different fields measured during SEN2FLEX for the biophysical parameters characterization of the 
different crops is showed at Table 6.1. Number of measurements per ESU was different depending on the 
biophysical parameter measured and the strategy scheme designed for each case. Each strategy will be 
described with detail at the same time that parameter acquisition data. 
 

Table 6.1. Relation of sampled fields during the SEN2FLEX campaign for the biophysical parameters 
characterization 

CROP Dry and Fresh  
matter content 

LAI-LICOR 
and HP-FVC 

Chlorophyll and 
other pigments 

Volumetric soil 
water content 

GARLIC G-1 G-1 G-1 G-1 

ALFALFA A-1, A-2, A4 A-1, A-2, A4, A5, A6  A-1, A-2, A-4, A-7, 
A-8     A-2 , A-1, A-4 

ONION ON-1, ON-2 ON-1, ON-2, ON-3, 
ON-4, ON-5 ON-1, ON-2 O-1 

SUNFLOWER  SF-1, SF-2 SF-1, SF-2 SF-1, SF-2 - 

CORN C-1, C-2, C-3, C-5 C-1, C-2, C-3, C4, 
C5, C6, C-7 

C, C-1, C-2, C-3, C-4, 
C-5,  

C-5B, C-6, C-7, C-8, 
C10 

C-1, C-2, C-3,  

WHEAT W-1, W-2 - - - 

SUGAR BEET SB-1 SB-1, SB-2, SB-3 SB-1 SB-1 

VINEYARD VV, VE VV, VE VV, VE - 

BARLEY    B-1 

POTATO  - - P1 - 

QUERCUS ILEX 
BALLOTA 
(FOREST) 

- - F-3 - 
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Figure 6.1. Vegetation sampling for the SEN2FLEX campaign Mission-1 overlapped to the RGB 
LANDSAT-5 image composition reported by IDR corresponding to may-26 of 2005. 

 
 

 
Figure 6.2. Vegetation sampling for the SEN2FLEX campaign 
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6.2. DATA ACQUISITION AND MEASUREMENT PROTOCOLS 
 
6.2.1. Wet and dry biomass 
 
This is the mass of plant material within a defined area divided by the area size (kg·m-2). For taking the 
dry and fresh matter content measurements, cut a number of leaves (3 per ESU) from a pre-defined 
sampling area (normally the field area) and place into separate containers (plastic, bags, etc.). Weigh each 
component within a few hours (preliminary test can be used to determine permissible elapsed time) 
simultaneously to digital photographs acquisition of the leaves over squared paper for posterior 
determination of the area (Figure 6.3). Dry the plants at 70ºC until constant weight is reached and weigh 
again. From the two masses and the known sampled area, wet and dry biomass can be calculated. Water 
content is calculated as the percentage of wet (or dry) mass, or per unit area (volume) when biomass 
(biomass and height) are known. This parameter is the mass of water in a plant sample divided by the 
mass of the entire plant sample before drying (i.e. on a wet biomass basis). Units are percent or 
dimensionless, although when plant height and/or biomass are known, water content can also be 
expressed in kg/m3 or kg/m2, respectively). It is given from the biomass evaluation procedure directly, for 
each one of plant components. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.3.  Area estimation by means of digital photos and squared mm paper. 
 
Eight different crops were characterized within the two Missions of the SEN2FLEX campaign. Six types 
of crops were identified in Mission-I (02/07/05), and this sampling was increased to the eight species 
measuring a total number of seventeen spots every day, till 11th until 14th of July, between 9.00-12.00 h 
(LT). This number was limited and determined by the land use at Barrax test site during SEN2FLEX-
2005 campaign. Table 6.2 illustrates the sampling strategy followed during the Mission-1(in blue) and 
Mission-2 (in green). 
 

Table 6.2. Sampling strategy per crops.SEN2FLEX-2005.  
CROP 02/06/2005 11/07/2005 12/07/2005 13/07/2005 14/07/2005 

GARLIC G-1 G-1 G-1 G-1 - 

ALFALFA A-1, A-2 A-1, A-2   A-2      A-2 , A-4 A-4 

ONION ON-1 ON-1 ON-1 ON-1 ON-1, ON-2 

SUNFLOWER - - - - SF-1, SF-2 

CORN C-1, C-2, C-3 C-1, C-2, C-3 C-1, C-2, C-3,  C-1, C-2, C-3, 
C-5 

C-1, C-2, C-3, 
C-5 

WHEAT W-1, W-2 W-1, W-2 W-1, W-2 W-1, W-2 W-1, W-2 

SUGAR BEET SB-1 SB-1 SB-1 SB-1 SB-1 

VINEYARD  - - - VV, VE 

 

Sampling name

SB1-1 1 Leaf 

SSUUGGAARR--BBEEEETT  33  SSaammpplleess
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Figure 6.4.  Dry matter and Water content sampled during Mission-1. SEN2FLEX-2005 campaign. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.5.  Dry matter and Water content sampled during Mission-2. SEN2FLEX-2005 campaign. 
 
 
 
6.2.2 Leaf Area Index 
 
Leaf Area Index (LAI) and leaf mean tilt angle (MTA) were made with a LI-COR LAI 2000 instrument, 
which works by comparing the intensity of (diffuse) incident illumination measured at the bottom of the 
canopy with that arriving at the top (LI-COR technical report; Welles and Norman, 1990). The LAI 2000 
is a portable instrument that does not require additional data acquisition and processing. Incident light is 
recorded over five concentric angular rings, each of approximately 15° in width (giving a nearly 
hemispherical field of view) (7°, 23°, 38°, 53° and 67°). LAI is estimated by calculating the probability of 
a photon penetrating to a depth z in the canopy (under various assumptions regarding the arrangement and 
radiometric properties of scattering elements in the canopy), and comparing this with the measured 
radiance at the bottom of the canopy. The angular integral of this property (over all zenith angles) is 
approximated as a weighted summation over the five concentric angular rings of the instrument. 
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Figure 6.6 LAI2000 Plant Canopy Analyser 

 
The manufacturer's recommendations were followed in deciding a measurement plan. For reducing the 
effect of multiple scattering on LAI-2000 measurements, the instrument was only operated near dusk and 
dawn (6:30-9:30am; 6:30-8:30pm) under diffuse radiation condition using one sensor for both above and 
below stand measurements. In order to prevent interference caused by the operator’s presence and the 
illumination condition, the sensor field of view was limited with a 180° view-cap. Both measurements 
were azimuthally oriented opposite to the sun azimuth angle.  
 
LAI measurements were taken with the instrument held a few centimeters above the soil in seven 
different crops (Alfalfa, Corn, Garlic, Onion, Sugar beet, Sunflower and Vineyard) within the days of 
image data acquisition. One measurement of ambient light was made with the sensor extended upward 
and over the top of the canopy at arm’s length. Eight below-canopy readings were then made as show in 
Figure 6.7. This pattern was repeated three times per spot, and the resulting twenty-four samples comprise 
one full set of measurements. Finally, each centre of the LAI-2000 transects were geolocated by using 
GPS measurements. This protocol yield a low Standard Error of measurement to assure 90% to 95% 
confidence interval.  The data for both sensors was recorded with a time stamp on attached data loggers 
and then dumped to a computer through an integral RS-232 port for analysis. 
 
 
 

 
 
 

 
 
 

 
 
 
 
 

Figure 6.7. LAI2000 Plant Canopy Analyser:one LAI  DATA for each ESU (Elementary Sampling Unit) 
is given by 3 repetitions of 8 measurements (Semi-radius r ≅ 10 m). For each repetition, 1 above canopy 

measurement in the center of sector is taken. Duration of each measure approximately 10-15’. 
 
Hemispherical camera 
 
Hemispherical canopy photography is a technique for studying plant canopies via photographs acquired 
through a hemispherical (fisheye) lens from beneath the canopy (oriented towards zenith) or placed above 
the canopy for downwards looking. In SEN2FLEX campaign, a NIKON Coolpix5000 digital camera with 
a NIKON FC-E8 fisheye converter (Figure 6.8) was used in order to derive the FVC and LAI parameters.  
 

r 

c 

GPS 

a 

b 
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Figure 6.8. NIKON Coolpix5000 with the NIKON FC-E8 fisheye converter. 

  
The digital hemispherical photographs (DHPs) are processed using a specialized software package (CAN-
EYE) developed at INRA-CSE Avignon. The CAN-EYE software allows obtaining structural parameters 
of the canopy such as LAI, FCV and ALA (Average leaf inclination angle) by estimating the gap fraction 
over all the hemispherical photographs taken within an ESU. The gap fraction is estimated by 
classification techniques whereas LAI and ALA are derived from an inversion Poisson model, which 
relies upon look up table techniques using the zenith ranges of (0º-10º) and (10º-80º) for the LAI and 
ALA, respectively . 
  
Vegetation Sampling 
 
Seven different crops were characterized during the two Missions within the SEN2FLEX-2005 campaign 
(respectively till 31st of May until 2nd of June and till 16th until 18th of July). In total 97 LAI measurements 
(ESUs) were performed using four LAI-2000 instruments. This number was limited and determined by 
the land use at Barrax test site during the two parts of the campaign. 
 
 

Table 6.3. Sampling strategy per crops.SEN2FLEX-2005.  
CROP Mission 1 Mission 2 

GARLIC G-1 - 

ALFALFA A-1, A-2 A-1, A-2, A4, A5, A6 

ONION - ON-1, ON-2, ON-3, ON-4, ON-5 

SUNFLOWER - SF-1, SF-2 

CORN C-1, C-2, C-3 C-3, C4, C5, C6, C-7 

SUGAR BEET SB-1 SB-1, SB-2, SB-3 

VINEYARD - VV, VE 

 
 
 
 
 

Table 6.4. Number of ESUs sampled for each crop.SEN2FLEX-2005.  
Fields Nº 

ESUs 
Fields Nº ESUs Fields Nº ESUs Fields Nº 

ESUs 
Fields Nº 

ESUs 
A1 3 C3 3 ON1 3 SB1 5 SF1 5 
A2 5 C4 3 ON2 3 SB2 3 SF2 2 
A4 3 C5 3 ON3 3 SB3 3   
A5 3 C6 3 ON4 3     
A6 3 C7 3 ON5 3     

Alfalfa 17 Corn 15 Onion 15 Sugar Beet 11 Sun Flower 7 
TOTAL ESUs 65 

 
 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 104 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

 
6.2.2.1 UNINA Team Measurements protocol and data acquisition 
 
During the Mission-1 of SEN2FLEX it was performed by UNINA-team some LAI measurements in 
selected points (for validation only), simultaneously to Spectroradiometer measurements, in addition to 
the soil water content measurements randomly distributed during the flights. 
 
A total of 4 different crop types were sampled, following the measurement protocol described at the 
beginning of this section, with the LI-COR LAI2000 instruments showing LAI values from near zero to 
six (see Figure6.9) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.9. LAI measurements for each crop.SEN2FLEX-2005. 

 
 
 
During the Mission-2 of SEN2FLEX a total of 4 different crop types were sampled by UNINA-team  and 
UCLM-team with the combination of two LI-COR LAI2000 instruments, showing LAI values from near 
zero to six (see Figure 6.10). 
 
6.2.2.2 UIT-Valencia Team Measurements protocol and data acquisition 
 
The UIT main objective in the Mission-2 of the SEN2FLEX campaign was the procurement of 
independent LAI and FVC ground truth measurements. The ground data set were collected by using two 
LI-COR LAI-2000 instruments and a digital hemispherical camera. In order to evaluate the instrument 
influence on the biophysical products, inter-comparison measurements were performed. 
 
The methodology includes the collection of field-based data over the Barrax test site and also the use of 
high-resolution imagery (Landsat-5) to characterize an area of at least 10×10 km2. This characterization 
strategy includes two main steps: 
 

• 60 elementary sampled units (ESUs) were sampled within the 100 km2 area to characterize both 
LAI and FVC along with ancillary information of vegetation (e.g., land cover type, structural 
parameters). The ESUs were arranged in such a way that each of the major cover types was 
represented. The size of the ESU corresponds to the high spatial resolution of the selected image 
(approx. 20 m). These ESUs are located around the Tiesas area close to the flight line. 

 
• Spatial extension of field measurements to a high-resolution grid (of at least 10×10 km2) using 

Landsat or SPOT imagery. A transfer function is used to establish a relationship between the 
biophysical variable of interest measured over the ESUs and the corresponding high spatial 
resolution radiometric response. 

 
Ancillary data include: vegetation crown characteristics (height, width), phenology (green-up, mature, 
senescent stage), vegetation composition by species or structure, wet or dry status, plus associated 
meteorological data. 
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In-situ Measurements 
 
Within the Mission-2 of the SEN2FLEX campaign, 90 LAI combined measurements were performed in 
57 ESUs of 5 different crop types. 50 measurements were done with the two available LI-COR LAI2000 
instruments and 42 measurements with the hemispherical camera. 19 of these measurements were 
performed simultaneously on the same ESU with different instruments in order to inter-compare them. 
Table 6.5 shows the number of ESUs measured with each instrument and the number of ESUs considered 
per field and per crop. 
 

Table 6.5. Number of ESUs sampled for each crop.SEN2FLEX-2005.  
Fields Nº 

ESUs 
Fields Nº ESUs Fields Nº ESUs Fields Nº 

ESUs 
Fields Nº 

ESUs 
A1 3 C3 3 ON1 3 SB1 3 SF1 3 
A2 3 C4 3 ON2 3 SB2 3   
A4 3 C5 3 ON3 3 SB3 3   
A5 3 C6 3 ON4 3     
A6 3 C7 3 ON5 3     

Alfalfa 15 Corn 15 Onion 15 Sugar Beet 9 Sun Flower 3 
TOTAL ESUs 57 

 
Spatial Sampling Strategy 
 
The sampling design for the hemispherical camera inside the ESU was adopted from the VALERI 
methodology. The biophysical estimate for each ESU was the average of nine measurements: one 
measurement was acquired at the centre of the ESU and eight measurements were distributed on the 
border of the ESU.  On the other hand, the sampling design with the LI-COR LAI2000 was the average of 
three replications compound of one measurement above and eight below the canopy. The replications 
were distributed randomly within the ESU area. Mean plot LAI and standard error were then computed by 
the PCA, based on a total of 24 canopies and three associated ambient readings in the best case. No 
corrections were made for the presence of dry components in the canopy, which would be expected to 
decrease both the gap fraction and the indirect LAI estimates. Figure 6.10 shows the different data 
collected during the field experiment, including geolocation of the LI-COR LAI-2000 ground 
measurements and DHPs. 

 
Figure 6.10. ESUs acquired with the LI-COR LAI 2000 instruments and the digital hemispherical camera 

during the Mission-2 of the SEN2FLEX field campaign. 
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First results of the analysis 
 
A total of 5 different crop types were sampled with the two LI-COR LAI2000 instruments showing LAI 
values from near zero to six, which comprise the range of published-LAI values for agricultural areas .In 
Figure 6.11 the LI-COR’s LAI measurements performed in all different ESUs are displayed. 
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Figure 6.11. LAI estimates for the ESUs characterized with the LI-COR instruments on 5 crop types: 

alfalfa (A), corn (C), sun flower (SF), onion (ON) and sugar beet (SB). 
 
 
An early comparison study between both simultaneous LI-COR measurements showed a good agreement 
between LAI’s canopy estimates. Discrepancies found were typically lower than 15% (see Figure 6.13) 
except for canopies with extremely LAI values such as A1 and SB1 (compare Figure 6.12 and Figure 
6.12), where the mean relative error reaches values around 20%. A future intercomparison study will be 
performed using also camera measurements in order to better analyze these discrepancies.  
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Figure 6.12. Mean relative error between LAI measurements performed with two LI-Cor on the same 

canopy. 
 
Concerning camera measurements, the DHPs are being processed using CAN-EYE software. Figure 6.14 
shows some examples of the DHPs acquired during the SEN2FLEX campaign. 
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Figure 6.13 Digital hemispherical photographs (DHPs) acquired on six ESUs of the main representative 
crops of the study area. 

 
6.2.3 Fraction of Green vegetation cover and vegetation height 
 
Fraction of Green vegetation cover measurements were performed, by the IDR team, over 50 plots along 
the flight line. Each one of them consisted of: 
 

1. Digital picture taken at nadir to estimate fraction of green vegetation cover (FGVC) with ENVI 
software post-processing. 

2. Height of the crop. 
3. GPS coordinates (for 29 fields). 

 
 
GPS Trimble Pathfinder Pro XRS 
 
Versatile GPS receiver that offers submeter accuracy in real time, and centimeter level post processed 
accuracy. It is used with TSCe controller, rugged and adaptable handheld data collector that provides 
exceptional control of Trimble GPS and optical sensors. 
 
 

 
Key features:  

• Incorporates a 12-channel GPS receiver, 
differential beacon, and satellite differential 
receiver in one housing  

• Receives SBAS real-time corrections  

• Uses patented EVEREST™ multipath rejection 
technology to remove multipath signals in 
reflective environments  

Alfalfa A1 Sunflower Corn 

Alfalfa A3 Onion Sugar Beet 
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• Supports NMEA-0183 output and RTCM SC-104 input/output  

 
 
 

 
 

Figure 6.14. Examples of field measurements for an alfalfa crop. 
 
 
During second mission IDR reduced the inventory intensity because of the support given to the 
fluorescence work, so measurements could only be repeated in 7 of the 50 initial fields. The latest digital 
pictures allow us to appreciate the FGVC increase between 2 dates (first week of June and second of July) 
for the same crop (Figure 6.15) 
 
 

 
 
 
 
 

Figure 6.15. Field measurements for a corn plot on two different dates. 
 
 
 
Next figures shows ground cover pictures taken for some of the different crops measured during the two 
missions of SEN2FLEX: alfalfa, sugar-beet, festuca, onion and barley. These figures also illustrate the 
“forest plots” placed at the end of the flight lines. 
 
 
 

Field num: 32 
Crop: Corn 
GVCF: 5.77 % 
Height: 0.15 m 
Date: 02/06/2005 

Field num: 32 
Crop: Corn 
GVCF: 65.88 % 
Height: 1.20 m 
Date: 14/07/2005 

Field num: 43 
Crop: Alfalfa 
GVCF: 90.25 % 
Height: 0.65 m 
Coord.: X=  595238 E
             Y= 4329619 N
Date: 02/06/2005 
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Figure 6.16. Fraction of Green vegetation cover and vegetation height characterization procedure by IDR-

team. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.17. Field measurements for six different plots and crops within the flight line: alfalfa, sugar-beet, 
festuca, onion and barley. 
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6.2.4 Leaf chlorophyll content and other pigments. 
 

Non-destructive Estimation of Leaf Chlorophyll Concentration 
 
Leaf chlorophyll concentrations were estimated non-destructively with a SPAD-502 device (Minolta, 
Osaka, Japan) during the Vegetation Mission I (June 2005) and the Vegetation Mission II (July 2005). 
The SPAD-502 device used two light-emitting diodes (650 and 940 nm) and a photodiode detector to 
measure sequentially transmission through leaves of red and infrared light. For calibration, leaf disks with 
different chlorophyll concentrations were first measured with the SPAD, then extracted with 100% 
acetone in presence of Na ascorbate (see below) and finally chlorophyll was measured 
spectrophotometrically [Abadía and Abadía, 1993]. 

 

 
 

Figure 6.18. Chlorophyll Content Meter CCM-200 and Chlorophyll Meter SPAD-502. 
 
Sampling, Extraction and Analyses 
 
Sampling was carried out in July 2005. Leaf disks were sampled from the uppermost part of the plants, in 
order to better represent the canopy top. A total of 182 leaf disks were sampled (between 20 and 21 per 
species). 
 
Photosynthetic pigments are located in the thylakoid membrane in a lipidic environment [Sagardoy et al., 
2005], but thylakoids are surrounded by an aqueous medium. Therefore, chlorophylls and carotenoids are 
extractable from plant leaves only by organic solvents able to mix with the water contained in the plant 
tissue. Acetone and methanol, which are water-miscible and easy to handle, are used most often [Holden, 
1976; Lichtenthaler, 1987; Dunn et al., 2004]. 
 
Plant tissues have very carefully compartmentalized pHs. However, when the plant tissue is ground, the 
compounds stored previously in cellular compartments (such as the low-pH vacuoles) are incorporated 
into the extract and may lower significantly the pH. It is therefore desirable to add a buffering agent to the 
grinding medium. Calcium carbonate and sodium ascorbate are probably the most common chemicals 
used in the literature for this purpose [Abadía and Abadía, 1993; Sagardoy et al., 2005]. 
 
Intense light should also be avoided when extracting photosynthetic pigments from plant tissues, although 
normal laboratory light levels do not create problems. The most important effect of intense light 
(sunlight) seems to be the conversion of trans-neoxanthin in cis-neoxanthin [Abadía and Abadía, 1993; 
Sagardoy et al., 2005]. 
 
Therefore, our extraction procedure was as follows. Leaf samples were taken, wrapped in aluminum foil, 
dropped in liquid nitrogen, and stored (still wrapped in foil) at –20 ºC. A few mL of bulk acetone, 
neutralized with calcium carbonate, are put in a mortar and a pinch of sodium ascorbate is added. A small 
known amount of leaf tissue (0.95 cm2) is dropped in the mortar and ground. The mixture is then poured 
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into a volumetric flask and acetone is added until the desired volume is attained (5 mL). The mixture is 
filtered through a 5 µm Millipore filter. The whole extraction process takes approximately 2 min per 
sample. The filtered extract was stored in foil-wrapped plastic tubes at –20 ºC until analysis. Analyses of 
HPLC of photosynthetic pigment extracts, obtained with this procedure, indicate that significant 
decomposition of pigments does not occur (results not shown). 
 
Once extractions have been performed, the next step was measuring the concentration of the 
photosynthetic pigments, which were carried out by using a HPLC separation system. Pigment extracts 
were thawed on ice, filtered through a 0.45 µm filter, and analyzed by an isocratic HPLC method [Larbi 
et al., 2004] based on that developed by de las Rivas et al. [1989]. Instead of three, two steps were used: 
mobile phase A (acetonitrile:methanol, 7:1 v:v) was pumped for 3.5 min, and then mobile phase B 
(acetonitrile:methanol:water:ethylacetate, 7:0.96:0.04:8 by volume) was pumped for 4.5 min. To both 
solvents 0.7% (v:v) of the modifier triethylamine (TEA) was added [Hill and Kind, 1993] to improve 
pigment stability during separation. All chemicals used were HPLC quality. The column was equilibrated 
before injecting each sample by flushing with mobile phase A for 5 min. The analysis time for each 
sample was 13 min, including equilibration time. 
 
Results in this work have been expressed in an area basis (µmol m-2), which is widely used within the 
photosynthesis research and plant physiology community. Within the remote sensing community, it is 
frequent to express results as µg cm-2, since (some) remote sensing models require such units for 
chlorophyll concentration as inputs. For conversion, the following molecular weights must be used: Chl a 
(893.53), Chl b (907.51), neoxanthin (600.9), violaxanthin (600.9), antheraxanthin (584.9), lutein (568.9), 
zeaxanthin (568.9), and β-carotene (536.85). 
 
 
Acquired data 
 
Data acquisition took place on 2nd of June, making an intercomparison between instruments, and 11, 12, 
13 and 14th July, between 11 a.m. and 15 p.m (local time). Chlorophyll samples were measured 
independently on the rest of biophysical parameters due to the measurements protocol followed. 
Moreover, a new set of sampling points was defined using the GPS device, due to the search of ESUs 
geolocated for the rest of the vegetation measurements slowed down the process considerably.  
 
Thirty ESUs were sampled, during the days within the two Missions of the SEN2FLEX campaign, in 
twenty different fields, characterizing a total number of ten different crops (Table 6.6). Around 50 CCM-
200 and SPAD-502 measurements were taken per ESU, while all of the species were well represented 
during the Mission-2 in order to perform a proper analysis of the measurements (See samples for 
calibration, Table 6.6). 
 

Table 6.6. Sampling strategy per crops.SEN2FLEX-2005.  
CROP Mission 1 Mission 2 

GARLIC G-1 G-1  20 Samples for 
calibration  

ALFALFA A-1, A-2 A-1, A-2, A-4, A-7, A-8 40 Samples for 
calibration 

ONION ON-1 ON-1, ON-2 122 Samples for 
calibration 

SUNFLOWER - SF-1, SF-2 102 Samples for 
calibration 

CORN C-1,C-2 C, C-1, C-2, C-3, C-4, C-5,  
C-5B, C-6, C-7, C-8, C10 

81 Samples for 
calibration 

WHEAT W-1, W-2 - - 

SUGAR BEET SB-1 SB-1 60 Samples for 
calibration 

VINEYARD VV, VE VV, VE 142 Samples for 
calibration 

POTATO   P1 162 Samples for 
calibration 

QUERCUS ILEX BALLOTA 
(FOREST)  F-3 183 Samples for 

calibration 
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GPS coordinates and the acquisition starting time were annotated for all the ESUs. Sampling points were 
located inside the fields, in points were boundary effects were not noticeable. Since the CCM-200 
instrument is designed to work with leaves larger than 1 cm of diameter, big leaves were chosen in 
advance. As far as possible, leaves veins were avoided due to they might perturb the measurement (Figure 
6.19). The chlorophyll meter is not able to measure the thickest leaves, as the radiation emitted can not 
cross them. Onion and garlic leaves were cylindrical shaped and leaves scissors were used to split 
different layers for plants with such thick.  
 

 
Figure 6.19. CCM-200 sampling for corn leaves              Figure 6.20. CCM-200 measurement protocol  
 
Once the leaf was inside the CCM-200 window (Figure 6.20), three straight measurements were made in 
the same part of the leaf. When measurement dispersion observed for an ESU was large, measurements 
continued until dispersion decreased sufficiently.  
 
From the leaf fraction measured with the chlorophyll meter two samples were extracted for the posterior 
instrument calibration in the laboratory. They were cut by means of a copper cylinder with a sharp edge 
(as shows Figure 6.21), leading to a sample with an area of (0.785 ± 0.016) cm2. These samples were 
located inside a previously numerated aluminium foil to keep them (Figure 6.22), and were preserved in 
liquid Nitrogen. Ten leaf samples were collected and 50 chlorophyll meters were measurements from 
each ESU. 
 
 

 
Figure 6.21. Leaves were cut by means of a copper cylinder with a sharp edge. 
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Figure 6.22. Samples were located inside a previously numerated aluminium foil  
and preserved in liquid Nitrogen 
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Figure 6.23.Chlorophyll measurements for each crop.SEN2FLEX-2005. 
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Figure 6.24. Chlorophyll measurements from sampling got for calibration during Mission-2. 

SEN2FLEX-2005. 

 
6.2.5 Volumetric soil water content 
 
It was installed a monitoring system for soil water content, based on a TDR system (Tektronix) by the 
UNINA-team, that was operating continuously from June 2nd to July 18th. Randomly distributed soil 
water content measurements were also performed during the flights within the two Missions period. In 
addition, it was performed some LAI measurements in selected points (for validation only) during the 
Mission-1 and spectro-radiometer measurements, where it was needed. 
 
Methodology 
 
The Time Domain Reflectometry belongs to the category of “capacitance methods” (Kutílek and Nielsen, 
1994), which are based on in-situ measurement of soil dielectric behavior. 
 
This method has been introduced by Topp in early ’80 but it has proved his reliability in many field and 
laboratory applications; it is based on the measurement of propagation velocity of a pulse along a 
transmission line embedded in the soil, which is related to an “apparent” permittivity and thus to the 
actual soil water content. The measurement is performed by installing two conductors of known length in 
the soil and sending a steep pulse along this line by means of a special cable tester. The signal travel 
along this transmission line with a velocity that depends on the medium dielectric behavior; at the end of 
the line the signal is reflected back to the tester, which can register the transit time, thus the propagation 
velocity is calculated. This technique has a low sensitivity to probe geometrical characteristics and to soil 
type and it has been possible to define a unique calibration relationship which holds for most practical 
applications, as shown later.   
 
Relationship between the dielectric constant and the soil water content 

Several approaches have been tried out to relate the volumetric soil water content θ to the dielectric 
constant εa determined by means of TDR. In many cases, empirical relationships have been defined by 
simply interpolating observed data without paying too much attention to their physical interpretation. A 
commonly used “universal calibration formula”, in the form of a third degree polynomial function, has 
been proposed by Topp et al. (1980):  
 

θ ε ε ε =  - 5.3 10  +  2.9 10  -  5.5 10  +  4.3 10-2 -2
a

-4
a
2 -6

a
3⋅ ⋅ ⋅ ⋅  .   
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ε

θ
 

Figure 6.25. Empirical calibration formula (Topp et al., 1980) 

 

This expression has been derived from a large laboratory data set considering different types of soils and 
for frequencies not higher than 1 GHz. The function in equation gives reliable results in the range 
0.05<θ<0.60 if applied to mineral soils without high clay fractions and organic matter, but it does not 
match exactly the actual relationship between θ and εa when this latter approaches the extreme values of 1 
or that of free water (εa≈80) or in soils with elevated organic matter contents. 
 
Recently, a physically based approach has been tried out by relating the apparent dielectric permittivity of 
a multiple-phases mixture to the εa values for each component and to their corresponding volumetric 
fraction. This approach leads to an alternative formula as follows: 
 

θ ε= +a  ba   .      
 
The square root of the dielectric constant is commonly indicated as the “refraction index”, n. The  a and b 
parameters should be considered as purely empirical variables. The data set used for defining the Topp’s 
formula in Equation was re-analysed by Heimovaara (1993), which suggested the following relationship 
between θ and n to be applied for 1,5<n<7,5 with high correlation: 
  

θ =  0,103 n -  0,135⋅      
 
Since the beginning, the large interest in TDR technique was given by the reliability of “universal” 
calibration formulae which validity has been proven in most practical applications. For precision 
measurements, the use of these general relationships is suitable only when no absolute determination of θ 
is required, i.e. when monitoring the temporal variation of soil moisture in a fixed location (Zegelin et al., 
1992). Indeed, in most cases the maximum absolute error of estimate is 0.05 (Jacobsen et al., 1995); if a 
better accuracy is needed, a soil-specific validation and calibration should be performed (Figure 6.25). In 
most critical situations, other influencing factors should also be considered, i.e. the effect of large 
temperature variation on the value of water permittivity εw 

1 when the measurements are taken near the soil 
surface, as shown by Roth et al. (1990). 
 
                                                           
1 The dependence of water dielectric permittivity εw on the temperature (T°C) may be expressed by the 

following relationship (Hasted, 1973):           
w

-4 2 -6 3 =  87,74 -  0,4001T +  9,398 10 T  -  1,410 10 Tε ⋅ ⋅  
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Description of TDR instrumentation 

The main components of a typical TDR instrumentation are schematically drawn in Figure 6.26. The 
electronic apparatus includes a control unit, needed for the synchronization of the pulse generator and the 
receiver, and the output device (generally a LCD monitor) and related peripherals (communication port 
and/or dot matrix printer). The apparatus is connected with a coaxial cable to the transmission line (TDR 
probe), which may have different shapes and configurations.  
 
 
 

Clock and
Synchronising unit

Pulse
generator

Sampler and
Receiver

OUTPUT

TDR probe
balun

 

Figure 6.26. Schematic view of TDR apparatus (adapted from Topp and Davis, 1985) 

C

B

A

Δts

ρ

 
Figure 6.27. Example of TDR output with a balanced parallel line in a wetted soil. 

 
The returning signals are superimposed to the emitted ones and they are detected by the receiving unit, 
with a voltage decrease or increase depending on the phase of the reflection. By means of its built-in 
hardware and firmware, the receiving unit samples and records the returning signal at very small time 
steps; in the same time, the output device provides a graph of the reflected voltage versus time.  
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Figure 6.28. Balanced probes of different length. 
 
Widely used TDR equipment is the Tektronix cable tester Mod.1502 C, which has been conceived as a 
portable measuring device and it can be easily connected to a personal computer through its 
communication port. In this case, the step-pulse is characterized by amplitude of 300 mV, a rise time of 
0.2 ns and duration of 25 μs corresponding to a theoretical frequency range from 20 kHz and 1.75 GHz. 
The effective frequency bandwidth is certainly restricted by attenuation effects induced by cable 
connections; the extent of this attenuation, which mainly affects the higher frequencies range, largely 
depends on the quality and on the length of cables. From the analysis of several estimates of soil dielectric 
permittivity on different types of soils by means of TDR, Heimovaara et al. (1994) estimated a frequency 
range between 200 MHz and 1 GHz, thus confirming the assumptions reported in previous section.  
 

balun 

ground 

centre wire 

a)

b)

 
Figure 6.29. Parallel balanced (a) and unbalanced 
        (b) TDR probes (from Whaley, 1993) 
 
The probe inserted into the soil constitutes the pulse transmission line which can be electrically balanced 
or unbalanced. The balanced lines (Figure 6.28) are more widely used and they are made of parallel and 
cylindrical metallic conductors; the soil between them is the dielectric medium (Figure 6.29-a). The probe 
is connected to the TDR unit by means of a coaxial cable or a parallel shielded cable; every connection 
represents impedance mismatching which causes a partial reflection of energy. 

 
6.2.5.1  Data acquisition during Mission-1. 

Four TDR-systems were installed by UNINA-team at the Lysimeter-test site, each one of them placed in 
each vertex of a square. Those TDR-systems are composed by several TDRs placed at different levels 
underground (see Figure 6.32) and a supplementary TDR, at soil level, to get a better mean profile. 
 
 

 

Figure 6.30. Unbalanced  three-wire probe (L=14 
cm) with coaxial cable and connector. 
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Figure 6.31. TDR automatic system installed at Lysismeter test site.  

 

Firstly some problems made necessary an operator presence to check the measurements (see Figure 6.31).  
Once those problems were solved, the system was completely automaticed and was operating along the 
two months within the SEN2FLEX-2005 Missions.  
 

 
Figure 6.32. Installation of the TDR-system the day before the Mission-1 of SEN2FLEX-2005 campaign 

started. 
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TDR measurements were taken with the instrument in seven different fields (see table 6.7). A total number 
of nine samples were measured (TDR, field-spect and gravimetric combined measurements) and GPS 
geolocated along the Mission-1, within the SEN2FLEX data acquisition. Gravimetric measurements and 
sampling for posterior soil organic analysis were made (see Figure 6.34) 
 
 

Table 6.7. Sampling strategy per crops. Mission-1.SEN2FLEX-2005. 
CROP SAMPLE Z(CM) DATA FIELD SPECT TDR GRAVIMETRIC 
corn C-1 7-14 cm 31/05/2005 - x x 
garlic G-1 8-15 cm 31/05/2005 - x x 
alfalfa A-2 5-12 cm 31/05/2005 - x x 

sugar beet SB-1 8-15 cm 31/05/2005 - x x 
alfalfa A-1 5-12 cm 31/05/2005 - x x 
corn C-3 8-15 cm 01/06/2005 X x x 

onion O-1 8-15 cm 01/06/2005 X no-calibration only (*) x 
corn C-2 10-17 cm 01/06/2005 X x x 

Barley B-1 12-19 cm 01/06/2005 X no-calibration only (*) x 
 S-1 55-62 cm 01/06/2005 -   

(*) calibration measurements with tdr 30/05/06 

 
 
 
 

 
Figure 6.34. Map of sampling strategy during the Mission-1 of  SEN2FLEX-2005. 
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Figure 6.35. Randomly distributed soil water content measurements performed during the Mission-1. 
 

6.2.5.2 Data acquisition during Mission-2. 

 
During the second Mission of SEN2FLEX combined data were acquired simultaneously by UNINA and 
UNIMI teams. WET-Sensor and Theta Probe instruments (Figure 6.36) were intercompared and several 
CDAS (surface soil water content) measurements were made. Different transects were defined and 
measured simultaneously to de aircrafts overpass along the four days of the campaign (see Figure 6.37). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.36.WET-Sensor from UNINA team and ThetaProbe from UNIMI. 
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Figure 6.37. Different transects defined for intercompared measurements.Mission-2. SEN2FLEX-2005. 
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Figure 6.38. WET-Sensor and ThetaProbe instruments were intercompared and several CDAS (surface 

soil water content) measurements were made. 
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Figure 6.39 Map of sampling strategy during the Mission-2.SEN2FLEX-2005. 

 

 Table 6.8 Sampling strategy per crops. Mission-2SEN2FLEX-2005. 
CROP SAMPLE TRANSECTS TDR GRAVIMETRIC 

corn C-1 X 
TR6, TR10 x x 

garlic G-1 - x x 
alfalfa A-2, A-4 X 

TR3, TR4, TR8, TR6 x x 

sugar beet SB-1 X 
TR5, TR9 x x 

alfalfa A-1 - x x 
corn C-3 X 

TR1 x x 

onion O-1 X 
TR2,TR7 x x 

corn C-2 X x x 
vineyard V X x x 

 

 

Infiltration measurements 

In addition to this amount of measurements, infiltration was characterized at the Lysismeter test site by means 
of two different experiments. One of them is illustrated in Figure 6.41: with this system was quantified the 
infiltration in the test site along the days of the campaign. The other one allowed measuring the velocity of 
infiltration (Figure 6.40) with results as follows: 
 

Z (cm) 
VELOCITY OF 
INFILTRATION 

(cm/min) 

HYDRAULIC 
CONDUCTIVITY 

5 0.5 

10 7.0 
3.43 cm/h 
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Figure 6.40. Infiltration experiments during the Mission-2. 
 

 

 

 
Figure 6.41 Infiltration was quantified during the Mission-2 at the Lysismeter-test site. 
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6.2.5.3 Soil chemical properties analysis. 
 
During the second Mission of SEN2FLEX the soil chemical properties analysis was designed by sampling 
different bare soils. A relation of the data acquired by the MEEO team from Italy is reported in the next table 
with the following information: 
 

 code - internal code for samples storage 
 date - sampling date in the format day / month / year 
 local time - sampling time in the format hour.minute.second 
 x-coor; y-coor; height - coordinates and height of the sampling site 
 field description - brief description of the sampling site 
 sample-depth - depth of the sampling site (0 = superficial sample) 
 soil chemical properties 
 picture - internal code for images storage 

 
 

code date 
[dd/mm/yy] 

local time
[hh.mm.ss]

x-coor 
[N] 

y-coor
[E] 

height
[m] 

field 
description 

sample-depth 
[cm] 

soil chemical 
properties picture 

B-1.0 14/07/05 11.15.00 577594 4323816 696 Bare Soil 0 in progress b-1.JPG 

B-1.1 14/07/05 11.15.00 577594 4323816 696 Bare Soil 20 in progress b-1.JPG 

B-2.0 14/07/05 11.27.00 577613 4323716 696 Bare Soil 0 in progress b-2.JPG 

B-2.1 14/07/05 11.27.00 577613 4323716 696 Bare Soil 20 in progress b-2.JPG 

B-3.0 14/07/05 11.33.00 577625 4323608 696 Bare Soil 0 in progress b-3.JPG 

B-3.1 14/07/05 11.33.00 577625 4323608 696 Bare Soil 20 in progress b-3.JPG 

B-4.0 14/07/05 11.49.00 577543 4323685 696 Bare Soil 0 in progress b-4.JPG 

B-4.1 14/07/05 11.49.00 577543 4323685 696 Bare Soil 20 in progress b-4.JPG 

B-5.0 14/07/05 11.56.00 577482 4323789 696 Bare Soil 0 in progress b-5.JPG 

B-5.1 14/07/05 11.56.00 577482 4323789 696 Bare Soil 20 in progress b-5.JPG 

B-6.0 14/07/05 13.02.00 575034 4322791 701 alfa-alfa 0 in progress b-6.JPG 

B-7.0 14/07/05 13.10.00 575065 4322719 701 alfa-alfa 0 in progress b-7.JPG 

B-8.0 14/07/05 13.14.00 575101 4322661 701 alfa-alfa 0 in progress b-8.JPG 

B-9.0 14/07/05 14.06.00 575099 4322659 694 Bare Soil 0 in progress b-9.JPG 

B-9.1 14/07/05 14.06.00 575099 4322659 694 Bare Soil 20 in progress b-9.JPG 

B-10.0 14/07/05 14.11.00 577983 4322912 694 Bare Soil 0 in progress b-10.JPG 

B-10.1 14/07/05 14.11.00 577983 4322912 694 Bare Soil 20 in progress b-10.JPG 

B-11.0 14/07/05 14.19.00 578002 4323032 694 Bare Soil 0 in progress b-11.JPG 

B-11.1 14/07/05 14.19.00 578002 4323032 694 Bare Soil 20 in progress b-11.JPG 

B-12.0 14/07/05 17.31.00 579081 4324933 696 Bare Soil 0 in progress b-12.JPG 

B-12.1 14/07/05 17.31.00 579081 4324933 696 Bare Soil 20 in progress b-12.JPG 

B-13.0 14/07/05 17.37.00 579047 4324809 696 Bare Soil 0 in progress b-13.JPG 

B-13.1 14/07/05 17.37.00 579047 4324809 696 Bare Soil 20 in progress b-13.JPG 
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code date 
[dd/mm/yy] 

local time
[hh.mm.ss]

x-coor 
[N] 

y-coor
[E] 

height
[m] 

field 
description 

sample-depth 
[cm] 

soil chemical 
properties picture 

B-14.0 14/07/05 17.42.00 579022 432494 692 Bare Soil 0 in progress b-14.JPG 

B-14.1 14/07/05 17.42.00 579022 432494 692 Bare Soil 20 in progress b-14.JPG 

B-15.0 14/07/05 17.50.00 578979 4324496 691 Bare Soil 0 in progress b-15.JPG 

B-15.1 14/07/05 17.50.00 578979 4324496 691 Bare Soil 20 in progress b-15.JPG 

          

BB-1.0 15/07/05 11.00.00 578979 4324495 700 Bare Soil 0 in progress bb-1.JPG 

BB-1.1 15/07/05 11.00.00 578979 4324495 700 Bare Soil 20 in progress bb-1.JPG 

BB-2.0 15/07/05 11.03.00 579374 4324533 700 Bare Soil 0 in progress bb-2.JPG 

BB-2.1 15/07/05 11.03.00 579374 4324533 700 Bare Soil 20 in progress bb-2.JPG 

BB-3.0 15/07/05 11.25.00 579440 4324684 697 Bare Soil 0 in progress bb-3.JPG 

BB-3.1 15/07/05 11.25.00 579440 4324684 697 Bare Soil 20 in progress bb-3.JPG 

 

 

 

 

 

 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.42. Soil chemical properties analysis was designed by sampling different bare soils. 
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Chapter 7 - REFERENCE METEOROLOGICAL DATA 
 

The University of Castilla-La Mancha, through the "Escuela Técnica Superior de Ingenieros 
Agrónomos", operates three agro-meteorological stations in the study area of Barrax (Figure 7.1): 
 
a) Tiesas-Anchor Station (39º 02’ 31” N; 2º 04’ 55” W) 
b) Tiesas-Lysimeter Station (39º 03’ 30” N; 2º 05’ 24” W) 
c) Blancares Station (39º 06’ 45” N; 2º 06’ 40” W) 
 
These stations belong to the Permanent Station Network of the University of Castilla-La Mancha and are 
connected by modem with the central computer at the Institute for Regional Development in Albacete. 
The data are compiled and stored automatically for later treatment, as well as being accessible in real 
time. Measurements are done by all sensors every 30 seconds and are stored every 10 minutes. 
 

 
Figure 7.1. Las Tiesas-Anchor and Lysimeter permanent meteorological stations at Barrax. 

 
The following measurements are available from each station: 
 
- Tiesas-Anchor Station 

 
Anemometer (10m) Soil moisture (0,90m) 

Wind direction (10m) Atmospheric pressure 

Temperature and relative humidity (10m) Evaporation 

Anemometer (2m) Precipitation 

Temperature and relative humidity (2m) Reflected short radiation 

Temperature (0,5m) Short wavelength net radiation 

Shortwavelength incident radiation Diffuse radiation 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 129 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

Soil temperature (0,50m) Long wavelength incident radiation 

Soil thermal flux (0,05m) Long wavelength reflected radiation 

Soil thermal flux (0,10m) Long wavelength net radiation 

Soil thermal flux (0,20m) Soil temperature (0,10m) 

Soil thermal flux (0,30m) Soil temperature (0,25m) 

Soil moisture (0,30m) Soil temperature (0,35m) 

Soil moisture (0,60m)  

 
- Tiesas-lysimeter Station 

 
Pluviometer 

Temperature and Relative humidity (2m) 

Temperature Sensor 

Relative humidity Sensor 

Piranometer (2m) 

Radiometer net (2m) 

Anemometer (2m) 

Reflectometer for hydric soil content 

Evaporimetric bucket 

CR10 Datalogger 

Reference Lisimeter 

Herbal Crop Lisimeter 

Ligneous Crop Lisimeter 

 
- Blancares-Station 
 

Pluviometer Moisture Sensor 

Temperature and Relative Moisture (2m) CR500 Datalogger

Temperature Sensor   

 
Available data acquired within SEN2FLEX-2005 
 
Measurements of meteorological parameters were done for Festuca, Vineyard and Barley crops. Soil 
temperature was registered each 15 minutes and lysimetric parameters were measured for each hour and day.  
 

Date 

Wind 
speed 
avg. 
2 m 

(m/s) 

Wind 
direct. 
avg.   
(º) 

Temp. 
avg. 

0.5 m 
(ºC) 

Temp. 
avg.  
2 m 
(ºC) 

Relative 
humidity 

avg.    
10 m 
(%) 

Relative 
humidity 

avg.      
2 m   
(%) 

Soil 
temp. 
avg. 

10 cm 
(ºC) 

Short 
wave 
length 

incident 
radiation 

avg. 
(w/m2) 

Short 
wave 
length 

reflected 
radiation 

avg. 
(w/m2) 

Long wave 
length 

downwards 
radiation 

avg. 
(w/m2) 

Long 
wave 
length 

upwards 
radiation 

avg. 
(w/m2) 

…

30/05/2005 2.28 132.55 19.85 20.02 59.73 53.63 19.51 155.64 33.44 371.37 411.17 …
31/05/2005 2.01 88.04 17.29 17.43 65.94 84.48 18.49 103.30 22.72 367.07 399.74 …
01/06/2005 2.67 113.62 19.62 19.64 44.23 57.58 18.73 343.66 72.37 330.08 419.77 …
02/06/2005 2.58 106.77 19.57 19.56 45.84 50.64 18.95 333.19 71.00 330.98 423.33 …
03/06/2005 1.55 129.69 21.95 21.99 45.38 47.53 20.47 315.14 67.58 352.14 437.99 …
04/06/2005 2.58 114.63 24.09 24.07 47.32 50.34 21.62 316.31 68.73 361.70 446.51 …

… … … …. … … … … … … … … …
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Chapter 8 - GONIOMETER AND SURFACE ENERGY BUDGET 
MEASUREMENTS 

 
 
 
Measurements of boundary layer heat and moisture fluxes, direction dependent thermal radiation and 
other relevant meteorological variables were carried out in Barrax during the SEN2FLEX Campaign from 
10-17 July 2005 (Mission-2). Data used for modeling heat, water and CO2 transfer inside and above 
canopy were collected by the ITC Team (one of the EAGLE partners) over vineyard, bare soil and re-
forestation areas. The ITC team participants were Ambro Gieske, Joris Timmermans, Wim Timmermans, 
Rogier van der Velde and Bob Su. Three levels of data acquisition accuracy are used. Level 0 are raw data, 
level 1 data have been processed preliminarily and level 2 are finalized data. The data and graphs shown 
below are strictly level 0 or 1 and therefore subject to change.  
 
The measurements are grouped into the following categories in terms of the main instrumental and 
measurement characteristics: 
 

• GONIOMETER 
 
Directional measurements of sunlit-shaded leaf/soil component radiation temperatures are critical for 
understanding anisotropy of the thermodynamically heterogeneous canopy and will be used for validation 
of a radiative transfer model and a convective transfer model of a 3D-canopy. A twin instrument was used 
by the University of Valencia Group (Prof. Sobrino). Results obtained with the ITC instrument will be 
directly compared with those of the Valencia group. 
 

• VINEYARD CANOPY TEMPERATURE GRADIENT MEASUREMENTS 
 

Measurements of sunlit-shaded leaf/soil component kinetic leaf surface and air temperatures at various 
levels in the canopy can be used in combination with the goniometer measurements (A) for development 
of anisotropic and convective transfer models of a 3D-canopy. 
 

• METEOROLOGICAL DATA AT TWO LEVELS COMBINED WITH 
SCINTILLOMETER 

 
Direct measurements of the main meteorological variables (wind speed, relative humidity long and short 
wave radiation, temperature) at minute intervals are used as ancillary data input in satellite image energy 
balance modeling. Measurements of gradients of air temperature and wind speed are used to obtain a 
better picture of surface roughness and boundary layer parameters such as friction velocity, momentum 
transfer and shear stress. Soil heat fluxes and soil temperatures are also measured and finally, sensible 
heat flux is measured with a scintillometer. 

 
• SCINTILLOMETER MEASUREMENTS 

 
Independent measurements of regional sensible heat fluxes be useful to understand the characteristics of 
turbulent fluxes of different canopies, especially the sparse canopy, e.g. vineyard and re-forestation area. 
Such data are also necessary for model validation. 
 

• EDDY CORRELATION TOWER FOR SENSIBLE HEAT, LATENT HEAT AND CO2 
AT TWO LEVELS 

 
Measurements of sensible, latent, and CO2 fluxes together with radiation and soil fluxes at 20 Hz will be 
useful to understand the characteristics of turbulent fluxes of different canopies, especially the sparse 
canopy, e.g. vineyard. Such data are also necessary for model validation. Measurements of gradients of 
air temperature and wind speed are possible by measurements at two levels. The results can be used for 
modeling improvement of roughness length for heat transfer. 
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• ADDITIONAL TEMPERATURE PROFILE MEASUREMENTS 
 
A summary of the ITC measurements is given in Table 8.1 below. In the next sections the measurements 
are described systematically. 
 

Table 8.1. Summary of measurements and instrumentation used by the ITC Team during the 
SEN2FLEX2000/EAGLE Campaign in Barrax (Spain) from 10 to 17 July 2005. 

Measurements Levels Heights Location Comment

Turbulence, H20, CO2 
fluxes and CO2 
concetrations

Eddy Correlation 
system: (cm)
3D wind CSAT3 2 410,805 vineyard 20 Hz
CO2, H20 Open path LICOR-7500 2 410,805
RelHum,Tair HMP45C 2 413,808

Sensible Heat Flux Scintillometer Kipp&Zn 1 499 vineyard on top meteo-tower
datalogger CR23x 1Hz

Sensible Heat Flux Scintillometer Kipp&Zn 1 220 re-forest portable, on tripods
datalogger CR23x 1Hz

Meteo-tower vineyard
4 component CNR1 1 454
Kin,Kou,Lin,Lout
RelHum, Tair Campbell 207 2 264,462
u Vector A100L 2 276,474
udir VectorW200P 1 474
soil heat flux Huksflux HFP01 1 0.5 cm depth
soil temperature Campbell 107 4

1 minute interval
Canopy temperature vineyard

temperature NTC 4
4 16 sensors

Directional goniometer chinese vineyard
TIR camera Irisys 1011 grass
TIR sensor Everest

Instrumentation

 
 

Table 8.2 Summary of instrument positions in the field. 
Instrument xUTM(m) yUTM(m) Location
Goniometer (grass) 577853 4323826 Las Tiesas
Goniometer (vineyard) 577836 4323786 Vineyard
Meteo_tower, scintillometer 1 receiver 577753 4324071 Vineyard
scintilometer 1, transmitter 577996 4323356 ploughed,bare
scintillometer 2, receiver 578947 4323847 re-forestation
scintillometer 2, transmitter 579067 4324383 re-forestation  

 

8.1.GONIOMETER 

 
A goniometric system is a device to make angular measurements of different kinds of crop. These angular 
measurements are done with different sensors which are attached to a goniometer. A goniometer is a 
device which enables the experimenter to take measurements at predetermined angles. Because the 
goniometer in this case can be operated completely by computer, the consistency of the measurement is 
improved in comparison with manual angular measurements. Another advantage of the present setup is 
that multiple sensors can be attached to a single device. Since thermal measurements are highly variable 
within short periods of time it is important to make simultaneous measurements with different sensors. 
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8.1.1 Experimental setup 
 
The goniometer consists of 2 major mechanical parts, which are schematically shown in Figure 8.1: 
 

1. The train, which is supported by bearings, runs over the rails along a track. At both ends of the 
track end-stops have been inserted, which will make sure that the train does not run off the rails. 

 
2. The arm consists of two parts. The first part is mounted on the train and rotates along the axis of 

the motor perpendicular to the position of the train. The second piece is perpendicularly 
connected to the first part. The sensors are connected at the end of the second rod and pointing 
towards the object at the centre of the rails. 

 
3.  

 
Figure 8.1. Systematic view of the goniometer 

 
Each of these mechanical parts represents two degrees of motion:  
 

1. On the horizontal plane, or theta movement. When the train moves over the rails, the arm is 
kept at constant angle, providing equal elevation. 

 
2. Elevation or movement. When the arm of the goniometer is rotated along the axis of the 

rotary motor, the train is kept at a constant angle, providing constant theta-movement. 
 
As can be seen in Figure 8.1 there is a gap in the rails of 1200. In the control program, which will be 
explained in the next paragraph, this has been taken into account. The sensor can still take every arbitrary 
position because the arm of the goniometer can turn 1800. 
 
Figures 8.2 below shows the instrument in the vineyard area during the fieldwork in July 2005 (Barrax, 
Spain). 
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Figure 8.2.Goniometer raised by 50 cm to study detail of vines (Barrax, Spain).  

(a)The rotating arm is in horizontal position; (b) The rotating arm is now in vertical position 

 
8.1.2 Sensors 

8.1.2.1 Digital camera 
 
A Digital Camera can be mounted on the goniometer using a standard camera attachment. As thermal 
data in itself is already very difficult to interpret, directional thermal data is indeed very hard. Therefore a 
camera is used to provide more information on orientation and vegetation-soil ratios, see ¡Error! No se 
encuentra el origen de la referencia.. The camera used in the field-experiments in Barrax was a Canon 
Powershot 110, which was operated in movie mode (see Figure 8.3). 
 

    
View Angle 1 View Angle 2 View Angle 3 View Angle 4 

    
View Angle 5 View Angle 6 View Angle 7 View Angle 8 

    
View Angle 9 View Angle 10 View Angle 11 View Angle 12 

   

 

View Angle 13 View Angle 14 View Angle 15  
Figure 8.3. Film frames of goniometer experiment in the vineyard area. 

 

8.1.2.2 Thermal imager 
 
The Irisys 1011 Thermal imager was purchased for capturing thermal imagery. The imager is shown in 
Figure 8.4 below. The Irisys 1011 has 16x16 pixels for detection and can acquire thermal imagery at 
speeds of 8 images per second. The sensitivity of the camera is 0.3 K at 300 K and has an operating range 
of 260 K to 570 K. 
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Figure 8.4. Irisys 1011 Thermal imager 
 
The imager was attached to the goniometer and operated in automatic retrieval mode. Figure 8.5 gives an 
idea of the image quality after interpolation.   
 
 

    
View Angle 1 View Angle 2 View Angle 3 View Angle 4 

    
View Angle 5 View Angle 6 View Angle 7 View Angle 8 

    
View Angle 9 View Angle 10 View Angle 11 View Angle 12 

   

 

View Angle 13 View Angle 14 View Angle 15  
Figure 8.5. View points of Thermal Imager of Vineyard. Measurements were performed at 16-07-2005 on 
the vineyard. In View angles 1,2,3,13,14,15, the air is seen with an average brighness temperature of 15C. 

For View angle 4,5,6,7,8,9,10,11 and 12, the soil is also shown in the figure with an average brightness 
temperature of about 50C. For View angle 7,9,10 and 11, the rails of the Goniometer is also shown with 

an average temperature of 20C; a mask is given in the data to remove these values. 
 

8.1.1.3 Thermotracer TH9100 pro 
For high resolution thermal imagery measurement a NEC Thermotracer TH9100 pro, from the 
Thermodynamics group of the University of Valencia was used. The imager has 320-240 pixels and 
measures over a broadband spectrum from 8-12μm. Concurrent to the thermal measurements; the 
TH9100 pro also makes digital photographs. The measurements are shown in Figure 8.6. The aluminium 
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crates, on which the Goniometer is placed, have a clear signature with a low brightness temperature. As in 
the measurements with the Irisys, the ratio of soil/canopy changes with the view-angle.  
 

 
 
 

    
View Angle 1 View Angle 2 View Angle 3 View Angle 4 

    
View Angle 5 View Angle 6 View Angle 7 View Angle 8 

    
View Angle 9 View Angle 10 View Angle 11 View Angle 12 

   

 

View Angle 13 View Angle 14 View Angle 15  
Figure 8.6. View points of Thermal Imager of Vineyard. Measurements were performed at 14-07-2005 
18:47 on the vineyard. As can be seen, the aluminium crates on which the goniometer is placed have a 

clear low temperature compared to the soil and the canopy. Therefore these pixels can easily be removed.  
 

8.1.1.4 Everest thermal sensor 
A single band thermal Everest sensor was used to get a second angle dependent Temperature. An example 
of the preliminary results is shown in Figure 8.7. 
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Figure 8.7.  Angle dependence of the Brightness Temperature: Directional Brightness temperature at 

14:24 on 16-07-2005. The position of the sun (purple star), the orientation of the vineyard (blue line) and 
the positions of the Goniometer on the hemi-sphere are shown in the top left corner. The green line 

represents the measurements perpendicular to the row orientation, the blue line represents the 
measurement parallel to the row orientation. 

8.1.1.5 CIMEL 312-1 
Brightness temperatures were also measured using the CIMEL radiometer of the ‘Laboratoire des 
sciences d`image, de l`informatique et de la télédétection’ of the University of Strasbourg. The CIMEL 
312-1 is a 6-band radiometer (8.0–14.0, 8.1-8.5, 8.5–8.9, 8.9-9.3, 10.3–11.0 and 11.0-11.7 μm). The 
values of the directional brightness temperatures of these bands are shown in Figure 8.8. 
 

 
Band 1 (8-14μm) Band 2 (11-11.7μm) Band 3 (10.3-11.0μm) 

 
Band 4 (8.9-9.3μm) Band 5 (8.5-8.9μm) Band 6 (8.1-8.5μm) 

Figure 8.8.Directional Brightness temperature of the vineyard measured at 13-07-2005 at 17:08. 
 

8.1.1.6 ASD Fieldspec 
For calculation of BRDF in the VNIR band, measurements were performed using the ASD spectrometer 
of the ‘Centre for Terrestial Carbon Dynamics’ group of the university college of London was used. The 
ASD has a spectral range from 0.4-2.5 μm with a 3nm bandwidth. In the data, the white references at 
View Angle nr 1 and 15, and the radiances at each viewing angle are given in DN values. These values 
are also shown in ¡Error! No se encuentra el origen de la referencia.. 
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Figure 8.9. Directional Radiance measurements acquired on 15-07-2005 at 12:05 

 
 
8.1.3 Acquisition schedule 
 
Measurements over reference crop as well as over the vineyard have been done. In Table 8.3 below the 
acquisition dates for each crop are shown. The coordinates for the different measurement/ crop were 
given in Table 8.2. Note that the measurements with the Semal camera, the thermal camera and the ASD 
were done in co-operation with the groups of CTCD, LSiiT and the Dept of Thermodynamics, University 
of Valencia. These data have not yet been made available to us. 
 

Table 8.3. Goniometer acquisition schedule 
Crop Date Time Sensor
Reference crop (grass) Jul-11 19:52:04 Irisys 

Jul-12 11:37:41 Irisys  + Everest
20:42:57 Irisys  + Everest

Vineyard Jul-13 11:59:14 Irisys  + Everest
12:13:28 Irisys  + Everest
16:29:52 Irisys + Semal 
17:08:31 Irisys + Semal 

Jul-14 12:00:00 Semal + Thermal camera
12:00:00 Semal + Thermal camera

Jul-15 11:31:06 Irisys + ASD
16:49:39 Irisys + ASD
17:32:21 Irisys  + Everest
18:19:30 Irisys  + Everest
18:41:59 Irisys  + Everest
19:13:33 Irisys  + Everest
19:33:34 Irisys  + Everest

Jul-16 10:11:36 Irisys  + Everest
10:19:51 Irisys  + Everest
10:54:38 Irisys  + Everest
11:02:37 Irisys  + Everest
11:47:32 Irisys  + Everest + Digital Camera
11:59:27 Irisys  + Everest + Digital Camera
13:34:37 Irisys  + Everest
13:42:51 Irisys  + Everest
14:24:33 Irisys  + Everest
14:34:50 Irisys  + Everest  
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Table 8.4. UTM Coordinates of Goniometer  
Crop Coordinates (UTM) 
Reference crop (grass) 577852.9015E 4323826.2779N 
Vineyard 577836.4749E 4323786.0361N 

 

8.2. CANOPY AND LEAF TEMPERATURE MEASUREMENTS 
 
Measurements of sunlit/shaded leaf/soil component temperatures are critical for understanding anisotropy 
of the thermodynamically heterogeneous canopy and will be used for validation of the radiative 
convective transfer model of a 3D canopy. The actual surface temperature of the individual leaf-
categories and the surface temperature of the ground (see Figure 8.9) were measured using NTCs (IC 
temperature probes) which were connected to individual leaves by means of plastic paperclips as is shown 
in Figure 8.10. The contact of the NTCs with the leaves appeared to be better than the leaf contact with 
the use of duct tape. The contact through the paperclip system was not even broken in the presence of 
strong winds (12 m/s). 
 

 
 

Figure 8.10. (a)NTC on bare soil surface (making contact in the centre of the green plastic ring). 
 (b) NTC-temperature probes were attached to the leaves. 

 
An example of the temperatures which were obtained using these NTC-probes is given in Figure 8.11 
below. 
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Figure 8.11.  Soil and  Leaf  Surface Temperatures of Vineyard 

 

 

8.3 METEOROLOGICAL DATA (4M FLUX TOWER) 
 
For the investigation of the three-dimensional coupling between the land and atmosphere, the net fluxes 
should be known. These fluxes are measured in two ways: first by use of a flux tower measuring not only 
standard meteorological variables such as solar radiation, humidity, wind speed, air temperatures but also 
sensible heat fluxes with a scintillometer (see Figure 8.12). This equipment was installed in the vineyard 
area. A portable scintillometer was used in the re-forestation area. As a second main system an eddy 
correlation mast with two CSAT3/LICOR-7500 systems was installed in the vineyard. This eddy 
correlation system will be described in section D. 
 
In the flux tower the equipment listed in Table 8.1 was used. The combined measurements of these 
sensors can be used to retrieve the heat fluxes. The coordinates for the meteo-flux tower, as well as those 
of the transmitter for the scintillometer are given in Table 2. Both the soil-temperature probes and the soil 
heat flux plates have to be put below surface, and at different distances from the crops to be investigated 
(sunny position, shady position, intermediate position). This meant that the flux plates were put at depths 
of 0.005 m, and at positions indicated in Figure 8.13. The four soil thermistor probes were put in pairs, 
two at a depth of 0.5 and two at a depth of 15 cm. 
 
All data was collected at 1 minute intervals, with the exception of the scintillometer data which was 
sampled at a frequency of 1 second and then averaged per minute. Figures 8.14, 8.15 and 8.16 show some 
typical output for temperature, humidity, soil heat flux, solar radiation and net radiation. 
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Figure 8.12 The upper arm of the meteorological instrument mast contains wind speed, wind direction, 

relative humidity and air temperature sensors. On the right side of the upper arm the four radiation 
components are measured. The lower arm contains the wind speed and relative humidity/air temperature 
sensors. The scintillometer receiver is mounted on top of the instrument tower (about 5m). The distance 

to the transmitter is 775m. 
 

 
 

Figure 8.13.  Positions of the soil heat flux plates respectively at 0.0m, 0.75m and 1.50 m from the vine 
rows (indicated by H). The thermistors were placed at 2 depths (0.005 and 0.15 m) and 2 positions (0 m 

and 1.50 m from the crop, indicated by G). 
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Figure 8.14. Net radiation and soil heat flux in the period July 10 until July 17, 2005 (Barrax, Spain) 

 

10

15

20

25

30

35

40

45

190 191 192 193 194 195 196 197 198

time (day)

te
m

pe
ra

tu
re

 (C
)

t_hi t_lo

 
Figure 8.15. Development of air temperature during the fieldwork period (Barrax, Spain). 
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Figure 8.16. Development of relative humidity during the fieldwork period (Barrax, Spain). 
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8.4. SENSIBLE HEAT FLUX MEASUREMENTS USING SCINTILLATION METHOD 
 
The surface flux data set is comprised of data obtained by the eddy correlation system and the scintillation 
technique. Here the scintillation measurements are described, while section 8.5 gives a short discussion of 
the Eddy Correlation measurements. 

 
Many studies have demonstrated that the scintillation technique is a reliable and suitable method. When 
electromagnetic (EM) radiation propagates through the atmosphere its characteristics such as intensity, 
amplitude, polarization and phase are distorted by a number of processes. However, the main mechanism 
influencing the propagation of EM radiation consists of small fluctuations in the refractive index of air 
(n). These turbulent fluctuations in the atmosphere lead to intensity fluctuations and are known as 
scintillations. Some examples that c1early show the distortion of wave propagation by the turbulent 
atmosphere that can be seen regularly by the human eye are the twinkling of stars, image dancing and 
image blurring above a hot surface. In most cases the atmosphere is turbulent. Turbulence is described as 
three-dimensional motion of air (known as eddies) with length scales ranging from millimeters to tens of 
meters. Turbulence in the atmosphere is the most effective transport mechanism for many scalar 
quantities, such as sensible heat (H) and water vapor (LE). As these eddies transport both heat and water 
vapor their refractive indices are different from their surroundings, resulting in refractive index 
fluctuations and thus scintillations, which are measurable (De Bruin et al., 1995). 
 
8.4.1. Measurement principle 

 

transmitter

LED 0.94 m
7 kHz carrier

μ

receiver

logger

sensible heat H

 
Figure 8.17. Operational principle of a scintillometer. Light from a Light Emitting Diode (LED, 0.94μm) 
is bundled into a parallel beam and modulated by a 7 kHz oscillator. At distances of 200 m to several km 

the light signal is amplified by a receiver to produce a signal that is representative of changes in the 
refractive index of the atmosphere. These in turn are caused by the flow of sensible heat from the surface 
into the atmosphere. The set-up shown here makes use of 3m high tripods. In practice high towers or hills 

are often required to measure over undulating terrain and tall trees. 
 

 
A scintillometer is an instrument, consisting of a transmitter and a receiver, which can measure the 
"amount" of scintillations by emitting a beam of light over a horizontal path. The scintillations "seen" by 
a scintillometer can be expressed as the structure parameter of the refractive index of air. The structure 
parameter correlates with the "turbulent strength" of the atmosphere, which describes the ability of the 
atmosphere of transporting e.g. sensible heat and water vapor. 

 
Because the scintillometer integrates over its optical path the structure parameter is actually a path -
averaged value. Path-averaging is the most important advantage of the scintillation method compared to 
traditional (point) measurement techniques, and as such has a direct link with area averaged turbulent flux 
estimates from satellite or airborne remote sensing measurements.  The scintillometer method was used in 
two locations. The first location was in the vineyard area where receiver and transmitter were located in 
the same spot as in the SPARC-2004 field campaign. The re-forestation area was chosen as the second 
location, because the SPARC-2004 field campaign has shown that the unexpectedly high sensible heat 
transport from this type of surface (low shrub with yellow senescent grasses) needed further study. 
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8.4.2. Scintillometer on the 5m meteorological tower 

 
Figure 8.12 showed the scintillometer receiving station mounted on the meteorological tower at a height 
of 5m. Next figure shows the bare soil area of the transmitter. Figure 8.19 gives an example of sensible 
heat flux measurements by scintillometer over vineyard canopy. 
 

 

 
Figure 8.18 Area where the scintillometer transmitter was mounted. Distance between transmitter and 

receiver was about 775 m. 
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Figure 8.19. Sensible heat flux measured with the scintillometer in the vineyard area. 

 

8.4.3. Portable scintillometer in the re-forestation area 

 
A mobile scintillometer on tripods was used to make measurements in the re-forestation area. Figure 8.20 
shows the terrain and the experimental setup of the receiver (2.20m above surface level). In Figure 8.21 
some preliminary results are shown. 
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Figure 8.20. Scintillometer receiver in the re-forestation area. Distance to the transmitter is about 550 m. 

 

LAS Re-Forestation area

-200

0

200

400

600

800

190 191 192 193 194 195 196 197 198
time (day)

Se
ns

ib
le

 H
ea

t F
lu

x 
(W

m
-2

)

 
Figure 8.21.  Sensible heat flux measured with the scintillometer in the re-forestation area. 

 

 

8.5. SENSIBLE, LATENT HEAT AND CO2 FLUXES MEASUREMENTS USING EDDY 

CORRELATION SYSTEM AT TWO LEVELS 

 

A three-dimensional eddy correlation system was set up in the vineyard field to observe the turbulent 
exchange of sensible, latent heat and CO2 fluxes above the canopy by measuring the co-variance of the 
vertical wind velocity with respectively the air temperature, the water vapor density and CO2 density. The 
system consists of two CSAT3 sonic anemometers, two open path LICOR-7500 IR analyzers operating at 
a frequency of 20 Hz. An overview of the eddy correlation tower is shown in Figure 8.22 The systems are 
installed at heights of 410 cm and 805 cm. At about the same heights also two HMP45C relative 
humidity/air temperature sensors were mounted. See Figure 8.24 for a detailed view of the top section. 
The scintillometer-meteorological tower is just visible in the figure above the canopy in the background. 

A rose diagram of wind speeds is shown in Figure 8.23 for the period from 10 July until 17 July, 2005 
(Barrax, Spain). The diagram also shows the relative orientation of the upper and lowers CSAT/LICOR 
systems. There was an angle of 1040 between the directions of the CSAT3 systems. Conditions were 
optimal for system 1 except for the last day when strong winds blew from the southeast. The effect of the 
relative orientation of the CSAT3 systems is still under study. 
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Figure 8.22. An overview is shown of the eddy correlation tower. The system consists of two pairs of 
CSAT3/LICOR-7500 at heights of 410 cm and 805 cm. At about the same heights also two HMP45C 

relative humidity/air temperature sensors were mounted. See Figure 8.25. for a detailed view of the top 
section. The scintillometer-meteorological tower is just visible above the canopy in the background. 

 
Figure 8.23. A rose diagram of wind speeds in the period from 10 July until 17 July, 2005 (Barrax, 

Spain). The diagram also shows the relative positions of the upper and lowers CSAT/LICOR systems. 
Conditions were optimal for system 1 except for the last day when strong winds blew from the southeast. 

 

The system was operating at a frequency of 20 Hz throughout the fieldwork period and all relevant raw 
data was stored, while preliminary 10 minute flux averages were also produced for the two different 
heights during the field campaign. The height of measurements is at 410 cm and at 805 cm above the 
ground. The raw data were later post-processed and combined to blocks of 30 minute averages. Figures 
8.25 and 8.26 show the sensible and latent heat fluxes respectively. Figure 8.27 shows the CO2 fluxes 
obtained with the two systems. Finally Figure 8.26 shows the closure gap obtained by comparing (Rn-G) 
with (LE+H). The corrections were described in detail by Gieske (2006) in the Final Proceedings 
(SEN2FLEX, Noordwijk). 
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Figure 8.24. Detailed view of the EC mast upper section showing a CSAT3 and LICOR-7500. At 

the back the HMP45C is visible. 
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Figure 8.25. Sensible heat fluxes at heights of 410 cm  (system 1) and 805 cm (system 2) above ground 
surface level (based on half hourly values ). 
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Figure 8.26. Latent heat fluxes at heights of 410 cm and 805 cm above surface level. 
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Figure 8.27. Carbon dioxide  fluxes at  heights of 405 cm and 805 cm above surface level. 
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Figure 8.28. Closure gap by comparison of the eddy covariance results (LE+H) with the data of 

the meterorological station (Rn-G). The regression is: y=0.82x+24.86. 
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8.6. AIR TEMPERATURE PROFILE MEASUREMENTS OVER DIFFERENT LAND COVER 

UNITS 
 
In order to examine whether RS-based flux estimates can be improved by incorporating lower ABL 
spatial and temporal variability ground measurements of surface temperature and air temperature profiles 
over two completely different land cover units were carried out during a couple of consecutive days in the 
SEN2FLEX campaign. The first profile experiment was carried out in the re-forestation area close to the 
scintillometer receiver (see Figures 8.29 and 8.30). The thermometers were attached to a temporary mast. 
In the second profile experiment the thermometers were attached to the meteo-scintillometer mast. 
 

 
 

Figure 8.29. Impression of land covers types where measurements were performed. The left panel shows 
the forest nursery, whereas the left panel shows the vineyard, plus the tower where the measurements 

were performed in addition to those already discussed in the previous sections. 
 

 
Figure 8.30. Impression of the temporary mast structure in the re-forestation area near the scintillometer 

receiver. 
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Figure 8.31 (a) Distribution of thermometers in the temporary mast in the forest nursery area. 

(b) Distribution of thermometers in the meteo mast. 

 

 

 

 

Table 8.5. Landcover units carried out during a couple of consecutive days in the SEN2FLEX campaign 

 

 

 
Figure 8.32. Air temperature changes in the two profiles as a function of time. 

 
 
 
 

Landcover unit 1,  Forest nursery 
 

(See Figure 8.27a) 

Landcover unit 2, Vineyard 
 

(See  Figure 8.27b) 

Lat/Long: 39°03’30” N, 02°05’19.1”W 

UTM: X/Y: 578852/4323645 

Lat/Long: 39°03’38” N, 02°06’01”W 

UTM: X/Y: 577843/4323882 
Air temperatures at 7 different levels are measured 
at a 1 minute interval, from July 13th (13:30 hrs 
local time) to July 17th (12:00 hrs local time). In 
addition radiometric temperature was measured 
using an Everest Interscience series 3000.5ZL 
infrared temperature sensor at a 1 minute interval 
from 136 cm height under a 45° angle. 

Air temperatures at 8 different levels are measured 
at a 1 minute interval, from July 12th (21:00 hrs 
local time) to July 17th (12:00 hrs local time). 
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8.7. SUMMARY 
 
 
All data, e.g. heat fluxes, gradient of air temperature and humidity and component temperature have been 
processed to final level 2 format. A significant amount of processing was required to make all necessary 
corrections to the eddy covariance data. Quality checks were made in accordance with the standards 
adopted in the ongoing CarboEurope Project. The closure gap was determined by comparing net radiation 
and soil heat flux on one hand with latent and sensible heat fluxes on the other hand.  The net radiation 
minus soil heat flux was found to overestimate the  total eddy covariance derived fluxes by about 15%, as 
is quite normal.  
 
Besides the data collected in the field, satellite data have also been collected by ITC staff : 
a. ASTER images  
b. MSG/SEVIRI data were recorded by the ITC MSG receiver. However due to an unfortunate 

breakdown of a hard drive the July MSG data was lost. The data of the first two weeks in July 
has been re-ordered, and has now been transferred to the database. 
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Chapter 9 – SEN2FLEX DATA BASE 

 
 
During each one of the two Missions of the SEN2FLEX campaign a large amount of data have been 
collected by the different teams that have participated in the two Missions or at least in one of them, as 
illustrated along this Data Acquisition Report.  All such data have been individually processed by each 
team and made available to the University of Valencia for central data collection.  
 
ESA has recently developed a Campaign DataBase (ESA-CDB) as a generalization of its previous 
ENVISAT Cal/Val DataBase in order to centralize the data collected in ESA’s field activities. The data 
from this campaign was selected for a real case tryout of the newly developed. Most of the different types 
of data of the SEN2FLEX campaign have been successfully ingested to the ESA-CDB, although some 
other data types have found difficulties with the present design of the database system, in particular the 
airborne hyperspectral imagery, as well as other binary data types. From this exercise a number of 
requirements and recommendations have been produced to those responsible of the ESA-CDB 
maintenance at Nowriegan Institute for Air Research (NILU). As a result of this tryout the ESA-CDB is 
scheduled for a revision of its data definition and the user interface in order to improve its usability and 
generalization. The ESA-CDB can be accessed at http://nadir.nilu.no/cdb/ by previously requesting login 
permission. 
 
Therefore, the delivery of the SEN2FLEX database to ESA will be based on DVD media and external 
hard-drives sent by ordinary mail. For the duration of the project an FTP server that has been setup at the 
University of Valencia facilities to provide access to the data to all participants facilitating the analysis of 
the data. This service will remain functioning after the conclusion the project as long as the UV resources 
allow it. The access will remain limited to the participants of the project and related researchers. 

 
The main structure of the DATA BASE at DVD and the FTP server site is as follows: 
 
AirFLEX_data 

MISSION I 
 

Flight010605 
 010605B 

Flight020605 
 020605A 

Flight030605 
   030605A 

MISSION II 
       

 Flight120705 
 F120705A 

       
 Flight130705 

 F130705A    
 F130705B 

       
 Flight140705 
 

  F140705A    
  F140705B    

  
Atmospheric_Measurements 

(a)CNR Italy data 
CNRdata:templates in CDB format 

 template_Irr_11.xls 
 template_Irr_12.xls 
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 template_Irr_13.xls 
 template_Irr_14.xls 
 template_Irr_15.xls 

 
(b)LIDAR data 

 GRIMM_SizeDist(SEN2FLEX_2005).xls 
 GRIMM_data_barrax_05.csv 
 GRIMM_data_calculus.csv 

 
 (c)SolarRadiation Unit  

Calibration 
 Calibration_ce318 

o CalCE318 readme.TXT 
 calibration_licors 

o poli 
o valencia 

 calibration_ol754 
o calibrados1 
o factor.TXT 

 Read me.txt 
JULY 

Cimel_july  
 Cimel040705 
 Cimel050705 
 Cimel100705 
 Cimel110705 
 Cimel120705 
 Cimel130705 
 Cimel140705 
 Cimel150705 
 Read me.txt 

 
Licor_july 

 Licor110705 
o directa110705_poli 
o global110705_vcia 

 Licor120705 
o directa120705_poli 
o global120705_vcia 

 Licor130705 
o directa130705_poli 
o global130705_vcia 

 Licor140705 
o directa140705_poli 
o global140705_vcia 

 Licor150705 
o directa150705_poli 
o global150705_vcia 

 Readme_july.txt 
 
 

Microtops_july 
 mtops110705.TXT 
 mtops120705.TXT 
 mtops130705.TXT 
 mtops140705.TXT 
 mtops150705.TXT 
 README.TXT 

 
Optronic_july 
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 OL-754_110705 
 OL-754_120705 
 OL-754_130705 
 OL-754_140705 
 OL-754_150705 
 Readme_OL-754.txt 

 
 

JUNE 
Cimel_june 

 Cimel010605 
 Cimel020605 
 Cimel030605 
 Cimel040605 
 Cimel050605 
 Cimel060605 
 Cimel070605 
 Cimel080605 
 Cimel090605 
 Cimel100605 
 Cimel110605 
 Cimel130605 
 Cimel140605 
 Cimel150605 
 Cimel160605 
 Cimel170605 
 Cimel180605 
 Cimel190605 
 Cimel200605 
 Cimel230605 
 Cimel240605 
 Cimel250605 
 Cimel260605 
 Cimel270605 
 Cimel310505 
 README.TXT 

Licor_june 
 Licor010605 

o COMP0106 
 POLI 
 VCIA 

o direct010605_vcia 
o global010605_poli 

 Licor020605 
o direct020605_vcia 
o global020605_poli 

 Licor030605 
o COMP0306 

 direct030605_poli 
 direct030605_vcia 

o direct030605_vcia 
o global030605_poli 

 Readme_june.txt 
 
Microtops_june 

 microtops_010605.TXT 
 microtops_020605.TXT 
 microtops_030605.TXT 
 README.TXT 
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Optronic_june 
 OL-754_010605 
 OL-754_020605 
 OL-754_030605 
 Readme_OL-754.txt 

 
(d)Soundings 
  Mission_1 

 Jun05_sounding_procesed data 
o 050530_1232.txt 
o 050530_1232.xls 
o 050530_1539.txt 
o 050530_1539.xls 
o 050531_1121.txt 
o 050531_1121.xls 
o 050531_1234.txt 
o 050531_1234.xls 
o 050531_1803.txt 
o 050531_1803.xls 
o 050601_0755.txt 
o 050601_0755.xls 
o 050601_1108.txt 
o 050601_1108.xls 
o 050602_0734.txt 
o 050602_0734.xls 
o 050602_1102.txt 
o 050602_1102.xls 
o 050603_0804.txt 
o 050603_0804.xls 
o 050603_1101.txt 
o 050603_1101.xls 

 raw_data 
o 050530_Barrax 

 300505_001.txt 
 EDITED_300505_001.TXT 
 EDITED_300505_002.txt 
 wind_300505_001.txt 

o 050531.001 
 05053111.TXT 

o 050531.002 
 05053112.TXT 

o 050531.003 
o 050601.001 
o 050602.001 
o 050602.002 
o 050603.002 

 PILOT.TXT 
 TEMP.TXT 

o 050603_001 
 EDITED.TXT 
 PILOT.TXT 
 TEMP.TXT 

o 050603_002 
 PILOT.TXT 
 TEMP.TXT 

 readmeJune2005.txt 
Mission 2 

 July05_sounding_procesed data 
o 050710_1541.txt 
o 050710_1541.xls 
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o 050711_0855.txt 
o 050711_0855.xls 
o 050711_1712.txt 
o 050711_1712.xls 
o 050712_0710.txt 
o 050712_0710.xls 
o 050712_1048.txt 
o 050712_1048.xls 
o 050712_2139.txt 
o 050712_2139.xls 
o 050713_0655.txt 
o 050713_0655.xls 
o 050713_1048.txt 
o 050713_1048.xls 
o 050714_0707.txt 
o 050714_0707.xls 
o 050714_1050.txt 
o 050714_1050.xls 
o 050715_0641.txt 
o 050715_0641.xls 
o 050715_1143.txt 
o 050715_1143.xls 
o 050716_0703.txt 
o 050716_0703.xls 
o 050716_1203.txt 
o 050716_1203.xls 

 raw data 
o 05071015.TXT 
o 05071108.TXT 
o 05071117.TXT 
o 05071207.TXT 
o 05071210.TXT 
o 05071221.TXT 
o 05071306.TXT 
o 05071310.TXT 
o 05071407.TXT 
o 05071410.TXT 
o 05071413.TXT 
o 05071506.TXT 
o 05071511.TXT 

 readmeJuly2005.txt 
 
 
Cartography 

 DigitalElevationModel 
o ASCII 
o RAW 

 RAW_MDT1 
 Raster 

o Individual maps 
o Mosaic_Raster 

 Vectorial_cartography 
o DGN 
o DXF 
o EVF 

 Read me.txt 
 
 
Imaging_Aqc_Data 

(a) AHS 
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 AtmRefl 
 Original 

o AHS_S2F_050601_L1B_a 
 050601_P01BDN 
 050601_P01BDS 
 050601_P01MDN 
 050601_P01MDS 

o AHS_S2F_050601_L1B_b 
 050601_P01I1 
 050601_P01I2 

o AHS_S2F_050602_L1B_a 
 050602_P01BDN 
 050602_P01BDS 
 050602_P01MDN 
 050602_P01MDS 

o AHS_S2F_050602_L1B_b 
 050602_P01I1 
 050602_P01I2 

o AHS_S2F_050603_L1B_a 
 050603_P01BDN 
 050603_P01BDS 
 050603_P01MDN 
 050603_P01MDS 

o AHS_S2F_050603_L1B_b 
 050603_P01I1 
 050603_P01I2 

o AHS_S2F_050712_L1B_P01B 
 050712_P01BDN 
 050712_P01BDS 
 050712_P01BNN 
 050712_P01BNS 

o AHS_S2F_050712_L1B_P01M 
 050712_P01MDN 
 050712_P01MDS 
 050712_P01MNN 
 050712_P01MNS 

o AHS_S2F_050713_L1B_P01B1 
 050713_P01B1N 
 050713_P01B1S 

o AHS_S2F_050713_L1B_P01B2 
 050713_P01B2N 
 050713_P01B2S 

o AHS_S2F_050713_L1B_P01M 
 050713_P01M1N 
 050713_P01M1S 
 050713_P01M2N 
 050713_P01M2S 

o AHS_S2F_050714_L1B_P01B1 
 050714_P01B1N 
 050714_P01B1S 

o AHS_S2F_050714_L1B_P01B2 
 050714_P01B2N 
 050714_P01B2S 

o AHS_S2F_050714_L1B_P01M 
 050714_P01M1N 
 050714_P01M1S 
 050714_P01M2N 
 050714_P01M2S 

o AHS_S2FLX05_M1_L1B.pdf 
o AHS_S2FLX05_M2_L1B.DOC 
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o README.TXT 
(b) ATFS_Hyperspectral_Images 

 ATFS_Hyperspectral_Images_info.pdf 
(c) CASI  

 CASI_13m_AtmCor 
 CASI_3m_sub_AtmCor 

(d) Flight_Lines 
 Pantano_de_Alarcon 

o Coordenadas_Pantano_de_Alarc%97n.txt 
 transED50_WGS84.doc 
 zona_BARRAX 

o AIRBONE DATA ACQUISITION.doc 
(e) LANDSAT 

 Mission-I 
o CN_L5_20033_020605 
o O_L5_20033_020605 

 Mission-II 
o CN_L5_19933_130705 
o LANDSAT_AtmCor_130705 
o O_L5_19933_130705 

 
(f) MSG 

 HEADER-LTO-2-000036 
 HEADER-LTO-2-001014 
 MSG1-SEVI-MSG15-0000-NA-20050705085741.298000000Z-10394 

o README.txt 
 
(g) PROBA 

 CHRIS_S2F_M1_050605_GeoCorrection 
 CHRIS_S2F_M1_060605_GeoCorrection 
 CHRIS_S2F_M2_090705_GeoCorrection 
 CHRIS_S2F_M2_180705_GeoCorrection 
 Overpass_prevision 

o OBS26958.001.txt 
o OBS26958.002.txt 
o OBS26958.003.txt 
o OBS26958.004.txt 
o satzen_Jul_tle_174.txt 

 
lisimeters&anchor data 

 Anchor_Station.csv 
 Anchor_Station.xls 
 lisimeters_data_MissionI&II.xls 
 lisimeters_data_MissionI&II_festuca.csv 
 lisimeters_data_MissionI&II_vineyard.csv 
 lisimeters_data_readme.txt 

Network Trash Folder 
Pictures 

a) Mission1 
 BIOMASS measurements 

 
b) Mission2 

 Chlorophyll Measurements 
o M2 Chl Pics README.txt 

 SEN2FLEX Foto Remo 
 

 
Radiometry data 

a) ASD radiometry 
 mission1 
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o ASD_GPS 
 ascii_to_evf_log.txt 
 s2f_0601.ED50.gps.txt 
 s2f_0601.gps.txt 
 s2f_0601_notes.txt 
 s2f_0602.ED50.gps.txt 
 s2f_0602.gps.txt 
 s2f_0603.ED50.gps.evf 
 s2f_0603.ED50.gps.txt 
 s2f_0603.gps.txt 
 s2f_0603_notes.txt 

o Graficas 
 ASD_0601_GPS.txt 

o RAD 
 S2F_0601 
 S2F_0602 
 S2F_0603 

o RAW 
 S2F_0601 
 S2F_0602 

• s2f_0602_notes.txt 
 S2F_0603 

o roboscan_rad 
o roboscan_raw 
o s2f_0601_notes.txt 
o s2f_0602_notes.txt 
o s2f_0603_notes.txt 

 
 mission2 

o ASD_GPS 
 A2_1407.ED50.gps.txt 
 A2_1407.LatLon.gps.txt 
 A2_1407.WGS84.gps.txt 
 A4_1407.ED50.gps.txt 
 A4_1407.WGS84.gps.txt 
 A5_1307.ED50.gps.txt 
 A5_1307.WGS84.gps.txt 
 A7_1407.ED50.gps.txt 
 A7_1407.WGS84.gps.txt 
 BS3_1307.ED50.gps.txt 
 BS3_1307.WGS84.gps.txt 
 Fpl_1307.ED50.gps.txt 
 Fpl_1307.WGS84.gps.txt 
 Rfs_1307.ED50.gps.txt 
 Rfs_1307.WGS84.gps.txt 
 S2F_M2_1307.ED50.gps.txt 
 S2F_M2_1307.gps.txt 
 S2F_M2_1407.ED50.gps.txt 
 S2F_M2_1407.gps.txt 
 hb1_1307.ED50.gps.txt 
 hb1_1307.WGS84.gps.txt 

o Graficas 
o Mission2_chlorophyll-radiometry_GPS.txt 
o Pictures_SEN2FLEX 

 festuca.txt 
 sky.txt 

o RAD 
 A2 
 A4 
 A5 
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 A7 
 Angular 
 BS1 
 BS3 
 Fes 

• Fes_1207.000.rad.txt 
 Fpl 
 HB1 
 Rfs 

o RAW 
 A2 
 A4 
 A5 
 A7 
 Angular 

• Temporal.txt 
 BS1 
 BS3 
 Fes 
 Fest_PAN 
 Fest_PAN2 
 Fest_kautsky 
 Fest_ref 
 Fpl 
 HB1 
 LND_comp.000 
 LND_comp.001 
 LND_comp.002 
 LND_comp.003 
 LND_comp.004 
 Rfs 
 calibracion AOTF 
 polar 

o Roboscan_PAN 
 

a) IDR_radiometry 
o Radiometric measurements 1 jun 05 

b) UCL_radiometry 
o ASD_UCL_Measurements_SEN2FLEX_july2005.doc 
o GPS_COORDS_SEN2FLEX_ASD_UCL_measurements.txt 
o Radiance 

 a2 
• readme.txt 

 c6 
• readme.txt 

 c7 
• readme.txt 

 goniom 
• Position.txt 
• readme.txt 

 o1 
• readme.txt 

 sb1_130705 
• readme.txt 

 sb1_140705 
• readme.txt 

 soil 
• readme.txt 

 vine 
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• readme.txt 
o reflectance 

 Canopo 
• a2 
• c6 
• c7 
• goniom 

 Position.txt 
 readme.txt 

• o1 
 readme.txt 

• sb1_130705 
 readme.txt 

• sb1_140705 
 readme.txt 

 vine 
 readme.txt 

 leaf 
 corn1 

 README_c1_leaf.txt 
 c1.BL_BBG_003.txt 
 c1.BL_BBG_007.txt 
 c1.BL_BBG_011.txt 
 c1.BL_BBG_016.txt 
 c1.BL_BBG_020.txt 
 c1.BL_BBG_024.txt 
 c1.BL_BBG_028.txt 
 c1.BL_BBG_032.txt 
 c1.BL_BBG_038.txt 
 c1.BL_BBG_043.txt 
 c1.BL_WBG_002.txt 
 c1.BL_WBG_006.txt 
 c1.BL_WBG_010.txt 
 c1.BL_WBG_015.txt 
 c1.BL_WBG_019.txt 
 c1.BL_WBG_023.txt 
 c1.BL_WBG_027.txt 
 c1.BL_WBG_031.txt 
 c1.BL_WBG_037.txt 
 c1.BL_WBG_042.txt 
 c1.UL_BBG_001.txt 
 c1.UL_BBG_005.txt 
 c1.UL_BBG_009.txt 
 c1.UL_BBG_014.txt 
 c1.UL_BBG_018.txt 
 c1.UL_BBG_022.txt 
 c1.UL_BBG_026.txt 
 c1.UL_BBG_030.txt 
 c1.UL_BBG_036.txt 
 c1.UL_BBG_041.txt 
 c1.UL_WBG_000.txt 
 c1.UL_WBG_004.txt 
 c1.UL_WBG_008.txt 
 c1.UL_WBG_013.txt 
 c1.UL_WBG_017.txt 
 c1.UL_WBG_021.txt 
 c1.UL_WBG_025.txt 
 c1.UL_WBG_029.txt 
 c1.UL_WBG_035.txt 
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 c1.UL_WBG_040.txt 
 

 corn4_5 
 README_c4-5_leaf.txt 
 c4_5.BL_BBG_022.txt 
 c4_5.BL_BBG_026.txt 
 c4_5.BL_WBG_021.txt 
 c4_5.BL_WBG_025.txt 
 c4_5.UL_BBG_020.txt 
 c4_5.UL_BBG_024.txt 
 c4_5.UL_WBG_019.txt 
 c4_5.UL_WBG_023.txt 

 corn6 
 README_c6_leaf_140705.txt 
 c6.BL_BBG_015.txt 
 c6.BL_BBG_019.txt 
 c6.BL_BBG_023.txt 
 c6.BL_BBG_039.txt 
 c6.BL_BBG_043.txt 
 c6.BL_BBG_047.txt 
 c6.BL_WBG_014.txt 
 c6.BL_WBG_018.txt 
 c6.BL_WBG_022.txt 
 c6.BL_WBG_038.txt 
 c6.BL_WBG_042.txt 
 c6.BL_WBG_046.txt 
 c6.UL_BBG_013.txt 
 c6.UL_BBG_017.txt 
 c6.UL_BBG_021.txt 
 c6.UL_BBG_037.txt 
 c6.UL_BBG_041.txt 
 c6.UL_BBG_045.txt 
 c6.UL_WBG_012.txt 
 c6.UL_WBG_016.txt 
 c6.UL_WBG_020.txt 
 c6.UL_WBG_036.txt 
 c6.UL_WBG_040.txt 
 c6.UL_WBG_044.txt 

 corn7 
 README_c7_leaf_140705.txt 
 c7.BL_BBG_003.txt 
 c7.BL_BBG_007.txt 
 c7.BL_BBG_011.txt 
 c7.BL_BBG_027.txt 
 c7.BL_BBG_031.txt 
 c7.BL_BBG_035.txt 
 c7.BL_WBG_002.txt 
 c7.BL_WBG_006.txt 
 c7.BL_WBG_010.txt 
 c7.BL_WBG_026.txt 
 c7.BL_WBG_030.txt 
 c7.BL_WBG_034.txt 
 c7.UL_BBG_001.txt 
 c7.UL_BBG_005.txt 
 c7.UL_BBG_009.txt 
 c7.UL_BBG_025.txt 
 c7.UL_BBG_029.txt 
 c7.UL_BBG_033.txt 
 c7.UL_WBG_000.txt 
 c7.UL_WBG_004.txt 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 163 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

 c7.UL_WBG_008.txt 
 c7.UL_WBG_024.txt 
 c7.UL_WBG_028.txt 
 c7.UL_WBG_032.txt 

 garlic1_110705 
 README_g1_leaf_110705.txt 
 g1.BL_BBG_005.txt 
 g1.BL_BBG_010.txt 
 g1.BL_WBG_004.txt 
 g1.BL_WBG_009.txt 
 g1.UL_BBG_003.txt 
 g1.UL_BBG_007.txt 
 g1.UL_WBG_002.txt 
 g1.UL_WBG_008.txt 

 garlic1_120705 
 README_g1_leaf_120705.txt 
 g1.leaf1_BL_BBG_001.txt 
 g1.leaf1_BL_WBG_000.txt 
 g1.leaf1_UL_BBG_003.txt 
 g1.leaf1_UL_WBG_002.txt 
 g1.leaf2_BL_BBG_005.txt 
 g1.leaf2_BL_WBG_004.txt 
 g1.leaf2_UL_BBG_007.txt 
 g1.leaf2_UL_WBG_006.txt 
 g1.leaf3_BL_BBG_009.txt 
 g1.leaf3_BL_WBG_008.txt 
 g1.leaf3_UL_BBG_011.txt 
 g1.leaf3_UL_WBG_010.txt 
 g1.leaf4_BL_BBG_015.txt 
 g1.leaf4_BL_WBG_014.txt 
 g1.leaf4_UL_BBG_013.txt 
 g1.leaf4_UL_WBG_012.txt 
 g1.leaf5_BL_BBG_019.txt 
 g1.leaf5_BL_WBG_018.txt 
 g1.leaf5_UL_BBG_017.txt 
 g1.leaf5_UL_WBG_016.txt 
 g1.leaf6_BL_BBG_023.txt 
 g1.leaf6_BL_WBG_022.txt 
 g1.leaf6_UL_BBG_021.txt 
 g1.leaf6_UL_WBG_020.txt 
 g1.leaf7_BL_BBG_027.txt 
 g1.leaf7_BL_WBG_026.txt 
 g1.leaf7_UL_BBG_025.txt 
 g1.leaf7_UL_WBG_024.txt 
 g1.leaf8_BL_BBG_031.txt 
 g1.leaf8_BL_WBG_030.txt 
 g1.leaf8_UL_BBG_029.txt 
 g1.leaf8_UL_WBG_028.txt 

 
 sugarbeet1_110705 

 README_sb1_110705_leaf.txt 
 sb1.BL_BBG_013.txt 
 sb1.BL_BBG_017.txt 
 sb1.BL_WBG_014.txt 
 sb1.UL_BBG_011.txt 
 sb1.UL_BBG_015.txt 
 sb1.UL_WBG_012.txt 
 sb1.UL_WBG_016.txt 

 sugarbeet1_120705 
 README_sb1_120705_leaf.txt 
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 sb1.BL_BBG_003.txt 
 sb1.BL_BBG_007.txt 
 sb1.BL_BBG_011.txt 
 sb1.BL_BBG_015.txt 
 sb1.BL_BBG_019.txt 
 sb1.BL_BBG_023.txt 
 sb1.BL_WBG_002.txt 
 sb1.BL_WBG_006.txt 
 sb1.BL_WBG_010.txt 
 sb1.BL_WBG_014.txt 
 sb1.BL_WBG_018.txt 
 sb1.BL_WBG_022.txt 
 sb1.UL_BBG_001.txt 
 sb1.UL_BBG_005.txt 
 sb1.UL_BBG_009.txt 
 sb1.UL_BBG_013.txt 
 sb1.UL_BBG_017.txt 
 sb1.UL_BBG_021.txt 
 sb1.UL_WBG_000.txt 
 sb1.UL_WBG_004.txt 
 sb1.UL_WBG_008.txt 
 sb1.UL_WBG_012.txt 
 sb1.UL_WBG_016.txt 
 sb1.UL_WBG_020.txt 

 
 soil 

 readme.txt 
Reports 
a)1st_Progress_Meeting_Presentations 

 S2F_1PM_AGENDA.pdf 
 S2F_1PM_GomezJA.pdf 
 S2F_1PM_GomezL.pdf 
 S2F_1PM_Moreno_GMES_Water.pdf 
 S2F_1PM_Moreno_OVERVIEW.pdf 
 S2F_1PM_Moya.pdf 
 S2F_1PM_Sobrino.pdf 
 S2F_1PM_Vila.pdf 

 
b)Final_Meeting _WS2F_ESTEC_06_Presentations 

 20061030.SEN2FLEX Workshop ESTEC.INTA-1.pdf 
 Guanter_AC_All_SEN2FLEX_new.pdf 
 Guanter_AC_CASI_SEN2FLEX.pdf 
 Guanter_Fluorescence_SEN2FLEX.pdf 
 INTA-SEN2FLEX_finalworkshop-partII.pdf 
 SEN2FLEX_MoralesF_PC.pdf 

 
c)SEN2FLEX_Data_Acquisition_Report.pdf 
 
d)SEN2FLEX_Experimenters_Handbook_2005_version 5.pdf 
 
Surface Energy Budget Measurements 

 ITC_Fluxes 
 EC_LE_H_CO2_10min.csv 
 EC_LE_H_CO2_10min.xls 
 EC_sys1_sys2_results_final.csv 
 EC_sys1_sys2_results_final.xls 
 MET_data_10min.xls 
 MET_data_10min_itc_fluxes.csv 
 Rnet_data_10min.xls 
 Rnet_data_10min_itc_fluxes.csv 
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 Vineyard_LAS_10min.xls 
 Vineyard_LAS_10min_itc_fluxes.csv 
 readme.txt 

 
Thermal Measurements 

 Global Change Unit- SEN2FLEX 2005 
 JULY 2005 

o ANGULAR 
 angular_CIMEL4 & CIMEL 6.xls 

o MASTS 
 MASTS_july.xls  

o TRANSECTS 
 CIMEL RADIOMETERS 

• transects_CIMEL 4 & CIMEL 6.xls 
 OTHER RADIOMETERS 

• 12_07_05 
 12_07_05 _WB_RAYTEK ST6.xls 
 12_07_05_BS1_OPTRIS 5.xls 
 12_07_05_BS7_OAKTON.xls 
 12_07_05_LIS(13)_OPTRIS 6.xls 
 12_07_05_SC1_OPTRIS 4.xls 
 12_07_05_W1_RAYTEK ST6PROPLUS.xls 

• 12_07_05 NIGHT 
 12_07_05_NIGHT_5PARCELS_OPTRIS 2.xls 
 12_07_05_NIGHT_BS1_st6proplus.xls 
 12_07_05_NIGHT_BS7_oakton.xls 
 12_07_05_NIGHT_LIS(13)_OPTRIS 6.xls 
 12_07_05_NIGHT_VINEYARD_raytek st6.xls 
 12_07_05_NIGHT_W1_OPTRIS 5.xls 

• 13_07_05 
 13_07_05_flight1_BS7_OAKTON.xls 
 13_07_05_flight1_LIS(13)_OPTRIS 6.xls 
 13_07_05_flight1_SC-1_OPTRIS 2.xls 
 13_07_05_flight1_VINEYARD_OPTRIS 4.xls 
 13_07_05_flight1_W1_RAYTEK 

ST6PROPLUS.xls 
 13_07_05_flight1_WB_RAYTEK ST6&OPTRIS 

5.xls 
 13_07_05_flight2_LIS(13)_RAYTEK 

ST6PROPLUS.xls 
 13_07_05_flight2_VINEYARD_OPTRIS 4.xls 
 13_07_05_flight2_WB_RAYTEK ST6.xls 

• 14_07_05 
 14_07_05_BS1_raytek st6.xls 
 14_07_05_BS7_OAKTON.xls 
 14_07_05_BS7_raytek st6proplus.xls 
 14_07_05_LIS(13)_OPTRIS 4(b).xls 
 14_07_05_LIS(13)_OPTRIS 4.xls 
 14_07_05_SC-1_OPTRIS 6 (b).xls 
 14_07_05_SC-1_OPTRIS 6.xls 
 14_07_05_W2_OPTRIS 5 (b).xls 
 14_07_05_W2_OPTRIS 5.xls 
 14_07_05_WB_OPTRIS 3&2.xls 
 14_07_05_WB_raytek st6 & raytek st6proplus.xls 

• 15_07_05 
 15_07_05_BS1_ST6PROPLUS.xls 

o coordinates thermal measurements.txt 
 

 JUNE 2005 
o MASTS 
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 MASTS_june.xls 
o TRANSECTS 

 CIMEL 4 
• transects_CIMEL4_June2005.xls 

 CIMEL 6 
• transects_CIMEL6_June2005.xls 

 RAYTEK ST6 
• Water body_ST6_2 june.xls 

 RAYTEK ST6PROPLUS 
• Water body_ST6PROPLUS_1 june.xls 
• Water body_ST6PROPLUS_3 june.xls 
• Wheat1_ST6PROPLUS_2 june.xls 

o coordinates thermal measurements.txt 
 

 readme_GCU_SEN2FLEX05.txt 
Vegetation_data&field measurements 

a) Biomass 
 mission 1 

o Biomass_mission1.csv 
o Biomass_mission1.xls 
o biomass_mission I_read me.txt 
o photos and raw data 

 Clasificadas 
• RAW 

 Alfalfa_A1_corregida.txt 
 Alfalfa_A2_1_corregida.txt 
 Barley_B1-1_bis_corregida.txt 
 Corn_C1_1_bis_corregida.txt 
 Corn_C1_2_bis_corregida.txt 
 Corn_C2_1_bis_corregida.txt 
 Corn_C2_2_corregida.txt 
 Corn_C3_1_corregida.txt 
 Garlic_G1_1_bis_corregida.txt 
 Garlic_G1_2_bis_corregida.txt 
 Onion O1_bis_corregida.txt 
 S_beet_SB1_1_corregida.txt 
 S_beet_SB1_2_bis_corregida.txt 
 Wheat_W1_1_corregida.txt 
 Wheat_W1_2_bis_corregida.txt 
 wheat_W2_1_corregida.txt 
 wheat_W2_2_corregida.txt 

• TIF 
 fotos biomasa. calculo DMC_WC 

 mission 2 
o Biomass_Mission2.xls 
o Biomass_Mission2_per crops_2005.csv 
o Biomass_Mission2_per data_2005.csv 
o biomass_mission II_read me.txt 
o photos and raw data 

 biomasa11-7 
• Clasificadas 

 RAW 
 SV404754_C2.txt 
 SV404755_C3.txt 
 SV404756_W2.txt 
 SV404757_O1.txt 
 SV404758_W1.txt 
 SV404761_C1.txt 
 SV404762_SB1.txt 
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 SV404763_A1.txt 
 SV404764_A2.txt 
 SV404765_G1.txt 

 
 TIF 

• Corregidas 
 Correccion 
 TIF 

• Originales 
 biomasa12-7 

• Clasificadas 
 RAW 

 SV404764_C1.txt 
 SV404765_C3.txt 
 SV404766_W2.txt 
 SV404767_C2.txt 
 SV404768_W1.txt 
 SV404769_SB1.txt 
 SV404770_O1.txt 
 SV404771_G1.txt 
 SV404772_A2.txt 

 
 TIF 

 
• Corregidas 

 TIF 
• Originales 

 biomasa13-7 
• Clasificadas 

 RAW 
 SV404773_A2.txt 
 SV404774_SB1.raw 
 SV404774_SB1.txt 
 SV404775_C5.txt 
 SV404776_C3.txt 
 SV404777_G1.txt 
 SV404778_C1.txt 
 SV404779_A4.txt 
 SV404780_C2.txt 
 SV404781_O1.txt 
 SV404782_W2.txt 
 SV404783_W1.txt 

 
 TIF 

• Corregidas 
 TIF 

• Originales 
 
 biomasa14-7 

• Clasificadas 
 RAW 

 SV404784_C2.txt 
 SV404785_W1.txt 
 SV404786_W2.txt 
 SV404787_SB1.txt 
 SV404788_C5.txt 
 SV404789_O2.txt 
 SV404790_C3.txt 
 SV404791_C1.txt 
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 SV404792_O1.txt 
 SV404793_A4.txt 
 SV404794_SF2.txt 
 SV404795_VV.txt 
 SV404796_VE.txt 
 SV404797_SF1.txt 

 
 TIF 

• Corregidas 
 TIF 

• Originales 
 
b) Chlorophyll 

 Mission_1 
o Estad Crops VM I.pdf 
o chl mission I_read me.txt 
o chlorophyll  results MI.csv 
o chlorophyll  results MI.xls 
o chlorophyll  statistics MI.csv 
o chlorophyll calib results MI.csv 
o clorof Minolta Junio 05.TXT 
o clorof Minolta VM I+mean.pdf 
o coordenates chlo MI.csv 

 Mission_2 
o chl mission II_read me.txt 
o chlorophyll  coordenates gps MII.csv 
o chlorophyll  results MII.xls 
o statistics_CCM_ MII.csv 
o statistics_SPAD_ MII.csv 
o statistics_crops_CCM_SPAD_ MII.csv 

c) Estructural parameters description and DEM 
 Estructural parameters description 

o Mission1 
 vegetation_estructure 

• corn_reconstruction 
 Corn_Stats2005B.csv 
 Corn_Stats2005B.xls 
 Posiciones_corn_C1_M1_2005.txt 
 corn_C1_M1_2005.txt 

o Mission2 
 vegetation_estructure 

• forest 
 zone1 

 Altura_arboles_z1.xls 
 zone2 

 Altura_arboles_z2.xls 
 

o estructure_vegetation_data_inform_DIELMO_SEN2FLEX.pdf 
 Readme.txt 

d) FGVC 
 IDR_SEN2FLEX 

o Canopy_Structure.csv 
o Canopy_Structure.xls 
o Clas_veg300.jpg 
o FGVC_IDR_SEN2FLEX_read me.txt 
o Height.csv 
o Height.xls 
o Land_Use_Inventory.csv 
o Land_Use_Inventory.xls 
o Pictures 
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o Pictures.csv 
o Pictures.xls 

 
 UIT_UVAL 

o DHP 
 E1 

• CE_Hem_E1 
 CE_Hem_E1_Images.txt 
 CE_Hem_E1_LAISatSensitivity.txt 
 CE_Hem_E1_Mean.txt 
 CE_Hem_E1_Param.txt 

 E10 (the rest follows the same format as E1) 
 E11 
 E12 
 E13 
 E14 
 E15 
 E16 
 E17 
 E18 
 E19 
 E2 
 E20 
 E21 
 E22 
 E23 
 E24 
 E25 
 E26 
 E27 
 E28 
 E29 
 E3 
 E30 
 E31 
 E32 
 E33 
 E34 
 E35 
 E36 
 E4 
 E40 
 E41 
 E42 
 E49 
 E5 
 E50 
 E51 
 E52 
 E53 
 E54 
 E6 
 E7 
 E8 
 E9 

 
o HP_FVC_UIT_MII 

 HP_FVC_UIT_MII.csv 
 HP_FVC_UIT_MII.xls 
 HP_FVC_UIT_MII_readme.txt 
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o Processed_final results 
 FVC_MII_Mean values.csv 
 UIT_FVC_Processed&compared_final_results.txt 

e) LAI 
 mission 1 

o BARRAX05.LAI.txt 
o UNINA_LAI_MI.csv 
o UNINA_LAI_MI.xls 
o UNINA_LAI_MI_read me.txt 

 mission 2 
o LAI_MII.csv 
o LAI_MII_read me.txt 
o LAI_MII_statistics.csv 
o LAI_SEN2FLEX_MII.xls 
o UIT_UVAL 

 UIT_Processed_Data_FinalResults 
• FVC_MII_Mean values.csv 
• LAI&FVC_UIT_data.csv 
• LAI_MII_Mean values.csv 
• UIT_FVC+LAI_Processed&compared_final_results.txt 
• UIT_FVC+LAI_Processed&compared_final_results.xls 

 UIT_measurements 
• HP_FVC_UIT_MII.csv 
• LAI_LICOR_UIT_MII.csv 
• UIT_VegetationMeasurements_MII.xls 
• UIT_VegetationMeasurements_MII_read me.txt 

 licor_UIT 
• A 

 DATA_A_13.txt 
 Data_A.txt 
 Data_A_11-12.txt 

• F 
 DATA_F_11-12.txt 
 DATA_F_13.txt 
 Data_F.txt 
 nota licorF.txt 

o UNINA&UCLM 
 UNINA&UCLM_LAI_MII.csv 
 UNINA&UCLM_LAI_MII.xls 
 UNINA&UCLM_MII_read me.txt 
 licor_UCLM 

• UCLM_13_7.LAI.txt 
 licor_UNINA 

• Mission2_UCLM_data.txt 
 
f) Leaf_Reflectance-Transmittance 

 ATFS_Hyperspectral_Images_info.pdf 
 ATFS_README_.txt 

g) MEEO_it_soil 
 inventory.xls 
 inventory_meeo_it_soils.csv 
 meeo_it_soils_data_readme.txt 

h) Maps 
 SEN2FLEX_test site_flight_line 

o CN_CCOLOR_L5_20033_040705 
o CN_NDVI_L5_20033_040705 

 radiometric field meas ASD 
 soil water content_maps 
 vegetation field meas 
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o SEN2FLEX coordenates.txt 
i) Pigments_HPLC_analysis 

 HPLCBarrax05.xls 
 HPLCBarrax05_Q. ilex bal.csv 
 HPLCBarrax05_alfalfa.csv 
 HPLCBarrax05_corn.csv 
 HPLCBarrax05_garlic.csv 
 HPLCBarrax05_onion.csv 
 HPLCBarrax05_potato.csv 
 HPLCBarrax05_sugar beet.csv 
 HPLCBarrax05_sunflower.csv 
 HPLCBarrax05_vineyard.csv 
 pigments_HPLC_analysis_ mission II_read me.txt 

j) Volumetric soil water content 
 UNINA_SEN2FLEX_files 

o AREA_TRANSECT_vine.csv 
o AREA_TRANSECT_vine.xls 
o EFEDA 

 EFEDA_DATA.xls 
 EFEDA_DATA_Fields.csv 
 EFEDA_DATA_soil water retention.csv 
 EFEDA_DATA_texture1.csv 
 EFEDA_DATA_texture2.csv 
 efeda_description.pdf 

o KS.csv 
o KS.xls 
o OM.csv 
o OM.xls 
o POINTS_ESU.csv 
o POINTS_ESU.xls 
o Readme_especifications.txt 
o TEXTURE.csv 
o TEXTURE.xls 
o TRANSECTST1&T2.csv 
o TRANSECTS_T1&T2.xls 
o profile_1.csv 
o profile_1.xls 
o profile_2.csv 
o profile_2.xls 
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Chapter 10 – SEN2FLEX DATA ANALISIS AND RESULTS 

 
 
As results of the SEN2FLEX field data campaign, the complete dataset acquired within the days of the 
two missions of SEN2FLEX experiment has been analysed by the different teams involved in the project. 
In the present chapter are collected the results from analysis after data processing. Firstly a 
characterization of the atmosphere, as well as, a detailed description of the atmospherical correction of 
acquired imaging data is presented. Furthermore, results from characterizing the biophysical parameters 
measured during the SEN2FLEX campaign are included.  
 
To complete the data analysis, the three main SEN2FLEX objectives have been directly related to the 
experimental results and possible applications as follows: within the context of the FLuorescence 
EXperiment, an estimation of solar-induced vegetation fluorescence from remote sensing data acquired 
during SEN2FLEX is detailed, as well as, the results obtained from a study for improvement of 
fluorescence remote sensing; as a second objective, directly related to SENtinel-2 mission, simulation of 
Sentinel-2 products by means of the available spectral information from the airborne imaging 
spectrometers (AHS-INTA and CASI) has allowed to evaluate their spectral bands capabilities exploring 
the possibilities offered on retrieving vegetation properties such as LAI (leaf area index) and canopy 
chlorophyll content. Furthermore, as SEN2FLEX campaign included activities in support of the EC Water 
Framework Directive (WFD) EO projects for the improvement of protection and management of 
Europe’s water, proposed data applications from different teams (UGC-UVAL, UNINA, ITC) are 
included to complete the data analysis. 
 
10.1. CHARACTERIZATION OF THE ATMOSPHERE IN THE SEN2FLEX CAMPAIGN 
 
The characterization of the atmosphere during the SEN2FLEX campaign comprises meteorological radiosoundings, 
solar radiation spectra, ground-level aerosol size distribution and chemical composition measurements and LIDAR 
vertically-resolved aerosol extinction coefficient profiles. One of the main objectives of the characterization was to 
document, as precisely as possible, the presence of atmospheric aerosols above the experimental area, as their effects 
remain as the major source of uncertainty in the radiative transfer models used to correct the 
hyperspectral data cubes.  Therefore, accurate measurements of the aerosol optical depth (AOD), the 
columnar aerosol size distribution and the aerosol concentration vertical profile were undertaken in order 
to obtain an adequate data set for an eventual implementation of a suitable atmospheric correction of the 
airborne and satellite hyperspectral imagery obtained during the campaign. The measurements, reported in 
Chapter 4, were carried out mainly by three teams: the Solar Radiation Group of University of Valencia (solar 
radiation spectra), the Thermodynamic Department of University of Valencia (meteorological 
radiosoundings) and the Atmospheric Pollution Unit of CIEMAT (LIDAR and ground-level aerosol 
measurements). Furthermore, the LARA Group (LARA, IIA-CNR, Italy) has applied the sun photometry 
method of retrieving the Aerosol Optical Thickness (AOT) starting from direct solar irradiance acquired 
by a FieldSpec FR PRO (ASD) during the second mission of SEN2FLEX campaign. 
 
Measurements performed at ground level by sunphotometric and radiometric systems allow us to 
characterise the properties of the atmospheric components in the whole column. The temporal evolution 
of aerosol, water and ozone content, and main properties of aerosols (phase function, single scattering 
albedo, refractive index, size distributions, vertical distribution…) have been intensively recorded for an 
accurate atmospheric characterisation. Ground-level measurements of size distribution and chemical 
composition will allow to characterize the type of aerosol presents on the site as well as establish if the 
columnar results correspond to a homogeneous layer populated by local aerosols lifted on nearby location 
by atmospheric turbulence or elevated layers with external contributions are affecting the measurements. 
Moreover, having considered that the AOT is a physical quantity depending on the wavelength, it has 
been possible to determine its value throughout the entire ASD spectral domain (350-2500nm). The 
reliability check of radiometric procedures of Sun photometry applied to the ASD spectroradiometer, is 
made by comparing in situ measurements of τa (by means of the CIMEL CE318). The interpolation of the 
sequential LIDAR measurements will represent the evolution of the aerosols vertical structure. Changes 
in this structure can have some importance for the detailed atmospheric corrections of 
hyperspectral/multiangular data. Therefore, an evaluation of the impact on radiative transfer computations 
of atmospheric transmittance and radiance of all these parameters, as well as the implications for 
multiangular observations, seems worthwhile. 
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10.1.1 Results from analysis of spectroradiometric and sunphotometric measurements combined to 
soundings and LIDAR aerosol vertical profiles. 
 
The reliability of the determination (from the space or airborne based sensors) of physical quantities of 
the Earth surface depends critically on the atmospheric correction that has been applied to the measured 
radiances. Usually, climatological values have been used for the most significant parameters, like aerosol 
optical depth, columnar water content, or vertical distributions for temperature and water vapour. 
However, the new applications based on hyperspectral or multiangular measurements require a much 
more accurate characterisation of the atmospheric conditions at the time of the image acquisition. In order 
to fulfil such requirements, four types of measurements were done simultaneously to the aircraft and 
satellite overpasses: a) spectroradiometric and sunphotometric measurements; b) free soundings; c) 
aerosol physico-chemical characterization at ground level; and d) LIDAR (LIght Detection And Ranging) 
aerosol vertical profiles. 
 
In Fig. 10.1, the aerosol optical depth at 440 nm (AOD440) and Ångström wavelength exponent (α) are 
plotted for the complete campaign period. Intensive ground field campaigns are highlighted with dotted 
lines (1-3rd June and 11-15th July). On both periods, the results show atmospheric situations with a 
variable atmospheric turbidity, being the July period more drastic. The highest values of AOD is due to 
coarse aerosols. In fact, the Ångström exponent reached some of the lowest values on the entire period 
(down to ~0.5 on day 15th, as compared to ~2.0 on 11th July). The transition happened on day 14th. For 
comparison, at Valencia site (a coastal city on eastern Spain), the turbidity and Ångström exponent 
followed very similar behaviour in both intensive campaigns. Therefore, these values were not due to 
local sources influence but probably due to larger scale air masses (Estellés et al.). The nature of these air 
masses is discussed later. 
 

 
Fig.10.1. Aerosol optical depth at 440 nm (top) and Ångström wavelength exponent (bottom) along the 

complete experiment. Intensive field campaigns are highlighted with dotted lines. 
 
 
In Fig. 10.2 , the mean daily aerosol size distributions obtained with the SKYRAD code show the gradual 
increase of the distribution modes on the July period. This increase is clearly visible for all three modes 
on 11th – 13th July, but on day 14th, only the second mode continues growing, making the whole 
distribution more peaked around the central mode. In any case, the uncertainty at the extremes of the 
distribution is higher, due to saturation of radiance signal at the closest scattering angles measured from 
the sun. 
 
From the so obtained volume distributions, several other useful parameters were computed. The most 
useful parameter for radiative computation is the effective radius, presented in Fig. 10.3 In this figure, the 
evolution along the complete period is showed. Again, the maximum values are found for the two 
intensive field campaigns. These results are coherent with other size related parameters (Ångström 
exponent and asymmetry parameter).  
 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 174 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

 
Fig.10.2 Mean daily aerosol volume distributions retrieved for the July intensive field campaign. 

 
 

 
Fig.10.3. Effective radius computed from the instantaneous volume distributions. 

 
Daily mean values of the refractive index has been computed and presented in Fig. 10.4 for its real part. 
In spite of its daily variability, represented by the error bars (standard deviation), the general trend is clear 
and show slightly higher values for the two intensive campaigns (~1.47+0.02). These values are 
sometimes indicative of a higher contribution of mineral particles, from local or remote sources.  
  
 
 
For elucidating the nature of the particles measured in both intensive field campaigns, auxiliary tools have 
been also used. HYSPLIT model (Draxler et al., 2003) is usually employed for computing the air mass 
backtrajectories arriving a site at a given time. The so calculated trajectories give a hint about the path 
followed by the air mass and therefore, what kind of particles they could carry. For each day, HYSPLIT 5 
days back trajectories have been obtained with the available vertical velocity model at three different 
heights over ground: 500 m (within the boundary layer), 1500 m (near the transition between the 
boundary layer and the free atmosphere) and 3000 m (in the free atmosphere). In Fig.10.5 we show two 
interesting backtrajectories, showing the different nature of the air masses for the July period. For 10th 
July, all vertical levels show a northern (european) origin. However, the situation changes along the 
campaign. On Fig.10.6 for day 15th, the air masses show a clear passage over the Sahara region and 
surroundings at high and middle altitude. Usually at this time of the year, southern air masses bring desert 
dust from north Africa.  
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Fig.10.4. Real refractive index along the whole period. 

 
 

  
Fig.10.5. Backtrajectories computed with HYSPLIT model for 11th and 15th July. 

 
 

The situation was also predicted by other models. As an example, DREAM (Nickovic et al., 2001) model 
predictions at 0h for the campaign days are presented in Fig. 6. In these predictions, day 11th showed no 
particular dust influence, but on the 14th, July some dust was clearly present over Spain. Therefore, the 
results seem consistent and the increase on turbidity was related to an intrusion of dusty air from northern 
Africa, and the aerosol is partially formed by mineral particles. Sahara dust is usually lifted from ground 
to high atmospheric levels, sometimes over the boundary layer, where they are easily transported to 
higher latitudes due to fast winds. For ascertaining where these aerosols are located in the atmospheric 
column, vertical LIDAR measurements were performed on the July period. This information is useful 
when images at different levels are acquired with airborne sensors. There were no measurements on the 
June period due to technical problems. 
  
The analysis of the LIDAR results shows a clear evidence of the arrival of a Saharan dust intrusion that 
affected the vertical distribution of aerosols on days 13th to 15th. Fig.10.7, a grey-coded plot of the 
extinction coefficient vertical profiles obtained by interpolating all the lidar measurements, shows the 
boundary layer evolution from the 11th to the 15th of July. The horizontal axis represents time and the 
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vertical axis is height above ground level. The color represents the extinction coefficient, expressed as m-

1. A relevant vertical structure was found on day 14th, with a high aerosol load layer located between 1.5 
and 4 km and probably decoupled from surface. Such structure is due to the arrival of dust-rich air mass 
from the Sahara. The analysis of the whole set of atmospheric data, including backtrajectories and 
meteorological models support this explanation. During the night of the 14th and the 15th morning, the 
aerosol load in the boundary layer decreased slowly, leaving a residual layer above it, as it can be seen in 
the right-most part of the figure. 
  
Fig.10.8 shows a comparison of the radiosounding data and aerosol profile once the Saharan intrusion 
reached the site. The virtual potential temperature (θ) was calculated from the temperature and relative 
humidity values at each height in order to identify the mixing layer, where it remains constant. In this case 
a small boundary layer, up to 500 m, with slightly decreasing aerosol loading, is found. A transition layer, 
from 500 to 2500 m, is probably the residual layer from previous days, while a transport layer above it, up 
to 4200 m, shows a two-fold structure with high aerosol load and correlative specific humidity. This 
correlation is remarkable, as dry aerosol would be expected from the Sahara. One possible explanation is 
water uptake of the aerosol during their trip over the Atlantic (see backtrajectories on Fig.10.5). The 
ground-level measurements of size distribution (GRIMM) and chemical composition (HVS) have shown 
not relevant differences among the five days, indicating that the Saharan dust did not impact on surface. 
The anions, cations and element quantities obtained by ion chromatography and plasma spectrometry 
were grouped in four components: (Organic + Elemental Carbon, Mineral, Marine and Secondary 
inorganic phases) and compared with annual values provided by climatological studies (Querol et al, 
2004), in order to determine that the type of aerosol present on the site was rural, as expected.   
 
 

 
 

Fig.10.6. 0h predictions from the DREAM model, for days 11th  to 16th of July, 2005 . 
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Fig.10.7. LIDAR profiles showing vertical atmospheric aerosol structure, for days 11th to 16th of July, 

2005. 
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Fig.10.8.Comparison of radiosounding with the aerosol profile at the Saharan intrusion period in July. 

 
 
 
The GRIMM size distributions have been presented in Fig.10.9 for days 11th and 14th, as well as the 
distributions retrieved with the CIMEL sunphotometer, for comparison. For the sunphotometer, the 
Skyrad.pack inversion code has been applied to the sky radiance data, and the King inversion method 
(King et al. 1976) was also applied to the direct sun irradiance for the size distribution retrieval. In this 
figure we can see how both GRIMM and CIMEL distributions are very similar for day 11th, but they 
differ for day 14th. This result is very reasonable if we take into account that the CIMEL distributions are 
representative of the whole atmospheric column. On the contrary, the GRIMM measurements are only 
representative of the lower layers. Therefore, CIMEL distributions were capable to detect the arrival of 
elevated dust layers that were not detected by the in situ instruments. Moreover, the Skyrad and King 
inversion methods for CIMEL have shown to give equivalent results. Note that the King method has been 
only used for the radius range from 0.08 to 2.0 μm, narrower than the radius range for Skyrad (Estellés, 
2006). 
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Fig.10.9. Aerosol size distributions obtained with GRIMM and CIMEL instruments for days 11th (left) and 

14th  July (right). The King and Skyrad distributions refer to the solutions obtained by the two available 
inversion codes. The distributions are the mean daily values and the error bars represent the standard 

deviation. 
 
 
10.1.2 Results from analysis of Aerosol Optical Thickness within the FieldSpec FR PRO Spectral 
Domain  
 
The analysis of Aerosol Optical Thickness have been accomplished in two different ways: a) determining 
the calibration coefficient for the entire spectral domain of the Analytical Spectral Device FieldSpec Fr 
Pro spectroradiometer (ASD) and b) estimating τa by measuring the extinction of the direct solar 
radiation in the continuous spectral range 350-2500nm. The reliability check of radiometric procedures of 
Sun photometry applied to the ASD spectroradiometer, has been made by comparing in situ 
measurements of τa (by means of the CIMEL CE318). 
 
The discussion of results will focus on the characteristics of the sets of parameters determined in this 
work, i.e. the retrieved aerosol optical thickness τa within the ASD spectral domain. 
Fig.10.10 shows the AOT retrieved for each day of the SEN2FLEX campaign together with the 
atmospheric transmittance obtained by the MODTRAN code. These plots are in agreement with the 
radiative transfer obtained using the Mie theory. In the atmospheric VNIR window the aerosol optical 
thickness decreases rapidly with increasing wavelength and in the SWIR the AOT is close to zero. 
 
In Fig.10.10, the light grey boxes represent the spectral ranges in which the solar radiation is completely 
absorbed and therefore the AOT cannot be retrieved directly from the ASD irradiance. The dark grey 
boxes represent the spectral regions with only an attenuation of radiation. Therefore the AOT could be 
computed using the modified Langley method (Haltore et al., 1997). 
From the analysis of the plots a strong increase of the aerosol quantity is recognizable from the spectral 
AOT during 14/07/2005 and, in general, there was an increase during the entire SEN2FLEX campaign. 
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Fig.10.10. Scatter plots of AOT within the ASD spectral domain. 

 
 
Validation of the ASD Aerosol Optical Thickness 
 
CIMEL AOTs were used to make direct comparisons to the ASD results thanks to the fact that each 
measurement pair, ASD - CIMEL, was acquired simultaneously. Fig.10.11shows the evolution of the 
retrieved AOT values using the ASD and the CIMEL Sun photometer throughout campaign days for each 
spectral channel (380, 440, 500, 670, 870 and 1020nm), regardless aerosol concentration. 
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Fig.10.11. Daily evolution of the CIMEL and ASD AOT during the SEN2FLEX campaign. 
 
The daily increase of τa during the SEN2FLEX campaign is recognizable from the plots of both data sets; 
for the last CIMEL channel the ASD seems to slightly overestimate the AOT with respect to CIMEL. 
The RMS is a key parameter to establish the correlation between the two series because it represents the 
deviation between the AOT, retrieved from the ASD irradiance, and the CIMEL AOT, taken as reference 
values. 
 

Table 10.1. RMS between the ASD and CIMEL AOTs 
Date 380nm 440nm 500nm 670nm 870nm 1020nm 
11/07/2005 0.03 0.07 0.03 0.1 0.03 0.2 
12/07/2005 0.4 0.09 0.2 0.3 0.2 0.7 
13/07/2005 0.1 0.09 0.1 0.1 0.03 0.2 
14/07/2005 0.1 0.1 0.07 0.07 0.05 0.2 
15/07/2005 0.1 0.06 0.2 0.3 0.2 0.5 

 
In Table 10.1 the deviation in the last channel (1020 nm) is always higher than the other channels during 
all acquisition times of the SEN2FLEX campaign. In Table 10.1, the large number of acquisitions during 
July 12th and 14th attests that the RMS is statistically significant. In general, the low values of the RMS 
show that the AOT retrieved by direct solar irradiance is comparable to the reference value, i.e. the 
CIMEL AOT. Furthermore, the RMS values remained small even in the case of elevated variability of 
aerosol in the atmosphere as demonstrated by the major increase of AOT during the 14/07/2005 (see Fig. 
10.11). 
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10.2. ATMOSPHERICAL CORRECTION OF ACQUIRED IMAGING DATA 
 
10.2.1 Generalities 
 
Imaging spectrometers on board airplane or satellite platforms allow the remote monitoring of surface and 
atmospheric processes. When the acquired remote sensing data set is to be used in the characterization of 
the surface state, the target reflectance becomes the natural magnitude to be evaluated. The atmospheric 
contribution to the radiance spectra measured by the sensor becomes an error source that must be 
removed from the useful signal reflected by the surface. This is the principle of atmospheric correction. 
The atmospheric components with the highest optical activity in the solar spectrum range are aerosols, 
quantified by the aerosol optical thickness (AOT), and water vapour, given in terms of the columnar 
water vapour (CWV). In addition, surface reflectance may also present errors due to instrumental issues, 
such as spectral or radiometric calibration problems. 
 
The relative impact of those different contributions on the derived surface reflectance depends on the 
particular spectral and spatial resolutions of the data to be processed. A wide range of remote sensing data 
was acquired during the SEN2FLEX campaigns, both from spaceborne and airborne sensors working 
under different resolutions. This causes surface reflectance schemes must be adapted to each particular 
sensor, although a common basis can be shared by all of them. A similar situation was present in the 
SPARC campaigns 2003 and 2004. Surface reflectance methods were already designed for the processing 
of the remote sensing data base acquired during SPARC, which comprised ENVISAT/MERIS, 
PROBA/CHRIS, Landsat TM, HyMap, ROSIS and AHS data. The techniques applied in the processing 
of those data were described in Guanter et al. (2005a, 2005b). The same methods with some minor 
modifications were applied to the processing of most of the SEN2FLEX remote sensing images. 
 
However, a new algorithm to be applied in the processing of CASI-1500 data had to be implemented in 
the frame of SEN2FLEX activities. CASI-1500 operated under a special spectral configuration consisting 
in either 144 or 288 bands in the 370-1050 nm spectral range, with a spectral resolution of 4.4 or 2.2 nm, 
respectively. Such fine spectral sampling and bandwidths are a challenging configuration concerning 
surface reflectance retrieval, as small errors in the evaluation of atmospheric parameters or sensor 
calibration may lead to noticeable errors in the subsequent surface reflectance. A brief description of the 
methodology applied in the processing of the SEN2FLEX CASI-1500 images will be presented in this 
section, with the main emphasis being put on the validation of the method with ground-based atmospheric 
and surface measurements acquired during the campaign. 
 
10.2.2 Methodology  
 
10.2.2.1 Radiative transfer calculations 
 
The quantitative modelling of the interactions between the solar radiation and the surface/atmosphere 
system is necessary for the spectral calibration and surface reflectance retrieval. Since the relevance of the 
errors introduced in the surface reflectance retrieval by mis-calculations of the atmospheric parameters is 
enhanced in the case of very narrow observation channels, accurate radiative transfer calculations are 
included in the atmospheric correction scheme. A modified version of the MODTRAN4 atmospheric 
RTC (Berk et al., 2003) was used for this purpose. MODTRAN4 is one of the most widely used RTCs for 
accurate simulations of atmospheric radiative transfer. It is a general-purpose atmospheric simulator, 
which reproduces the radiances at the sensor level with up to a 1 cm-1 of spectral resolution. Its rigorous 
coupling of absorption and scattering events makes it an accurate code for the simulation of multi- or 
hyperspectral optical remote sensing data sets. However, as it was not originally intended for remote 
sensing applications, it does no fit into the flexibility and efficiency requirements imposed by them. In 
order to solve this problem, modifications of the original code were done at the source code level, 
generating a faster executable file providing directly the atmospheric optical parameters, which are not 
given as output in the regular MODTRAN4 distribution. This modified code is plugged in the 
atmospheric correction software as a subroutine, and it is run before the processing of each image. 
 
10.2.2.2 Spectral calibration 
 
Different causes may originate the sensor spectral degradation, leading to spectral shifts from the nominal 
band positions. When the instrument follows a push-broom principle, those shifts are expected to vary 
non-linearly in the across track direction, effect known as “smiling”. The first step in the atmospheric 
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correction algorithm is the evaluation and correction of potential problems in the instrument spectral 
calibration.  
 
Errors in surface reflectance appear around atmospheric absorption features when the band configuration 
applied in the resampling of the atmospheric parameters differs from the actual one. The fundamental 
basis for the detection of spectral shifts is the removal of those errors. The method looks for the shift 
which generates the smoothest surface reflectance spectrum after the atmospheric correction. When the 
oxygen absorption centred at 760 nm is present in the spectral range registered by the sensor, it is 
preferred in the evaluation of the spectral calibration. The across-track direction is represented by a set of 
radiance spectra derived by averaging all the spectra in the along-track direction into one single pixel for 
each image column. The spectral shift is evaluated independently for each one of them.  
 
10.2.2.3 Retrieval of atmospheric parameters 
 
The atmospheric state is characterized by the AOT and the CWV at the time of image acquisition. Both of 
them are derived from the data themselves. For the AOT retrieval, the total aerosol loading is 
parameterized by the AOT at 550 nm. No attempt to derive information on the aerosol model is made, as 
it has been shown to be a challenging issue when observations are only taken in the visible to near-
infrared regions with the reduced angular sampling generally provided by hyperspectral airborne sensors. 
The method assumes that the AOT is constant all over the imaged area, which usually comprises several 
kilometres. The aerosol loading in the area is calculated from a set of 5 land reference pixels with the 
maximum spectral contrast, from the purest vegetation to the purest bare soil. Those are selected 
according to dynamic thresholds of the NDVI. The spectral contrast in the reference pixels enables to 
decouple the contributions of surface and atmosphere to the at-sensor radiance, as the same atmospheric 
state is assumed for the 5 reference pixels. The surface reflectance in the 5 reference pixels is modelled as 
a linear combination of two artificial endmembers. The endmembers are called “artificial” because its role 
is to provide a reflectance basis for the construction of at-sensor radiances, reproducing real targets 
present in the scene. The inversion of the reference pixels provides the visibility and the 5 endmembers 
abundances as by-product. It is performed using the Powell's Minimization Method (Press et al., 1986). 
 
A new method for CWV retrieval has been developed taking advantage of the high number of observation 
bands in the sensors the algorithm is aimed to. It relies on a band-fitting technique, which is based on 
inverting the at-sensor radiance around the 940 nm water vapour absorption feature with a simulated 
spectrum with the adequate CWV value. Observation and illumination angles, AOT and target elevation 
are assumed to be known. However, the surface reflectance around the 940 nm region can not be known 
until the CWV is estimated. This is achieved by assuming a linear response in the spectral reflectance of 
land targets in the 860 to 930 nm spectral region. The influence of the water absorption in vegetation 
targets is minimized by discarding wavelengths longer than 930 nm, when the liquid water absorption 
becomes appreciable. This fact is illustrated in Fig.10.12. An atmospheric total transmittance spectrum 
and typical green vegetation and bare soil spectra are plotted together.  
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Fig.10.12.Green vegetation and bare soil reflectance spectra superposed to an atmospheric total 

transmittance spectrum. Labels “A” and “B” and grey bars mark the two spectral regions used in the 
CWV retrieval. 
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The NIR bands are separated into two regions, A and B, marked by grey bars. The first region, between 
860 and 890 nm, is free from water vapour absorption, while the second one, between 890 and 930 nm, is 
affected by the left wing of the 940 nm absorption feature. However, the same linear response in the 
reflectance of land pixels is expected in the two regions. Thus, the surface reflectance in A can be 
extended to B by linear extrapolation. The resulting surface reflectance in AB is then independent of the 
water vapour influence, and can be used in the inversion of radiances in AB to estimate the CWV. Water 
vapour maps are generated by repeating this process for all the pixels in the image 
 
10.2.2.4 Retrieval of surface reflectance 
 
The same atmospheric parameters calculated from the final CWV value enable the inversion of at-sensor 
radiance images for the surface reflectance retrieval, as the estimated visibility was already considered in 
the generation of the LUT to be applied in the CWV calculation. Thus, the derivation of the reflectance 
hypercube and the water vapour maps are performed simultaneously. 
 
The final step in the atmospheric correction scheme is the removal of systematic errors in surface 
reflectance. By “systematic” we refer to errors happening in surface reflectance with the same intensity 
and sign for all the targets. Out of absorption regions these errors are mostly due to problems in the 
instrument gain coefficients (radiometric calibration), but inside atmospheric absorptions they can also be 
partially associated to inaccurate radiative transfer simulations. The fact that they are systematic enables 
the correlation with an error-free reference reflectance for the correction. If no error is associated to dark-
current effects, a multiplicative factor is enough to update sensor gain coefficients. The inversion of 
artificial endmembers is utilized again to provide the reference reflectance. The reflectance image is 
multiplied by those coefficients to generate the final reflectance hypercube. 
 
10.2.3. Results 
 
10.2.3.1 Correction of spectral calibration 
 
The characterization of the “smiling” effect in CASI is displayed in Fig.10.13. The across track spectral 
shift for the 144 bands configuration is plotted in Fig.10.13a, and the same is in Fig.10.13b for the 288 
bands configuration. It can be stated that shape and absolute values are common to the two curves. This is 
consistent with the “binning”' used for the generation of wider channels by means of the combination of 
two narrow ones, averaging a number of units in the detectors array. The noise in the curves is a measure 
of the actual noise in the sensor. It is not related to dependence on the spectral patterns or on the 
atmospheric composition, because it disappears when the technique is applied to the same images 
resampled to 13 m per pixel spatial resolution. The different number of pixels comes from the different 
FOV in the two spectral modes. The shift variation from the center to the edges of the sensor spatial 
dimension in the 144 bands configuration is about 2.3 nm, which is close to the absolute shift of ±1 nm 
claimed by the instrument operators (J. Howse, ITRES Research Ltd., personal communication, 2005). 
 

 
 

Fig.10.13. Calculated spectral shift in the across-track direction for CASI working under the 144-bands 
(a) mode and 288-bands (b) mode. 
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Sample surface reflectance spectra before and after the spectral shift correction for the 144 bands mode 
are plotted in Fig.10.14. Samples are extracted from different across-track positions. Thin lines refer to 
the surface reflectance derived from the nominal spectral configuration, and thick lines refer to surface 
reflectance after the spectral correction. It can be noted how errors in surface reflectance around the 760 
nm oxygen absorption band are strongly determined by the magnitude of the shift. The small value of 
0.40 nm causes a reflectance error in those wavelengths around ±0.015, while it increases up ±0.1 when 
the shift equals to -1.71 nm. Obviously, errors depend also on the bandwidth, so they are larger in the 288 
bands mode. 
 

 
 

Fig.10.14. CASI-derived surface reflectance spectra between 500 and 800 nm before (thin line) and after 
(thick line) the spectral shift correction. X and S indicate across-track pixel position and calculated shift. 
 
10.2.3.2 Atmospheric retrievals 
 
The comparison between the AOT at 550 nm estimated from CASI data and the same retrieved from 
ground measurements is depicted in Fig.10.15a. Points correspond to 4 different days, June 1, 2, 3 and 
July 14, either from 288 or 144 bands modes. There were CASI acquisitions on July 13 as well, but 
simultaneous ground measurements are not available because of instrumental failures. Horizontal error 
bars correspond to the standard deviation in the ground measurements in a 2-hours window centred at the 
time of CASI acquisition, while the uncertainty estimated for each single measurement is 0.02. No error 
budget is calculated for the AOT retrievals from CASI data. It can be concluded that variations in the 
aerosol loading are well registered by the method in general, both for low and high concentrations, 
although there are some deviations in absolute terms leading to a square Pearson correlation coefficient r2 
of 0.519. 
 
Apart from intrinsic limitations in the method, one major error source in aerosol retrieval from airborne 
sensors is the vertical distribution of aerosols. An operational atmospheric correction method as the one 
presented in this work can not rely on such information, which is not available in the general case. This 
fact causes the comparison between ground measurements, that comprises the whole atmospheric path, 
and the AOT obtained from CASI images, acquired by a sensor at low altitude, is not realistic in some 
occasions. The worst conditions for such a comparison are dust intrusions at high altitudes, especially 
over the aerosol mixing layer. In those situations a considerable proportion of aerosols can be located 
above the sensor, what causes the calculated value for the total atmospheric column to underestimate the 
value provided by the sunphotometer. One clear episode of Saharan dust intrusion was detected on July 
14 from measurements taken by an atmospheric LIDAR at the time of CASI acquisition, as it is marked in 
Fig.10.15a Important particle streams entered into the Barrax site with a height from 2000 to 2500 m 
above the ground level, which is above the 2000 m layer where the aircraft flew. This may explain the 
large underestimation of the AOT for such day (r2 increases up to 0.712 if this point is discarded). Some 
of the other points could be also affected but in a lower proportion (June 1 to 3), which is consistent with 
the underestimation of the method as compared to the experimental data. However, the calculated AOT is 
still reliable for its application to atmospheric correction, because the values are in accordance to what 
was measured by CASI. 
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Fig.10.15. Comparison between CASI-derived AOT and CWV with ground-based measurements. Left 
(a), validation of AOT retrievals. Horizontal error bars correspond to the standard deviation in the ground 

measurements in a 2-hours window centred at the time of CASI acquisition. Text label indicates the 
intrusion of Saharan dust on July 14. Right (b), the same for CWV retrievals. Vertical error bars show the 

standard deviation associated to CWV retrieved in a 1.2×1.2 km2 area containing the CIMEL 
sunphotometer. 

 
Water vapour retrievals from CASI data are plotted against ground measurements in Fig.10.15b, for the 
same 4 days than in Fig.X.4a. Horizontal error bars are the standard deviation of the CWV calculated 
from all the ground measurements taken in a 2-hours window centred at the time of CASI acquisition. 
The uncertainty associated to each single measurement is 0.15 gcm2. Vertical error bars refer to the 
standard deviation of the CWV retrievals in the 1.2×1.2 km2 area around the location of the CIMEL 
instrument. It can be stated that the agreement between the two sources is higher than in the case of 
aerosols, with r2=0.736. The dependence on the water vapour vertical profile is not as important as it is 
for particulate matter, because most of the water vapour is located in the first 2 km over the surface. Then, 
most of the water vapour extinction occurs below the sensor and can be properly evaluated. The retrievals 
are robust against the instrument band configuration, as similar accuracy is found for the 288 and 144 
bands modes. 
 
10.2.3.3 Surface reflectance retrieval 
 
Four sample surface reflectance spectra acquired around the Barrax study site are displayed in Fig.10.16. 
Atmospherically corrected CASI data in the 288-bands spectral configuration are compared to ground-
based reflectance measurements. The width of the stripes gives an idea of the natural variability of the 
target. 
 
The agreement between ground and CASI spectra depend considerably on the nature of the target. While 
CASI retrievals are very close to the ground measurements in vegetated targets, as it is the case of alfalfa 
and corn, the comparison becomes worse when the proportion of soil is increased. One possible 
explanation to this trend may be the high heterogeneity of bare soils, which complicates the comparison 
between ground and remote measurements. Moreover, the Lambertian assumption is less realistic in bare 
soils, and directional effects can affect both the ground measurements and the CASI data. 
 
It can also be stated that the spectra are nearly free from spectral errors, in terms of spikes and dips in the 
spectra, despite the very high spectral resolution. This assesses the good performance of the spectral and 
radiometric calibration modules. However, some artefacts are still present in the water vapour absorption 
region centred at 940 nm, as the expected linearity in the reflectance pattern is lost. This could be caused 
by an overestimation of the updated gain coefficients applied in the generation of the final reflectance 
hypercube. However, such correction is fully necessary in those wavelengths at the working spectral 
resolution. Possible strategies to refine the calculation of the gain coefficients are planned for future work. 
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Fig.10.16. Surface reflectance spectra from different natural targets around the Barrax study site. The 
width of the stripes indicates the natural variability of the target, as seen from plane and ground scales. 

 
 
10.3 CHARACTERIZATION OF BIOPHISICAL PARAMETERS DURING THE SEN2FLEX 
CAMPAIGN 
 
 
10.3.1 Crop Photosynthetic Pigment Composition during the SEN2FLEX Campaigns 
 
Photosynthetic pigment composition of sunflower, corn, alfalfa, sugar beet, potato, onion, garlic, and 
vineyard crops, and Quercus ilex canopies was fully characterized accurately during the SEN2FLEX 
Campaign in 2005 (Sagardoy et al, 2006). Results were compared with those of SPectra bARrax 
Campaign (SPARC) in 2004 (Sagardoy et al., 2005). Chlorophylls (Chl a and b), major (lutein and β-
carotene) and minor (neoxanthin, violaxanthin, antheraxanthin and zeaxanthin) carotenoids were 
quantified by high performance liquid chromatography (HPLC). Some relationships found among 
pigments will be presented and discussed. 
 
Results in this work have been expressed in an area basis (µmol m-2), which is widely used within the 
photosynthesis research and plant physiology community. Within the remote sensing community, it is 
frequent to express results as µg cm-2, since (some) remote sensing models require such units for 
chlorophyll concentration as inputs. For conversion, the following molecular weights must be used: Chl a 
(893.53), Chl b (907.51), neoxanthin (600.9), violaxanthin (600.9), antheraxanthin (584.9), lutein (568.9), 
zeaxanthin (568.9), and β-carotene (536.85). 

10.3.1.1 Chlorophylls 
 
Table 10.2 presents values for Chl a, Chl b, and the Chl a/Chl b ratio, for the 9 species investigated. Chl a 
values varied from approximately 174 µmol m-2 in vineyard to 391 µmol m-2 in alfalfa, whereas those of 
Chl b ranged from approximately 56 µmol m-2 in potato to 115 µmol m-2 in Quercus ilex. The Chl a/Chl b 
ratio values varied from 3.0 in Quercus ilex to 4.2 in sugar beet. 
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Table 10.2. Chlorophyll a (Chl a, µmol m-2), chlorophyll b (Chl b, µmol m-2), and chlorophyll a/ 
chlorophyll b (Chl a/Chl b) ratio in the 9 species sampled in SEN2FLEX 2005. Data are mean±SE. n = 
20-21 samples per species. 
Species  Chl a   Chl b   Chl a/Chl b 
 
Sunflower 385.1±21.8  97.1±5.4  4.0±0.1 
Corn  343.1±21.5  84.9±5.6  4.0±0.1 
Alfalfa  390.5±12.9  111.2±3.8  3.5±0.1 
Sugar beet 293.7±18.7  69.6±4.4  4.2±0.1 
Potato  176.8±29.4  56.1±10.0  3.4±0.2 
Onion  243.6±9.8  80.3±3.7  3.1±0.1 
Garlic  210.3±22.5  63.1±6.5  3.2±0.1 
Vineyard 173.5±24.9  57.5±8.5  3.2±0.1 
Quercus ilex 346.9±15.7  114.7±5.2  3.0±0.1 
 

10.3.1.2 Major Carotenoids 
 
In all species, major carotenoids were lutein and β-carotene (Table 10.2). In potato, onion, garlic, 
vineyard, and Quercus ilex the concentration of lutein was higher than that of β-carotene (both in an area 
basis and as percentage of total carotenoids, Table 10.2 and 10.4 respectively), whereas in sunflower, 
corn, alfalfa and sugar beet the concentration of β-carotene was higher than that of lutein (Tables 10.2 and 
10.4). Quercus ilex merits a special remark, since the concentration of zeaxanthin in this case is similar to 
that of lutein and β-carotene (Tables 10.2 , 10.3 and 10.4). 
 
 
Table 10.3. Major carotenoids lutein and β-carotene (µmol m-2) in the 9 species sampled in SEN2FLEX 
2005. Data are mean±SE. n = 20-21 samples per species. 
Species    Lutein   β-carotene 
 
Sunflower   35.2±1.5  44.9±2.6 
Corn    37.9±2.7  42.9±3.5 
Alfalfa    44.9±1.9  45.8±3.0 
Sugar beet   42.3±3.1  46.3±3.4 
Potato    23.2±3.9  16.1±2.9 
Onion    33.8±1.5  24.7±1.5 
Garlic    41.6±3.8  29.8±3.4 
Vineyard   30.0±4.4  22.4±3.9 
Quercus ilex   61.9±2.8  50.7±2.4 
 

10.3.1.3 Minor Carotenoids 
 
Table 10.3 shows values for the minor carotenoids in the 9 species investigated. In alfalfa and onion, 
neoxanthin was the minor carotenoid found in highest concentrations (in an area basis), whereas in 
sunflower, corn, and sugar beet was violaxanthin, and in potato, garlic, vineyard and Quercus ilex was 
zeaxanthin (Table 10.3). In all cases, antheraxanthin was found to be in low concentrations, although in 
Quercus ilex antheraxanthin concentration was similar to that of violaxanthin (Table 10.3). The 
contribution of each individual minor carotenoid to the total complement (% of the total) was different 
depending on species (Table 10.4). In the case of sunflower and corn, the order was violaxanthin > 
neoxanthin > zeaxanthin > antheraxanthin. In the case of potato, garlic, and vineyard the order was 
zeaxanthin > neoxanthin > violaxanthin > antheraxanthin. In the rest of the species, the order was 
different among them and also different to those mentioned above. 
 
 
 
 
 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 188 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

Table 10.4. Minor carotenoids neoxanthin (Neo), violaxanthin (V), antheraxanthin (A), and zeaxanthin 
(Z) (µmol m-2) in the 9 species sampled in SEN2FLEX 2005. Data are mean±SE. n = 20-21 samples per 
species. 
Species   Neo  V  A  Z 
 
Sunflower  8.2±0.4  13.3±0.9 1.9±0.2  4.7±0.7  
Corn   10.4±1.1 13.7±1.5 3.7±0.4  6.7±0.8 
Alfalfa   16.1±1.0 12.9±1.1 5.7±0.5  15.0±1.8 
Sugar beet  12.0±0.9 13.2±1.5 5.5±0.5  12.2±1.4 
Potato   6.6±1.2  4.3±1.0  2.8±0.4  10.4±1.0 
Onion   9.3±0.9  8.9±0.8  2.5±0.4  7.3±1.2 
Garlic   12.7±1.3 5.8±1.2  3.2±0.5  17.8±1.5 
Vineyard  8.1±1.5  2.9±0.6  0.9±0.2  10.8±1.8 
Quercus ilex  19.2±1.0 3.1±1.2  3.5±0.7  55.7±3.8 
 
Table 10.5. Contribution of each individual carotenoid (% of the total) to the total carotenoid complement 
in the 9 species sampled in SEN2FLEX 2005. Major (Lutein, Lut; β-carotene, β-car) and minor 
(Neoxanthin, Neo; Violaxanthin, V; Antheraxanthin, A; Zeaxanthin, Z) carotenoids are included. Data are 
mean. SE are not presented, for clarity. n = 20-21 samples per species. 
Species   Lut  β-car  Neo  V A         Z 
 
Sunflower  32.5  41.5  7.6  12.3 1.8       4.3 
Corn   32.9  37.2  9.0  11.9 3.2       5.8 
Alfalfa   32.0  32.5  11.5  9.2 4.1       10.7 
Sugar beet  32.2  35.2  9.1  10.0 4.2      9.3 
Potato   36.6  25.4  10.4  6.8 4.4      16.4 
Onion   39.0  28.6  10.8  10.3 2.9      8.4 
Garlic   37.5  26.8  11.5  5.2 2.9      16.1 
Vineyard  40.0  29.7  10.8  3.9 1.2      14.4 
Quercus ilex  31.9  26.1  9.9  1.6 1.8      28.7 
 

10.3.1.4 SPARC (2004) versus SEN2FLEX (2005) Campaigns 
 
Comparing data from SPARC (2004) and SEN2FLEX (2005) campaigns, corn, sugar beet, potato, onion 
and vineyard had more chlorophyll concentration in 2004 than in 2005, whereas sunflower, alfalfa and 
garlic had more in 2005 (Table 10.5). The A+Z/(V+A+Z) ratios were higher in 2005 than in 2004 in all 
the species investigated, except sunflower (Table 10.6). 
 
 
Table 10.6. Comparison of total chlorophyll (Total Chl) concentrations (in µmol m-2) in the 9 species 
sampled in Barrax area during the SPARC (2004) and SEN2FLEX (2005) campaigns. Data are mean±SE. 
n = 15-26 and 20-21 samples per species in 2004 and 2005, respectively. Quercus ilex was only sampled 
during the SEN2FLEX campaign. 
Species   Total Chl 
   SPARC  SEN2FLEX 
Sunflower  460.8±17.1 482.3±27.2 
Corn   490.6±37.4 427.3±28.1 
Alfalfa   448.3±20.2 501.6±16.2 
Sugar beet  482.1±15.8 363.3±22.9 
Potato   248.9±10.6 233.0±39.3 
Onion   378.0±22.1 323.9±13.0 
Garlic   246.6±26.9 273.4±28.8 
Vineyard  417.9±38.8 231.0±33.3 
Quercus ilex  -  461.6±20.6 
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Table 10.7. Comparison of A+Z/(V+A+Z) ratios in the 9 species sampled in Barrax area during the 
SPARC (2004) and SEN2FLEX (2005) campaigns. Violaxanthin, V; Antheraxanthin, A; Zeaxanthin, Z. 
Data are mean±SE. n = 15-26 and 20-21 samples per species in 2004 and 2005, respectively. Quercus ilex 
was only sampled during the SEN2FLEX campaign. 
Species   A+Z/(V+A+Z) 
   SPARC  SEN2FLEX 
Sunflower  0.64±0.05 0.32±0.04 
Corn   0.41±0.05 0.46±0.04 
Alfalfa   0.52±0.03 0.60±0.02 
Sugar beet  0.45±0.02 0.59±0.04 
Potato   0.69±0.04 0.79±0.04 
Onion   0.21±0.03 0.49±0.04 
Garlic   0.70±0.04 0.81±0.03 
Vineyard  0.44±0.05 0.77±0.03 
Quercus ilex  -  0.94±0.02 

 
 
10.3.1.5 Chlorophyll Temporal Evolution during the SEN2FLEX Campaigns 
 
The chlorophyll concentration of the crops changed with the crop phenological state, from June to July 
2005, in some crops but not in other. Measurements were made with the SPAD-502 device in June and 
July 2005, and chlorophyll concentration values were re-calculated following the calibration function 
obtained in July 2005 (Total Chl = 1.806 + 0.81705xSPAD). Sugar beet and onion had less chlorophyll in 
July than in June, whereas in the rest of the crops differences were not remarkable (Table 10.7). 
Chlorophyll concentration values obtained using the calibration function (Table 10.7, July 2005) agree 
well with those measured by HPLC in the laboratory (see SEN2FLEX data in Table 5). 
 
Table 10.8. Temporal evolution of total chlorophyll (Total Chl) concentrations (in µmol m-2) in 5 species 
sampled in Barrax area during the SEN2FLEX campaigns, Vegetation Mission I (June 2005) and 
Vegetation Mission II (July 2005). Data are mean, which were obtained from SPAD values and re-
calculated following the calibration function obtained in July 2005 (Total Chl = 1.806 + 0.81705xSPAD). 
Species   Total Chl 
   Veg. Mission I  Veg. Mission II 
Corn   418.6   423.3 
Alfalfa   437.2   446.2 
Sugar beet  438.6   326.0 
Onion   449.4   313.3 
Garlic   280.7   282.9 
 
 
10.3.1.6 Relationship between Photosynthetic Pigments in SPARC (2004) and SEN2FLEX (2005) 
Campaigns 
 
We have plotted individual photosynthetic pigments versus the other, in a search for possible 
relationships between them. A linear, negative relationship was found when the lutein to Chl a molar ratio 
was plotted versus the Chl a/Chl b ratio both in 2004 (SPARC campaign) and 2005 (SEN2FLEX 
campaign) (Fig. 10.16). Garlic was not included, because leaves were senescent by the time of sampling. 
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Fig.10.16. Relationship between the lutein to Chl a molar ratio and the Chl a/Chl b ratio both in 2004 
(SPARC campaign) and 2005 (SEN2FLEX campaign). 
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10.3.2 Calibration of Instruments for Indirect Determination of Chlorophyll Content and Analysis 
of Chlorophyll Measurements during the SEN2FLEX Campaigns 
 
Chlorophyll is the main pigment involved in the photosynthetic process of green vegetation and also one 
of the most important parameters used in biophysical crop forward model simulations. The problem to 
establish representative statistical values of chlorophyll content in a crop is the difficulty of obtaining, by 
means of chemical analysis, that is destructive and expensive, the amount of measurements that allows 
considering a result statistically robust. One solution may be to use a handheld instrument to obtain 
chlorophyll content values. This method presents the advantages of being non destructive and allows to 
obtain a large amount of chlorophyll measurements, consistent to obtain representative statistical values. 
However, it presents as disadvantage the instrument provides as output an index related to the amount of 
chlorophyll and not to absolute chlorophyll values. So, to obtain absolute values it is necessary to 
calibrate the instrument. 
 
This section describes the calibration procedure to obtain the calibration function for the two hand-held 
chlorophyll meters, the SPAD - 502 (Minolta Camera Co., Osaka, Japan) and the CCM-200 (Opti-
Sciences, Tyngsboro, Massachusetts, USA). Furthermore, it has been analysed the in situ chlorophyll 
measurements collected in a set of elementary sampling units (ESU) from different crops by using the 
two hand-held chlorophyll meters (see chapter 6, in this report), during the June 2005 and July 2005 
SEN2FLEX campaigns.  
 
10.3.2.1 Comparison between SPAD and CCM Calibration Data 
 
Fig.10.17 shows CCM index compared to SPAD index for all the measurements from applying the 
calibration procedure. it can be observed the range of variation of CCM (0-100) wider than SPAD one (0-
60), which shows a saturation over 60 digital counts. Similar behaviour from both of the instruments is 
reported by other authors (Richardson et al., 2002). As it illustrated in Fig 10.17, linear variation of SPAD 
index and logarithmic variation for CCM index with chlorophyll content can be assumed. 
 
This behaviour is justified by the different measurements procedures: CCM measurement is based on the 
optical absorbency at two wavebands and SPAD measurement is based on the optical density difference 
at two wavelengths. 
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Fig.10.17. Differences, for calibration data, in the range of measurement values between CCM-200 and 

SPAD–502 chlorophyll content meters 
 
 
 
10.3.2.2 CCM-200 Calibration Function 
 
HPLC analysis of the calibration samples has provide chlorophyll and other pigments information and is 
described at this proceedings by (Sargadoy et al.,2006). For the CCM-200 content meter the power 
function 

-2 m2Chl (μg cm ) = m1* (DC)  10.1 
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shows the best correlation as fitting function (DC -digital counts- is the CCM index and m1 and m2 are 
calibration constants). Fig.10.18 illustrates the calibration data, the curve fit and the curve fit equation 
obtained for all calibration samples.  
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 Fig.10.18.Calibration data, curve fit and curve fit equation for CCM-200 chlorophyll content meter. 
 
Considering calibration by species, best correlations can be seen at Fig.10.19., where curve fits by species 
are represented. Because of the differences found between species in the correlation coefficient, and 
taking into account the relatively good correlation coefficient when all species are considered together, it 
has been considered more adequate to obtain absolute chlorophyll content by using the calibration 
function for all the species together. The calibration function for the CCM-200 instrument takes the 
shape: 

-2 0.589Chl (μg cm ) = 4.5 * (DC)  10.2 

With an error, ε(Chl), given by: 

( ) ( ) ( )2 2 2m2 m2 m2-1(Chl ) = DC * (m1) + m1* DC * ln DC * (m2) + m1* m2 * DC * (DC)ε ε ε ε  10.3 

where ε(m1), ε(m2) and ε(DC) are the errors of m1, m2 and CCM index respectively. 
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Fig.10.19. CCM-200 Calibration functions considering species separately 
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10.3.2.3 SPAD-502 Calibration Function 
 
Although some authors report non–linear relationships between SPAD-502 index and chlorophyll content 
(Markwell et al. 1995) a linear function has been fount to be the best fit curve for the calibration data:  

-2Chl (μg cm ) = m1 + m2 * (DC)  10.4 

where m1 is a calibration constant and DC (digital counts) is the SPAD index. Fig.10.20 shows the 
calibration data, the linear curve fit and the fit equation. It can be seen on the left part of figure that the 
intercept is close to zero (m1 = (1.8±1.6) μg cm-2).on the right part of Fig.10.20 is illustrated the linear 
function forced to intercept zero together with the calibration equation. 
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Fig.10.20 Calibration data, curve fit and curve fit equation for SPAD-502 chlorophyll content meter 

 
This linear function forced to intercept zero is convenient because it has physical meaning when SPAD 
index is zero implies function gives a zero value for chlorophyll content. Fig.10.21 shows the linear curve 
fit applied to the species separately together with the fit equations. The same behaviour is observed for 
the CCM data, the species with a narrow range of variation (like alfalfa, Quercus Ilex or Onion) show 
correlation coefficients smaller than the species with a wider range of variation. 
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Fig.10.20. Linear fit curves for SPAD-502 calibration data for species. 

 
 
and the calibration function becomes 

-2Chl (μg cm ) = 0.863 * DC  10.5 
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With an associated error interval given by: 

( ) ( )2(Chl ) = m1* (DC) + DC * (m1) 2ε ε ε  10.6 

where ε(m1) and ε(DC) are the errors of m1 and SPAD index respectively.  
 
Sensitivity analysis shows that different error intervals must be considered for each instrument, and 
because of the potential function used for CCM calibration, bigger error intervals are associated with 
chlorophyll values from CCM instrument. 
 
10.3.2.4 Results from applying calibration function to ESU Chlorophyll measurements (SPAD-502 
and CCM-200). Mission II-SEN2FLEX campaign.  
 
Figs.10.21 and 10.22 shows chlorophyll data obtained with both instruments after applying the respective 
calibration function for each measured ESU as well as mean ESU values. Each data is accompanied by 
the error due to the conversion from digital counts to chlorophyll values (see field measurements 
procedure details in chapter 6).  
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Fig.10.21. Mean ESU and mean crop chlorophyll data from CCM and SPAD calibration functions during 

the July 2005 campaign 
ESU and crop chlorophyll in situ measurements from SPAD-502 are represented in Fig 12 for both 
campaigns, June (left side) and July (right side) 2005. Comparing both graphs it can be seen that corn, 
alfalfa and onion have no important variation in their chlorophyll content but sugar-beet and garlic have 
began the senescence period characterized by a loss of chlorophyll. 
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Fig.10.22. Chlorophyll in situ measurements from SPAD-502 acquired during missions I and II. 

SEN2FLEX-2005 data campaign. 
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Fig.10.23. In situ chlorophyll measurements made with CCM-200 and SPAD-502 chlorophyll meters 

during the July 2005 SEN2FLEX campaign. 
 
 

 
10.3.3 Characterization of FVC and LAI over the Barrax Area from Ground Measurements and 
Remote Sensing Data  
 
Characterization of the Fraction Vegetation Cover (FVC) and the Leaf Area Index (LAI) has been 
performed over the Barrax cropland area, during the second mission of SEN2FLEX-2005, by using 
ground measurements and a high resolution Landsat-TM image. Two methodologies were considered to 
estimate the FVC and LAI maps. The first one is based on up-scaling local measurements by using an 
empirical transfer function. The second approach consists in using operational remote sensing methods 
applied to the TM image. A Spectral Mixture Analysis (SMA) model and a scaled NDVI were used for 
estimating FVC. A semi-empirical relationship with FVC and the Reduced Simple Ratio (RSR) 
vegetation index were applied to obtain LAI.  
 
Ground measurements were collected, with two LICOR LAI-2000 instruments and one hemispherical 
camera, in 60 Elementary Sample Units (ESUs), during the SEN2FLEX campaign. Simultaneous 
samplings were performed with different available instruments in 19 ESUs. Comparison of measurements 
reveals that different FVC and LAI ground data sets are consistent.  
 
Remote sensing estimations were evaluated according to ground measurements and transfer function 
maps. Results showed an overall accuracy higher than 0.10 for FVC retrievals and higher than 1.0 in case 
of LAI.  
 
The methodology for characterizing FVC and LAI over the Barrax area includes four main steps: (i) the 
collection of ground measurements during the ESA SEN2FLEX campaign (described in chapter 6), (ii) 
the spatial extension of the field-based measurements using a Landsat5-TM high-resolution image and 
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empirical transfer functions to provide reference ground-truth FVC and LAI maps (described in Verger et 
al, 2006), (iii) the application of different operational algorithms in order to retrieve FVC and LAI from 
the same Landsat data (described in Verger et al, 2006) and (iv) the comparison of retrievals with in-situ 
measurements and reference maps for assessing the accuracy achieved using different methods and 
evaluating the consistency among different estimations. 
 

10.3.3.1. Comparison of camera and LICOR FVC / LAI ground-based measurements 

In Fig. 10.24 (Fig. 10.25) an inter-comparison of 2 available LICOR instruments and the camera FVC 
(LAI) estimations is shown over all the ESUs were simultaneous measurements were performed. A good 
correlation between two LICORs and between the camera and each LICOR was found both in case of 
FVC and LAI. Greater discrepancies for the FVC measurements were observed in the case of a 
heterogeneous alfalfa field that was excluded in the posterior analysis. The differences in the FVC and 
LAI estimates between both LAI-2000 LICORs and DHP estimates were evaluated from the cross 
comparison attending to the relative RMSE. The relative RMSE error for each instrument is presented in 
Table 10.9, both for FVC and LAI. This RMSE error was computed as the mean value over the total 
number of ESUs of the differences per ESU between a particular instrument FVC/LAI estimation and the 
mean estimation considering all available instruments. The inter-comparison analysis concludes that FVC 
and LAI measurements performed with the LICOR and camera instruments were comparable and 
consistent. Therefore it is possible to combine the data sets from different instruments in order to derive 
the high-resolution ground-truth maps and evaluate remotely sensed retrievals. 

Fig.10.24. Comparison of LICOR A, LICOR B and camera FVC ground-based measurements. 

 

 
Fig.10.25. Comparison of LICOR A, LICOR B and camera LAI ground-based measurements. 

 
 

Table 10.9. Relative RMSE error of LICOR A, LICOR B and camera FVC and LAI estimations. 
 

Relative RMSE (%) 

 LICOR-A LICOR-B CAMERA 

FVC 4 1.5 7 

LAI 13 15 18 
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10.3.3.2. Comparison of FVC and LAI operational remote sensing methods estimations with 
ground-based measurements 

Fig.10.26 shows the scatter-plot between the ground-based measurements and the TM FVC products 
retrieved with SMA and NDVI methods. The linear regression of estimated versus measured FVC for 
both methods resulted in very small offsets from 0.0 and slopes close to the 1:1 line. A slightly higher 
correlation was found for the NDVI method (R2 of 0.98 against 0.97) while a slope closer to 1.0 for the 
SMA. The accuracy (overall RMSE) is 0.08 in both cases which is better than the 0.10 expected by the 
users. Both methods slightly over-estimate FVC as regards ground-based measurements. Nevertheless the 
bias (systematic error) is less than 0.04.  
 
The comparison of SMA+RL and RSR LAI retrievals with ground measurements is presented in Fig. 
10.27. Both remote sensing methods provide similar results and present a good correlation (R2>0.91) with 
in-situ data. The overall accuracy is 0.84 for both algorithms which fulfils the user community 
requirements. Although the overall bias is slightly higher in case of SMA estimations (0.16 against 0.05), 
the linear fit shows a slope closer to 1.0 and a smaller offset for this method. 
 
Therefore it can be concluded that the proposed algorithms reproduce the variability of the FVC and LAI 
values found in the study area with a good agreement regarding the ground measurements.  

 
 

Fig.10.26 Scatter-plot showing the correspondence between SMA (a) and NDVI (b) remotely sensed 
FVC retrievals and the in-situ ground measurements at the Barrax site. The solid line is the regression line 

and the dotted line is the one-to-one line. 

 
 
Fig.10.27.Scatter-plot showing the correspondence between SMA+RL (a) and RSR (b) remotely sensed 

LAI retrievals and the in-situ ground measurements at the Barrax site. The solid line is the regression line 
and the dotted line is the one-to-one line. 

 
10.3.3.3 FVC and LAI maps of the Barrax area 
 

 
Fig.10.28 presents both the maps of the FVC obtained up-scaling ground measurements with the 3B 
transfer function and the maps estimated with the SMA and NDVI proposed methods. Maps of LAI 
obtained with the transfer function and the SMA+RL and RSR methods are shown in Fig.10.21. Spatial 

   (a)  (b) 

   (a)   (b) 
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consistency between different FVC and LAI products was observed in the study area with absolute 
differences mostly ranging between -0.15 to +0.15 for the FVC and between -1 to +1 in case of LAI. The 
histograms comparison presented in Fig.10.28 and Fig.10.29 (d) shows the agreement between the FVC 
and the LAI retrieved with different proposed methodologies. 
 
In order to evaluate the accuracy of the remotely sensed retrievals over the whole study area and not only 
regarding in-situ measurements, a comparison with the ground-truth transfer functions maps was 
performed. Table 10.10, summarize the statistical error indicators of the FVC estimated with SMA and 
NDVI methods and the SMA+RL and RSR LAI estimations compared with the 3B transfer functions 
maps.  
 
Both SMA and NDVI methods provide FVC estimations comparable to transfer function products. The 
mean bias is lower for the SMA model while the RMSE and R2 show a better performance for the NDVI 
method. Moreover the correlation between SMA and NDVI retrievals shows a high R2 (0.97) with no 
bias. 
 
In case of LAI methods comparison with regard to the transfer function, a better performance (higher 
accuracy and correlation) was found for the SMA+RL retrieval (see Table 10.10). The greater 
discrepancies found for the RSR retrievals are due to the sensitivity of SWIR channel to the amount of 
liquid water in soil. In order to evaluate the influence of soil water content, the Normalized Difference 
Water Index (NDWI) was employed (Gao, 1996).  
 
A low correlation of the RSR estimations with the SMA+RL (R2 of 0.10) and the transfer function (R2 of 
0.13) maps was observed for the 3.7% of the pixels in the image where the NDWI was higher than 0.5. 
Moreover, the accuracies provided by the RSR method in these pixels were also low: overall RMSE of 
1.6 regarding the SMA+RL estimations and 1.2 regarding the transfer function maps. Therefore, a proper 
performance of the RSR approach was not found in pixels with great water content. 

Table 10.10. Statistic error indicators: RMSE, mean bias and the correlation coefficient (R2) of FVC and 
LAI retrieved maps. 

  COMPARISON BIAS / RMSE / R2 

SMA – NDVI ∼0. / 0.08 / 0.97 

SMA – 3B TRANS. F. -0.02 / 0.08 / 0.97 

 
FVC 

NDVI – 3B TRANS. F. -0.02 / 0.06 / 0.99 

SMA+RL – RSR   -0.03 / 0.5 / 0.95 

SMA+RL – 3B TRANS. F. -0.03 / 0.4 /  0.97 

 
LAI 

RSR – 3B TRANS. F. -0.006 / 0.5 / 0.93 

 
 
 
 

Fig.10.28. Maps of the FVC obtained with the 3B empirical transfer function (a), the SMA (b) and the 
NDVI (c) methods in the Barrax area. (d): Histogram comparison of FVC retrieved with the different 

proposed methods over the study area. 
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Fig.10.29. Maps of the LAI obtained with the 3B empirical transfer function (a), the SMA+RL (b) and the 
RSR (c) methods in the Barrax area. (d): Histogram comparison of LAI retrieved with the different 

proposed methods over the study area (d). 

 
 
10.3.4 Analysis of Field Measurements of Crop Biophysical Parameters and Fluxes in SEN2FLEX 
Campaign. 
 
In situ estimations of the Fraction of Green Vegetation Cover(FGVC) may become crucial data when 
characterizing the phenological state of a crop, since plants exhibit particular physiological and 
morphological characteristics according to their leaf development (Cihlar et al, 1997). In literature several 
methods are proposed to estimate and map FGVC. In this analysis, three different approaches have been 
checked to determine FGVC from digital pictures taken in field in the framework of the experimental 
campaign of SEN2FLEX over the Barrax test site (Albacete, Spain). A total of eight types of crops were 
sampled (see chapter 6, in this Report) across 50 different plots. Besides, a method to map FGVC from 
Landsat images of top of atmosphere normalised difference vegetation index (NDVITOA) was proposed. 
The validation of this method was performed by using two LANDSAT-5 scenes corresponding to 
02/06/05 (SEN2FLEX, Mission 1) and 13/07/05 (SEN2FLEX, Mission2). During the SEN2FLEX field 
campaigns, the actual evapotranspiration of a grass plot was directly measured by a weighting lysimeter 
and indirectly through a Bowen ratio system, both located in the area. These evapotranspiration data were 
taken as reference evapotranspiration (ET0) data. The simultaneity between both methods allowed us 
calibrating the Bowen station in order to estimate the actual evapotranspiration for further use in other 
plots in the area. 
 
10.3.4.1 Fraction of Green Vegetation Cover: field data analysis and methodology. 
 
In the framework of this project, was carried out an inventory of every single crop along the flight line 
during the mission by visiting the area. In addition to this inventory other biophysical factors (crop 
structural parameters) were measured over the 50 plots selected along the flight line. A sequence of 
photographs taken at nadir over each plot was used to obtain the fraction of green vegetation cover. Each 
measurement was paired with the site coordinates obtained by GPS. For the processing of the 
photographs, three methods were selected to be analyzed. These methods are: (i) the supervised 
classification (M1SC), (ii) the use of a pseudo-NDVI (M2psNDVI) and (iii) the hemispherical canopy 
photography (M3HP). The M3HP method was made over the same selected crops but in different plots 
along the flight line (Fernandez&Rubio, 2006). Amore detailed description about the methodology can be 
found in Gonzalez-Piqueras et al. (2006). 
 
The ranges of FGVC(%) and error ( σ) using the three methods for each sampled crop are indicated in 
Table 10.11 and Fig.10.30. The crops studied were: Alfalfa, wheat, corn, sugar beet, barley, onion, grass, 
garlic, opium and sunflower. The deviation values represent the error due to the confusion between the 
shaded vegetation and soil in the photograph. The range in the FGV and σ values refers to the 
homogeneity in the cover. The variations of green cover in corn are due to the date of sampling (June 2nd 

and July 17th) in coincidence with the exponential growing phase of the crop (González-Piqueras, 2006). 
Cultures with its maximum FGVC up to 40 % such as onions and garlic presented the highest dispersions; 
the main problem at this intermediate level is the confusion between the shaded soil and vegetation. Crops 
characterized by a heterogeneous cover and reaching low to intermediate FGVC values introduced more 
data dispersion in the three methods. This effect can be seen in Fig.10.30 (see vertical error bars). 
Attending to the standard deviation values shown in Table 10.11, the M1SC method can be considered the 
most accurate. But this method requires the supervised classification by an expert user. Bright and dark 
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areas in the sample introduce confusion between soil and vegetation during the classification when using 
the M1SC and M2psNDVI methods. This is especially important when the photograph contains bright and 
dry leaves. In the case of alfalfa, corn and sugar beet (homogenous and reaching maximum high cover 
over 80 %) the M1SC and M3HP showed similar results. For the highest values of FGVC (alfalfa, corn 
and sugar beet) the M2psNDVI method showed higher values of green cover fraction than the others for 
the same plot (Fig.10.30). The M2psNDVI method was faster to apply for obtaining the FGVC but a 
specific crop threshold value for the psNDVI had to be introduced. Since, it does not require the definition 
of ‘regions of interest’ and thus a supervised process, a less experienced user than in M1SC method would 
be required. 
 

 
Fig.10.30 . FGVC (%) values for the plots obtained using the three methods: M1SC, M2psNDVI and 

M3HP. Plots with low-intermediate FGVC values show large error bars and more dispersion. 
 
 

Table 10.11. Variation ranges of FGVC(%) and variance (σ) for each crop in the study area 
obtained by the three methods: M1SC, M2psNDVI and M3HP. 

Crop  M1SC  σ
M1SC

 M2psND
VI  

σ
M2psNDVI

 M3HP2  σ
M3HP

 

Alfalfa  [89 - 95]  [0.3 - 3]  [78 - 99]  [0.4 - 13] [93 - 98]  [0.6 - 3]  
Wheat  [71 - 93]  [0.2 - 6]  [78 - 95]  [1.0 - 20] -  -  
Corn  [4   - 51]  [1.3 - 6]  [1.0 - 55] [0.7 - 12] [86 - 93]  [5  -   ]  
Sugar Beet  [91 -     ]  [1   -   ]  [65 - 100] [0.1 - 2 ]  [90 - 99]  [0.4 - 5]  
Barley  [25 - 42]  [0.4 - 7]  [0 - 28]  [0  -  5 ]  -  -  
Onion  [18 - 27]  [4  -  15]  [14 - 32]  [4  - 10]  [36 - 55]  [6 - 17]  
Grass  [82 - 94]  [2  -  4]  [72 - 75]  [5  - 17]  -  -  
Garlic  [31 - 33]  [11 - 12]  [31 - 37]  [12 - 18]  -  -  
Opium  [86  -     ]  [0.2  -   ]  [95  -    ]  [2   -    ]  -  -  
Sunflower  -  -  -  -  [90  -   ]  [0.6 -   ]  

 
 

10.3.4.2 Validation of an approach to mapping FGVC from Landsat images. 
 
A method for mapping FGVC from Landsat images was proposed (Gonzalez-Piqueras et al. 2006). It was 
based on the correlation between the FGVC and the Landsat NDVI on the top of the atmosphere 
(NDVITOA), i.e. without atmospheric correction. A two steps procedure was followed: Step 1, a 
relationship between the FGVC obtained at field scale and the NDVI obtained also in situ, from spectral 
measurements performed with the spectroradiometer GER 3700, was calculated by using a large data set 
of concurrent FGVC-NDVI data, acquired in previous field campaigns in the Barrax area along years 
2001, 2002, 2003, and 2004. Step 2, a linear relationship between the Landsat NDVITOA and the in situ 
measurements of NDVI (from spectroradiometer GER 3700) was defined. It was possible because some 
sampling dates were coincident with Landsat overpasses. 
 
The set of Landsat images used for the relationship FGVC-NDVITOA were normalized identifying plots 
with invariantminimum (bare soil) and maximum (alfalfa) vegetation index values. This normalization 
technique allows comparing the NDVITOA images along time. The equation described in eq. 7 was used to 
estimate the FGVC from the satellite images (Landsat on dates 1/06/2005 and 7/07/2005). The FGVC 
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values, representative at plot scale, were obtained for every plot applying a border buffer of 25 m, and 
selecting the most homogeneous crops with an extent over 3 ha. These results were validated by 
comparison with the coincident in time FGVC field values. Experimental results show (Fig.10.31) 
a near-linear relationship for low to intermediate FGVC values, showing a saturation effect in the 
FGVC(NDVITOA) for the higher values of fraction cover (FGVC > 80%). 
 

 
Fig.10.31. Comparison of FGVC values estimated by NDVITOA and field measurements. 

 
10.3.4.3 Evapotraspiration comparison. 
 
The coincidence on time of the ET measurements by the lysimeter and the Bowen ratio station allowed 
their comparison. During the initial measurements, the grass in the lysimeter was out of optimal 
conditions showing lower ET values than the surrounding area. Fig.10.32 shows the case corresponding 
to grass out of optimal conditions with lower hourly ET values than the surrounding area measured with 
the Bowen ratio station. During the last part of the campaign both measurements (lysimeter and Bowen 
station) showed an agreement along the day. 
Hourly ETo values directly measured by the lysimeter and indirectly by the Bowen ratio method during 
the days from June 3rd to June 19th were compared by using simple regression analysis (Box et al, 1989) 
and a series of statistics (Willmot, 1982). The mean square error expressed as a percentage of the ETo 

mean value measured in the lysimeter (ETLysimeter avg) was used as a measure of relative error (RelRMSE = 
RMSE/ ETLysimeter avg). The calculations for the measurements showed in Fig.10.33 provided a RMSE=0.10 
mm/hour and a RelRMSE=23 %. The index of agreement (d) was also used as a relative measure of the 
difference among variables, given by: 

 
 

A good agreement would exist between ETBowen and ETlysimeter as d becomes near 1. With the selected days 
the calculations provides a d value of 0.98, showing a good agreement between both methods. This is also 
in agreement to the regression analysis providing the relationship (Fig.10.33), 
 

 
 

 
Fig.10.32.The ET (mm/hour) obtained by the lysimeter and by the Bowen Ratio Station is shown versus 
date. Thefigure on the left shows the comparison between both methods when the grass in the lysimeter 
was out ofoptimal conditions observing lower ET values than the surrounding area. The plot on the right 

corresponds to optimal conditions observing similar results by the used methods. 
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Fig.10.33. Comparison between the ET measured in the Lysimeter and the ET measured by the Bowen 

station. The regression analysis is indicated in the figure. 
 

 
10.3.5 Detailed reconstruction of plants and fields geometrical structure for advanced 3d 
reflectance modeling 
 
This section describes the measurements collected during the SEN2FLEX 2005 campaign for a detailed 
reconstruction of plants and fields geometrical structure. The 3D plant model is defined with some 
geometrical properties of the plants that can be easily measured in the field, obtaining some statistical 
measurements. With these measurements we are able to do a detailed 3D reconstruction of the plants, 
using it to measure different canopy geometrical properties as LAI, GAP, Fcover, Clumping, and for 
advanced 3D reflectance modelling models. Here we will show the first results in the estimation of LAI 
from the 3D models and a comparison with the field measurements of LAI done with the LICOR 2000 
instrument. 
 
Different canopy parameters and field geometrical properties were measured in the main crops of the 
study area. During the SPARC 2004 campaign, these measurements were done in 6 corn plots, garlic, 
alfalfa, onion, potatoes, sugar beet, vineyard and sunflower. In 2005 during the Mission I of SEN2FLEX, 
the same properties were measured in a corn field (C1), to do a comparison between 2 different stages: in 
2004 the crop had an average height near of 2m, and in the Mission 1 of 2005 the crop had a height of 23 
cm. 
 
The first field geometrical properties measured for all this plots are the centre and the diameter of the plot. 
In this case, the field C1 was divided in two parts and only the half of the plot contain corn. For this 
reason, the centre of the half plot has been considered as the centre of the field.  
Inside the field, the plants are distributed in rows. We have measured the orientation of the rows with 
respect to the north. This is a constant for the entire field. If we do a zoom inside the field, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10.34.Field geometrical properties 
 

The aim of this analysis was to reconstruct the position of each individual plant inside the field. To do 
that, it was also measured the row distance (that is considered as a constant), and we also did some 
measurements to obtain the mean value and the standard deviation of the plant distance for each crop. 

N
Orientation 

N 

d_row 

d_plant 
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Finally we assign a position for each individual plant using a constant value for the centre of the plot, the 
diameter, the orientation and the row distance, and a random value for the plant distance, with a normal 
distribution, accepting only the values that are between the maximum and minimum plant distance 
measured in the field. 
 
Once we have defined the individual position of each plant inside the field, the next stage was to do a 
detailed 3D reconstruction of each individual plant, focusing on to reconstruct the different crops with the 
same model. For example, from the corn plant that we can see in the next figure, we can obtain this 3D 
model: 

 

 
 

Fig.10.35.3D reconstruction of the plants. 
 

This model is defined with some geometrical properties of the plants that can be easily measured in the 
field. On one hand, we measure the main stem, defined by the height, the thickness and the angle with the 
vertical. On the other hand we measure for each secondary stem or leaf the height where the leaf starts, 
the distance from the main stem to the beginning of the leaf, the angle with the vertical and the orientation 
with respect to the north. Each leaf is defined as a triangle, with a base and height. 
 
Finally, plant properties have been statistically characterised obtaining also the mean value and standard 
deviation. To be realistic, only have been accepted those values that are between the maximum and 
minimum value measured in the field. To reduce the size of the output files, the final result was divided in 
two text files where for each individual plant inside the plot, we have all the properties described before, 
as we can see below. The first file contains the description of 100 different plants as a function of the 
statistical parameters measured in the field. The second file contains only the positions of the plants inside 
the plot in UTM coordinates and a plant reference (PR) to find the properties of this plant in the first file. 
 

 
  First text file with the description of 100 different plants 

 
The first line describes the properties of the main stem: PR, crop, height of the stem, angle of the stem 
with the vertical, thickness of the stem and number of leafs. We also have one line for each leaf of the 
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plant with these properties: number of the leaf, height where the leaf starts, the distance from the main 
stem to the beginning of the leaf, orientation with respect to the north, the angle with the vertical, the base 
and length of the triangle. 
 

 
 
 

Second text file with the position of each plant inside the plot and a Plant Reference (PR). 
 

Next table shows a comparison of the corn parameters measured in 2004 (crop C9) with an height average 
of 191,5 cm and 2005 (crop C1) with an height average of 22,8 cm. 

 

 
Corn parameters measured for corn C9 (2004) and corn C1 (2005). 

 
Furthermore, during the Mission II of SEN2FLEX, some statistical measurements were collected in the 
forest area in order to obtain the average and STD of the tree heights. These measurements were divided 
in two areas as we can see in the following image: 

 

 
Fig.10.36.Measurements in the forest area. 

 
The statistical measurements for these two areas are illustrated in the next tables: 

 

 

 
For the estimation of LAI from the 3D reconstruction of the plants, summatory of the area of the 

leaves were calculate for each one of the 100 different plants used as reference (PR), obtaining a table 

Forest Area 
1 

(600581,4331340) 

Trunk 
diameter (m) 

First green 
leafs height (m) Height (m) 

Mean 0,34 1,91 6,00 
Std 0,12 1,77 3,57 

Max 0,10 0,20 1,54 
Min 0,55 6,65 12,17 

Forest Area 2 
(599453,4330654) 

Trunk 
diameter (m) 

First 
green leafs height 

(m) 

Height 
(m) 

Mean 0,31 1,75 8,09 
Std 0,15 1,20 2,99 

Max 0,12 0,88 3,67 
Min 0,58 4,23 12,36 

X, Y, PR 
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with an area value corresponding with each PR. After that, using the second text file with the position of 
each plant inside the plot and a Plant Reference, we obtain the summatory of all the leaf areas inside the 
crop, obtaining the LAI with this formula: 

  

 
Fig.10.36.LAI obtained for the different crops using the 3D reconstruction of the plants. 

 
In the next figure we can see a comparison between the LAI measurement using the 3D reconstruction of 
the plants described in this document and the results obtained for the same crops using the LICOR 2000 
instrument. 

 
Fig.10.37.LAI measurements with 3D reconstruction and with LICOR 2000. 

  
We observe that the results obtained with the 3D reconstruction of the plants in all the cases are lower 
than the measurements obtained with LICOR 2000. The cause of the difference can be due to an 
overestimation of the LICOR 2000. Other source of error can be to apply the triangle approximation when 
the surface of the leaves was model iced, being underestimated the real value of the leaf area. 

 
 
10.4. FLEX: FLuorescence EXperiment 
 
Vegetation photosynthesis is a key factor driving the different biochemical cycles and CO2 exchanges 
occurring between biosphere and atmosphere. The monitoring of vegetation state and biological activity 
is one of the major goals of remote sensing. This has traditionally relied on vegetation indices that 
characterize the amount and spatial distribution of vegetation. Looking for a deeper view into vegetation 
biochemical processes, the Photochemical Reflectance Index (PRI) (Gamon et al., 1992) was intended for 
estimating changes in xanthophyll cycle pigments as they vary together with changes in photosynthetic 
light use efficiency (LUE), and it has been proved to be one of the few indices able to reproduce fast 
changes in the plant photosynthetic activity (Gamon et al., 1992, 1997; Peñuelas et al., 1997; Trotter et 
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al., 2002). However, Barton and North (2001) demonstrated that PRI is very sensitive to factors such as 
canopy structure, Leaf Area Index (LAI) or Leaf Angle Distribution (LAD). 
 
An alternative indicator of the actual plant physiological state is the solar-induced chlorophyll 
fluorescence emission (Fs). The emission of light as fluorescence is produced after absorption of light by 
a mechanism in direct competition with the photochemical conversion. The Fs signal has been widely 
reported to be directly linked to plant photosynthesis (e.g., Krause and Weis, (1984); Papageorgiou, 
(1975); Scheiber and Bilger, (1987)). The remote measurement of Fs is still in very early stages of 
development. The main problem for the detection of the Fs signal is its low intensity when it is compared 
with the radiation reflected by plants. Recent studies established Fs in the 750 nm region to be about 2%, 
on average, of the plant reflectance in such spectral region (Campbell et al., 2002; Zarco-Tejada et al., 
2003). The Fraunhofer Line Discriminator (FLD) principle is the most widely used in the detection of 
fluorescence. It is based on enhancing the emitted fluorescence signal with respect to the reflected solar 
radiance by measuring inside the solar Fraunhofer lines. The FLD principle can be extended to the 
absorption lines due to molecular oxygen in the terrestrial atmosphere. In particular, the O2-A band, 
centered at 760 nm, is very useful in the estimation of Fs, as it overlaps the chlorophyll fluorescence 
emission in the far-red spectral region, and provides a deep narrow absorption and a linear spectral 
reflectance response in most of natural targets, all of them being important advantages in the modelling of 
the fluorescence signal across the atmosphere. Maier et al. (2002) and Zarco-Tejada et al. (2003) found 
evidence of the Fs detection in apparent reflectance derived from commercial hyperspectral airborne 
sensors based on the in-filling of fluorescence in the 760-nm atmospheric oxygen absorption band. 
 
The main SEN2FLEX campaign component was based on the AIRFLEX flights, in preparation of a 
future Vegetation Fluorescence Mission. Within this framework, and as result of the large amount of data 
acquired during the campaign, several studies have been focused on the estimation of solar-induced 
vegetation fluorescence from remote sensing data and on improvement of fluorescence remote sensing. 
 
10.4.1 Estimation of Solar-Induced Vegetation Fluorescence from Remote Sensing Data acquired 
during SEN2FLEX. 
 
A sensitivity analysis performed using typical remote sensing acquisition geometry and atmospheric 
conditions showed that factors such as the illumination and observation angles, target elevation and 
orientation, atmospheric turbidity or sensor spectral calibration do have a crucial impact on the depth of 
absorption features. In this framework, a new technique for estimating Fs from space measurements is 
presented in this work. The Fs retrieval is coupled to an atmospheric correction scheme, where surface 
elevation, aerosols, surface reflectance and the sensor spectral calibration are properly modelled. The Fs 
signal at 760 nm in radiance units is provided as output. The Medium Resolution Imaging Spectrometer 
(MERIS) has been selected to test the method at a satellite scale, because its spectral configuration 
enables a good characterization of the O2-A absorption feature. MERIS images are acquired in 15 bands 
covering the 400-900 nm spectral region at a spatial resolution up to 300 m. In particular, bands 10 and 11 
offer an optimal configuration as reference/measuring channel pair to be used by the FLD technique. 
 
 
 The O2-A absorption is well defined by band 11, centred around the bottom of the absorption feature 
(apart from intrinsic instrumental spectral shifts) with a small bandwidth of 3.75 nm, and band 10 is 
separated only by 7-8 nm, and is nearly free from absorption. No other spaceborne instrument presents 
such a good spectral resolution around the O2 absorption at a spatial scale finer than the 300 m per pixel 
of MERIS Full Resolution (FR) mode. This size is a reasonable upper limit for the pixel dimensions to 
which the interpretation of the fluorescence signal is feasible, as pure vegetation targets can still be 
detected. At coarser spatial resolutions, the appearance of non-fluorescent targets at sub-pixel level would 
lead to weakening the fluorescence signal, so that the estimation of Fs could become impossible. In 
addition to the spectral configuration, MERIS presents a reliable radiometric and spectral calibration after 
a number of specific calibration and validation activities. Validation of MERIS-derived Fs is carried out 
by comparing with equivalent retrievals from airborne Compact Airborne Spectrographic Imager (CASI-
1500) data at 13 m spatial resolution, which in turn are intercompared with ground-based fluorescence 
measurements acquired during the SEN2FLEX campaign. 
 
 
10.4.1.1 Algorithm Description 
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The Fs signal is included in the whole radiative transfer scheme as an additive term adding up over the 
reflected flux at the target level. If the fluorescence emission is assumed to be isotropic and the surface 
reflectance to be Lambertian, the radiative transfer equation giving the at-sensor radiance is 
 

 

 
10.7 

 
where LTOA is the TOA radiance, L0 is the atmospheric path radiance; µil is the cosine of the illumination 
zenith angle, measured between the solar ray and the surface normal; Edirµil, Edif are the direct and diffuse 
fluxes arriving at the surface, respectively; S is the atmospheric spherical albedo, reflectance of the 
atmosphere for isotropic light entering it from the surface; T↑ is the total atmospheric transmittance (for 
diffuse plus direct radiation) in the observation direction, and ρs is the surface reflectance. For the 
calculation of Fs the atmospheric functions in Eq.x.1 (L0, Edir, Edif, T↑ and S) must be known. This is 
achieved by an atmospheric correction method (Guanter et al., 2006) which is coupled to the fluorescence 
retrieval. It is based on the estimation of aerosol optical thickness (AOT) and columnar water vapor 
(CWV) from the at-sensor radiance. The atmospheric parameters are calculated on a per-pixel basis 
accounting for the surface elevation, which is provided by a Digital Elevation Model (DEM) overlapped 
to the images. The DEM is also employed in the calculation of the actual illumination angle to be used in 
correction of topographic effects in rough terrain. The sensor spectral calibration is also assessed in the 
evaluation of atmospheric absorptions. A MODTRAN4-based look-up table (LUT) enables fast but 
accurate computation of the atmospheric parameters. Once these are known, a problem of 2 unknowns, ρs 
and Fs, and one equation must be solved. 
 
The FLD principle is used to decouple the emitted and reflected contributions. MERIS bands 10 and 11 
are used as reference/measuring band, as it has been discussed previously. Theoretically, any other pair of 
bands in the red and NIR spectral regions could be used in order to provide the necessary information for 
the separation of ρs and Fs, but the low weight Fs would have in the radiance outside a strong absorption 
band would cause the fluorescence signal to be too low to be separated from the reflected radiation. The 
problem consists then of two equations being defined by 4 variables, ρs and Fs at bands 10 and 11. It is 
closed-up by assuming a linear spectral dependence in ρs and Fs between bands 10 and 11. 
 
10.4.1.2 Results from analysis 
 
10.4.1.2.1 Results from MERIS data 
 
The method was tested on MERIS FR data acquired over the Barrax study site (39.05ºN, 2.10ºW, La 
Mancha, Spain) during the ESA-sponsored SPARC and SEN2FLEX campaigns. The Barrax study site 
offers a unique case for testing the performance of fluorescence retrieval algorithms. Extensive green 
vegetation fields are present in different phenological states and stress levels, either irrigated or not. The 
flatness of the terrain practically avoids the influence of surface elevation, as it is nearly constant around 
700 m above sea level (ASL). Moreover, a large MERIS FR data set has been acquired along the last 
years over the Barrax study site, with a number of images in coincidence with dedicated field campaigns. 
For the analysis of the results, a 90 km-side square area centred at the Barrax site is chosen. Possible 
errors associated to changes in the MERIS spectral calibration and in the atmospheric state are minimized 
by working in a reduced area. 
 
Two Fs maps from the Barrax area are shown in Fig.10.38. The two subsets are extracted from MERIS 
FR images acquired, respectively, on 14 July 2004 and 3 June 2005. Then, different summer periods (i.e., 
beginning of June, middle of July) are covered. Different environmental conditions (temperature, 
humidity...) and vegetation growing stages are expected in those time lapses. This trend is confirmed in 
the different Fs levels measured on 3 June 2005 with respect to those on 2004. For example, the Fs signal 
of about 2-4 Wm-2sr-1µm-1 which was estimated from the July image in the cluster of vegetation pixels 
centred at 38.9ºN, 2.0ºW nearly disappears in 2005. The same occurs around 38.6ºN, 2.4ºW, although the 
fluorescence signal was already very low on 2004. These changes in Fs are a potential indication of the 
link between fluorescence and plant state, although variations due to changes in the vegetation cover from 
one year to another can not be discarded either. It must be remarked that the fluorescence intensity 
estimated from MERIS data compares well with the approximated range of variation published in the 
literature for the chlorophyll fluorescence emitted under natural conditions (e.g. Amorós-López et al., 
2006; Liu et al., 2005). 
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Those Fs maps have been compared with other biophysical products derived from MERIS data. In 
particular, maps of fractional vegetation cover (fCover), LAI, LAI times the leaf chlorophyll content 
(LAI×Cab), fraction of absorbed photosynthetically active radiation (fAPAR) and the MERIS Terrestrial 
Chlorophyll Index (MTCI) (Dash and Curran, 2004) were derived from the same MERIS images in 
Fig.10.38. The comparison with the corresponding Fs maps does not lead to solid conclusions about the 
correlation between fluorescence and the other biophysical parameters. Although the same vegetation 
patterns can be recognized within the different products, the 300 m per pixel spatial resolution is too 
coarse for a quantitative analysis. It was also found that the chlorophyll-related products, LAI×Cab and 
MTCI, do not present a clear correspondence with Fs, although it seems to be higher than for the other 
parameters. This fact suggests that the fluorescence emission is more related to the pigment concentration 
than to the amount of vegetation, what indicates the link between fluorescence and vegetation 
photosynthetic activity. These results support the ability of the proposed methodology to estimate 
vegetation fluorescence from MERIS FR data. However, it is difficult to attempt a robust quantitative 
validation of the results at a 300 m per pixel resolution, as the crops where ground truth is available can 
not be clearly distinguished, nor pure vegetation pixels be isolated. For this reason, the same methodology 
has been applied to data acquired at the time of MERIS acquisitions during the SEN2FLEX campaign by 
the airborne sensor CASI-1500. The in situ measurements of solar-induced fluorescence taken during the 
campaign enable the quantitative assessment of the Fs signal retrieved from remote sensing data. 
 

 
 

Fig.10.38. MERIS-derived Fs maps at the Barrax study site in two different years. 
 
10.4.1.2.2 Results from CASI-1500 data 
 
 
CASI-1500 is a pushbroom sensor acquiring hyperspectral images during the SEN2FLEX campaign in 
the 370 to 1050 nm spectral region with a spectral resolution up to 2.2 nm (288 bands). The nominal 
spatial resolution is 3m per pixel. CASI provides a nearly-continuum spectrum in the entire spectral 
range, with very fine observation channels that are able to reproduce any small absorption feature due to 
surface or atmospheric components. A detailed characterization of the O2-A absorption band at 760 nm is 
also provided. These features enable the use of CASI for the estimation of Fs signal at a much finer 
spatial resolution than MERIS.  
 
As in the case of MERIS, the fluorescence retrieval is coupled to an accurate atmospheric correction 
algorithm. It is specifically designed for ultra-fine spectral resolution (bandwidth from 2 to 10 nm) and 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 208 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

spatial resolution (pixel size less than 10 m) imaging spectrometers. The assessment of the spectral 
calibration is coupled to the removal of the atmospheric distortion so that maps of surface reflectance are 
derived, as well as CWV maps, estimations of AOT and updated sensor gain coefficients and spectral 
calibration. The Fs term is included in the atmosphere/surface radiative transfer according to Eq.X.1, and 
the same steps for the estimation of the fluorescence signal than in the case of MERIS are carried out.  
 
Reflectance and fluorescence images were obtained as final product. The reflectance images were used, in 
turn, for the derivation of PRI and Normalize Difference Vegetation Index (Tucker, 1979). RGB 
composites showing the imaged area and the retrieved Fs image from the 288-bands spectral mode are 
plotted in Fig.10.39. The circular shapes of some fields are due to the irrigation system consisting in a 
pivot system spinning around the crop. It was observed that different information is provided by the three 
vegetation indicators. For example, the NDVI normally presents a low variation within the same field, 
while PRI and Fs show noticeable variations. Indeed, Fs shows spatial patterns within the fields in areas 
where the NDVI looks homogeneous.  
 
This is a new proof of the decoupling between the green vegetation amount, as given by the NDVI, and 
the actual plant photosynthetic activity, indicated by the fluorescence signal. On the other hand, the 
expected correlation between PRI and Fs has not been proved, as the PRI decreases gradually towards the 
edges of the image in vegetation targets. This may be explained by the large dependence of the PRI on the 
canopy structural parameters, and so on the view angle, described by Barton and North (2001). 
 

 
Fig.10.39. RGB composite and Fs image derived from CASI data acquired during the SEN2FLEX 

campaign in the 288-bands mode. 
 
On the other hand, the range of Fs values compares well with those reported by some authors working at 
the canopy level (Amorós-López et al., 2006; Liu et al., 2005), and with those estimated from MERIS 
data. For a quantitative validation of the retrieved Fs signal, it has been compared with ground-based 
fluorescence measurements taken simultaneously to CASI acquisitions. The radiance measured by an 
ASD spectroradiometer at different crops over the Barrax study site was converted into chlorophyll 
fluorescence at 760 nm by applying the FLD principle. These ground-based fluorescence measurements 
are compared with CASI-derived Fs signal in Fig.10.40. A high linear correlation between ground-based 
and CASI Fs retrievals can be noted.  
 
However, further investigation is still needed to analyse the systematic overestimation found in CASI-
derived fluorescence respecting to ground-based measurements. In any case, the demonstrated method 
ability for the discrimination of high and low levels of remote fluorescence emissions, and so of plant 
photosynthetic activity, can be considered an important step in the field of monitoring vegetation activity 
from space. 
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Fig.10.41.Comparison of Fs retrievals at ground-level with those derived from CASI data. 
 

10.4.2 Study for Improvement of Fluorescence Remote Sensing 
 
The ASD spectral measurements for calibration and validation have been shown to be usable for 
chlorophyll fluorescence studies applying the FLD method, although the inadequate bandwidth of the 
instrument imposes some limitations to the results. 
 
A sensitivity analysis of the standard FLD method based on the Kautsky effect has been performed on 
ASD data (Alonso et al., 2006). The results show that the assumptions of the standard FLD method 
induce an overestimation of ChF in the measurements (especially at 687nm). The fluorescence estimation 
from the reflected light using the standard FLD method provides acceptable estimates of fluorescence 
magnitude and evolution when using the 760 nm band (Plascyk, 1975; Moya et al, 2004). However, the 
687 nm band has been found to provide inaccurate values because the starting considerations about the 
baseline reflectance curve are not appropriate, resulting in a large bias in the absolute value of 
fluorescence (Alonso et al., 2003; Amoros-Lopez et al., 2006). In addition, with a 3 nm spectral 
resolution, measurements at 687 nm are affected by the radiance outside the oxygen band, which is not as 
deep as the one at 760 nm. Nevertheless, the 687 nm band is still sensitive to relative values of 
fluorescence changes, as it has been shown using the Kautsky effect. 
 
Despite the fact that the ASD resolution is too coarse at 687nm, the measurements suggest that the 
spectral characteristics of vegetation reflectance and fluorescence emission around this absorption band 
make necessary a more refined approach for ChF retrieval than the standard FLD method with further 
laboratory experiments with the appropriate instrumentation.  

 

 
Fig.10.42. Fluorescence emission (top) and apparent reflectance (bottom) are not constant in the range 
used by the FLD method for three different types of leaves: Ivy (left), cabbage (centre), tobacco (right) 

 
A modified FLD method has been proposed that takes into account the non-null slope of both the 
fluorescence spectrum and leaf reflectance around the oxygen absorption bands, especially at 687nm 
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(Amoros-Lopez et al., 2006) . The slope of the reflectance curve is obtained by interpolating both sides 
outside the absorption, and the slope for the fluorescence spectrum is derived from a collection of direct 
ChF measurements. The results obtained with this method greatly improve the results when the slope 
parameters are the correct ones, but even if they are not, the results are similar to the standard FLD 
method with smaller error dispersion. The optimal parameters obtained agree with those reported by 
Ismael Moya in an independent study within the frame of this campaign.  
 

 
Fig.10.43. Mean Absolute Error 

between actual and estimated 
fluorescence at 687 nm. 

Fig.10.44. Mean Absolute Error 
between actual and estimated 

fluorescence at 760 nm. 

Fig.10.45. Coefficients related 
to reflectance slope (F_R) and 

fluorescence slope (F_f) 
 
The construction of a new device has allowed direct radiometric measurements of the ChF spectral 
emission. From this fluorescence spectrum is possible to derive the absolute fluorescence yield. These 
measurements correlate well with those obtained with an established PAM-2000 fluorometer. The 
comparison of direct measurement of ChF emission with the estimates obtained using the FLD method 
indicates that the later is an adequate way to estimate quantitative values of ChF at leaf level.  
 
The modified FLD method when applied to canopy measurements improves the ChF estimates in the case 
of dense vegetation. In the case of sparse vegetation it underestimates the values and provides negative 
values for soils due to the method’s requirement of a fixed slope for the ChF and the reflectance. 
Therefore strengthen the need of further research seeking a more accurate retrieval method. 
 

 
 

Fig.10.46. Correlation of ChF estimates at 760nm from ground level measurements (FLD#1 red square, 
FLD#2 green diamond, FLD#3 blue cross) with airborne CASI derived values 

 
 
The order of magnitude of ChF emission at canopy level obtained from ground measurements is 
consistent with those retrieved from the airborne CASI sensor (Alonso et al., 2006). The ChF signal 
reaches approximately 6 W/m2/µm/sr in the case of dense vegetation and it is high enough for remote 
sensing measurement and discrimination between different plant conditions. 
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Fig 10.47. Fluorescence Yield measured of a sunflower (left) and a hibiscus (right) leaves with 
the PAM-2000 Flourometer (top); and Fluorescence Photon Flux Density measured with the 

ASD (bottom). Note that the PAM-2000 uses arbitrary units (a.u.). 

 
The diurnal cycle experiments, solar as well as simulated, indicate that the fluorescence yield is severely 
reduced during the central hours of the day when the plant is under stress due to the excess of light and 
heat. Besides, at noon the oxygen band depth is the smallest of all day. Therefore, during noon the 
proportion of ChF signal with respect to the incoming light is smaller that at mid morning or in the 
afternoon, i.e. smaller signal to noise at midday. Because the cloud probability is overall higher in the 
afternoon the mid morning period seems to be the most appropriate part of the day for the remote sensing 
of ChF emission. 
 
10.5. SENTINEL-2 SIMULATION DATA 
 
In the context of the Global Monitoring for Environment and Security program (GMES), ESA is 
considering several possible bands configurations for the Sentinel-2 mission, the optical high resolution 
mission for continental surfaces and support of operational applications. The Sentinel missions are 
currently under definition. There are several options under consideration: from a minimum bands 
configuration that represents the continuity of Landsat/SPOT measurements to an extended band 
configuration that is shown in Table 10.12 or to an optimum case with more spectral bands. This extended 
band configuration represents basically the addition of three bands, B5, B6 and B7, to Landsat/SPOT 
bands definition. Fig.10.48 represents a CASI spectrum together with different Sentinel-2 simulated 
spectrum with the addition each case of one of these three bands to the minimum bands configuration. 
One idea to be drawn from Fig.10.48 concerns to the difficulty that introduces in some index retrieval, as 
red edge for example, the luck of some bands in the spectrum. 
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Fig.10.48. CASI spectrum and changes in the Sentinel-2 simulated spectra due to different band 

configurations in the red-edge range 
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Table 10.12. Sentinel-2 bands configuration. Black colour for minimum bands configuration and red 

colour for the additional bands to form the extended configuration 

Spectral band Unit B1 B2 B3 B4 B5 B6 B7 B8 B9 

λ centre nm 443 490 560 665 705 740 775 865 940 

Spectral width nm 20 65 35 30 15 15 20 20 20 

 
 
10.5.1 Simulation of Sentinel-2 products with images from CASI and AHS-INTA 
 
Within the overall context of SEN2FLEX experiment, the available spectral information from the 
airborne imaging spectrometers (AHS-INTA and CASI) has allowed the simulation of Sentinel-2 
products to evaluate their spectral bands capabilities exploring the possibilities offered on retrieving 
vegetation properties such as LAI (leaf area index), fractional vegetation cover, canopy water content and 
canopy chlorophyll content. 
 
For this simulation it has been used IDL programming software. We performed a program emulating the 
Sentinel-2 bands by adding images of CASI and AHS. In order to this, we had employed the nominal 
specifications for the future Sentinel-2 sensor, which could be updated in the nearest future, along with 
CASI images, used in 144 spectral bands mode (it can also work in 288 bands mode) between 371 nm 
and 1048 nm, and AHS used in 63 spectral bands mode (PT 1-2) between 455 nm and 2491 nm. For 
Sentinel-2 nominal band configuration, it was obtained images with12 spectral bands (Table 10.13).  
 

Table 10.13. Sentinel-2 spectral bands specifications. 
Band Center Wavelength   

(nm) 
Spectral width 

(nm) 
SEN2FLEX CASI and AHS products selected 

 for Sentinel-2 simulation  
1 443 20 
2 490 25 
3 560 20 
4 665 15 
5 705 15 
6 740 15 
7 775 20 
8 865 20 
9 940 20 

 
 
 

Based on CASI products 

10 1375 20 Out of range 
11 1610 90 
12 2190 180 

Based on AHS products 

 
CASI and AHS spectral bands were compatible in the different range of Sentinel-2 wavelengths, only the 
nominal band 10 (at 1350 nm) was not possible to be simulated as it is out of range, and the nominal band 
11 (at 1610 nm) could only be related to the AHS band placed at 1622 nm, with a spectral width of 159 
nm. The simulation program was divided in two parts, one related to the CASI images treatment and the 
second one to simulation data based on the AHS product.  
 
 The spectral bands of CASI have been integrated to each one of the nominal spectral bands of Sentinel-2 
that are placed within the same spectral width. Even if part of the spectral range of CASI is also covered 
by the AHS product, its band width can be considered larger than the one selected to the Sentinel-2 
nominal bands in the VIS and NIR range. Thus, combined to the fact that this interval of AHS bands 
contains noise effects, points on using the CASI acquired images to simulation data. The Sentinel-2 
nominal bands were simulated by using a Gaussian filter.   
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Fig.10.49. SEN2FLEX CASI and AHS products selected 

 for Sentinel-2 simulation 
 

 
The simulation was completed by combining the two products from AHS and CASI (Fig.10.49). Before 
running the program, it was necessary to re-process and treated the CASI and AHS images selected to the 
simulation with the ENVI software to transform them to the same spatial resolution (13x13m/pixel) and 
projection (European 1950). The program can be easily manipulated, if it would be needed, in case of 
futures changes in the spectral widths or the wavelengths configuration. 
 
10.5.2 Implications on Retrieving Leaf Area Index by Using Sentinel-2 Spectral Bands 
 
Current methods for estimating Leaf Area Index (LAI) of vegetation canopies are based on the 
relationship between biophysical properties and spectral measurements, in some few bands acquired by 
multi-spectral systems. This analysis is focused on exploring the implications on retrieving LAI through 
the use of the Sentinel-2 spectral bands. Two different methods have been used in the analysis: (i) a large 
number of spectral indices have been tested with the available spectral information; (ii) hyperspectral 
reflectance spectra have been adjusted by means of third-degree polynomial functions between 500 and 
750 nm, and correlations observed between the values of LAI and the coefficients of these polynomials 
have allowed calculating LAI by mathematical fitting (Delegido et al.). From the analysis, capabilities of 
Sentinel-2 spectral bands to retrieve LAI have been evaluated, suggesting potential ways to improve the 
possibilities offered by Sentinel-2 products. 
 
10.5.2.1 Dataset from SEN2FLEX 
 
Combination of the available spectral information from CASI and AHS-INTA airborne data has allowed 
the simulation of Sentinel-2 products described in section 10.5.1. Thus, the Sentinel-2 simulation data has 
been tested by comparing to the results obtained from apply the proposed methodology to CASI acquired 
images. 
 
From the complete amount of LAI collected data (see Fig.10.50), we have selected for the analysis those 
sampled points that are within the area which overlapped to the image from it must be retrieved the 
spectral information, to apply the proposed methodology.  Data from four different crops (alfalfa, corn, 
onion and sugar-beet) and a total of nine plots have used to test the results (Table 10.14). 
 

++  ==  

AHS-INTA 
63 bands   (PT 1-2)  

[455-2491] nm 
 

CASI 
144 bands    

[371-1048] nm 

Sentinel-2 
12 bands 

[443-2190] nm 
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Fig.10.50.The proposed methodology has been applied to sampled points that are within the area which 
overlapped to the CASI acquired image. 

 
  

Table 10.14. Data from four different crops used to test the results. 

CROP  SAMPLED 
FIELDS 

LAI LICOR 
Mean value  

A2 3.84 Alfalfa 
A4 4.19 
C1 3.40 
C3 3.20 
C5 2.66 

Corn 

C13 2.90 
Onion On1 1.80 

SB1 5.20 Sugar beet 
SB3 3.10 

 
10.5.2.2 Methodology 
 
To explore the implications on retrieving LAI through the use of the Sentinel-2 spectral bands we have 
focused our analysis on comparing results from apply two different methods: on one hand by testing a 
large number of spectral indices with the available spectral information. On the other hand, hyperspectral 
reflectance spectra have been adjusted between 500 nm and 750 nm, calculating LAI by mathematical 
fitting by means of third degree polynomial functions. In order to test the accuracy in the retrievals by the 
different methods, CASI spectral information is taken as “optimum” reference, and Sentinel-2 simulation 
(S2S) products are compared with CASI dataset as a performance criterion. 
 
10.5.2.2.1 Spectral Indices 
 
Exhaustive comparative studies have been already carried out to establish the prediction power of 
different optical indices and their sensitivity to various canopy parameters and external factors (Baret et 
al., 1991; Brodge et al, 2000), optical indices were reported in the literature (Le Marie, 2004; Haboudane 
et al, 2004) and were proved to be well correlated with various vegetation parameters such as LAI, dry 
matter, chlorophyll concentration (Le Marie, 2004) and more.  

 
A large number of spectral indices have been tested (Fernandez et al., 2006a) by matching information 
from acquired imaging data (described in section 2.1) to measured biophysical parameters. Combinations 
of different spectral channels have provided maps of LAI derived from CASI- and Sentinel-2 simulation 
data. From this analysis (Fernandez et al. 2006a) best results were found for MCARI-1 index (1) propose 
by Haboudane in (Haboudane et al., 2004) based on the MCARI index and that have been applied in this 
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study to derive the LAI maps, using the CASI acquired images to validate the results obtained to Sentinel-
2 simulation data. Even though MCARI was developed to be sensitive to chlorophyll variation in the first 
place, Daughtry et al. found that LAI, chlorophyll, and chlorophyll–LAI interaction accounted, 
respectively, for 60%, 27%, and 13% of MCARI variation (Daughtry et al., 2004). 
 
Therefore, MCARI holds a great potential for LAI predictions albeit no near-infrared band (or 
wavelength) was considered in its formulation. The proposed MCARI 1 index, an improved new 
vegetation index modified version of MCARI for green LAI predictions (developed by Haboudane in 
Haboudane et al., 2004, to render this index less sensitive to chlorophyll effects, more responsive to green 
LAI variations, and more resistant to soil and atmosphere effects), provided the best results when LAI 
was retrieved from the tested images dataset. 

The MCARI-1 index follows the next expression: 

( ) ( )( )550800670800 3.15.12.11 RRRRMCARI −−−=  10.8 

were R800, R670 and R550 are respectively the reflectance measured for wavelengths values of 800nm, 
670nm and 550 nm.  

In order to apply this expression to derive maps of LAI from CASI and Sentinel-2 simulation data, there 
were selected those spectral bands that corresponded to those wavelength values closed to the values 
proposed by Haboudane in (10.8). 

10.5.2.2.1.1 LAI retrieved from CASI 

 
Two different steps were necessary to derive the maps of LAI from CASI airborne data: firstly the 
MCARI-1 index was applied to the data acquired, within Mission-II of the SEN2FLEX field campaign, on 
the 13th of July (Fig.10.51). The CASI spectral bands selected to obtain R800, R670 and R550 were, 
respectively, these bands located at 802 nm, 669 nm and 551nm. Results obtained from apply (10.8) are 
illustrated in Fig.10.51, were the zoom is focused on “Las Tiesas” test-site and shows the values of the 
index obtained for onion and corn crops. 
 

 
Fig.10.51. Results from applying MCARI-1 index to CASI image acquired on the 13th of July. MissionII. 

SEN2FLEX-2005 field data campaign. 
 
 
As a second step, the LAI values were derived from the MCARI-1 product by fitting to the function 
 

y=aex 10.9 
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where the parameter “y” is the LAI, the “x” is the MCARI 1 index and takes a value of a=0.353 for CASI 
sensor (R=0.95). The LAI map derived from data acquired on the 13th of July are illustrated in Fig.10.52 
where the zoom is focused on the same area and the range of values are showed in the scale bar. 
 

 
Fig.10.51. Map of LAI derived from apply MCARI-1 index to CASI image acquired on the 13th of July. 

The zoom shows LAI derived mean values for corn and onion of respectively 2.49 and 1.51. These values 
are very similar to LAI in-situ values measured (i.e. 2.62, 1.59) during the Mission II of SEN2FLEX-

2005 field campaign. 
 
 
In Fig.10.52 it has been compared LAI values retrieved from CASI-Map to in-situ LAI data measured 
during the Mission II of SEN2FLEX-2005 field campaign. In general, CASI values derived from the 
spectral index are well correlated to in situ data. 
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Fig.10.52. LAI values retrieved from CASI (from applying MCARI-1) correlated to in-situ LAI data 

measured during the Mission II of SEN2FLEX-2005 field campaign. 

10.5.2.2.1.2 LAI retrieved from Sentinel-2 simulation data 

From apply the MCARI-1 index to Sentinel-2 simulation data (S2S), it has been also obtained good 
results when they have been correlated to LAI in-situ data. Spectral bands selected to obtain R800, R670 
and R550 to apply the spectral index to S2S were, respectively, the nominal bands B8, B4 and B3, located 
at 865 nm, 665 nm and 550nm (see Table 10.13). 
 
Figs.10.53 and 10.54 show MCARI-1 index retrieved from S2S and the map of LAI derived from it. The 
zoom is focused on the same crops illustrated in the previous analysis and, as it can be seen in Fig. 10.55, 
correlations to LAI-Licor in-situ data also provide good results. 

corn 

onion 
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Fig.10.53. Results from applying MCARI-1 index to Sentinel-2 simulation image from the 13th of July. 

Mission II. SEN2FLEX-2005 field data campaign. 
 

 
Fig.10.54. Map of LAI derived from apply MCARI-1 index to Sentinel-2 simulation image from the 13th 

of July. The zoom shows LAI derived mean values for corn and onion of respectively 2.49 and 1.54. 
These values are very similar to LAI in-situ values measured (i.e. 2.62, 1.59) during the Mission II of 

SEN2FLEX-2005 field campaign. 
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Fig.10.55. LAI values retrieved from Sentinel-2 simulation (from applying MCARI-1) correlated to in-

situ LAI data measured during the Mission II of SEN2FLEX-2005 field campaign. 
 
 

LAI Map derived from S2S image 
13th July 2005 

corn 

onion 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 218 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

 
10.5.2.2.1 Mathematical fitting 
 
The second method consists on calculating LAI by mathematical fitting (Delegido et al). Hyperspectral 
reflectance spectra have been adjusted between 500 nm and 750 nm by means of third-degree polynomial 
functions in the following way: 
 

R(λ ) = A + B λ  + C λ 2 + D λ 3 10.10 

where R is the spectral reflectance, λ is the wavelength (in nm), and A, B, C and D are the coefficients 
obtained by the minimum squares method. Correlation observed between the values of LAI and the 
coefficients of these polynomials have allowed calculating LAI by mathematical fitting, approaching to 
the power function 
 

y=axb 10.11 

where -6 9.9584·10=a , 1.6806=b and the mathematical relationship between LAI and B can be expressed 
as 
 

LAI=aBb 10.12 

where B is the polynomial function obtained from (3) (Delegido et al.,2006). 
 

10.5.2.2.2.1 LAI retrieved from CASI 

 
For each in-situ sampled point it has been retrieved the spectrum from the CASI image acquired on the 
13th of July (see Fig.10.56), and fitted to (10.10), obtaining in this way the respective values of B that 
will allow to derive LAI by means of (10.12). 

 
Fig.10.56. Spectra shape obtained for sampling points reflectance’s retrieved from CASI images related 

to Sentinel-2 spectral nominal bands number. Mathematical fitting was applied to the interval within 500-
750 nm. 

 
Fig.10.57 shows some examples of the most representative spectra got for 4 representatives’ samples 
from each one of the 4 characterized crops, as well as, the values from fitting to (10.10): 
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Fig.10.57. Four representative cases of spectra fitted to (3) from each one of the 4 crops under study:  

(a) alfalfa A2; (b) onion O2; (c) sugar beet SB1, and (d) corn C3. 
 
 
Once we have obtained each one of B-values for every sampled point, LAI have been derived from CASI 
and correlated to LAI-Licor in-situ measurements. Results from these correlations can be seen in Fig. 
10.58. 
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Fig.10.58.Values retrieved from CASI (from applying mathematical fitting) correlated to in-situ LAI data 
measured during the Mission II of SEN2FLEX-2005 field campaign. R=0.83 obtained from fitting is very 

similar to results obtained from other studies (i.e. for CHRIS-PROBA sensor R=0.85; Delegido et al.). 
 

10.5.2.2.2.2 LAI retrieved from Sentinel-2 simulation data 

For Sentinel-2 simulation data, due to their spectral configuration, we only have five points to analyze 
between the bands 2 and 6 (placed at 490 nm and 740 nm) within the 490-775 nm spectral range (see Fig. 
10.59) instead of the 52 bands from CASI placed in the same interval.  
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Fig.10.59. Sampling points reflectance’s retrieved from Sentinel-2 simulation data related to the spectral 
nominal bands configuration. The spectral range selected (bands 2 to 6) to apply the mathematical fitting 

can be seen in shadow. 
 

 
B-coefficients obtained from fitting retrieved spectra to (10.12), evidence that Sentinel-2 simulation has 
not enough number of bands to apply this kind of mathematical fitting. Fig.10.60 illustrates this fact with 
an example where are compared fitting results from CASI and S2S for the same sampling point. 
 

 
Fig.10.60. Alfalfa A2 sampling point spectra fitted to (3) within the 490-775 nm spectral range compared 

for:  (a) Spectrum retrieved from CASI and (b) retrieved from Sentinel-2 simulation.  
 

LAI have been derived from Sentinel-2 simulation data and correlated to LAI-Licor in-situ 
measurements. Results from these correlations can be seen in Fig.10.61: 
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Fig.10.61. Values retrieved from S2S (from applying mathematical fitting) correlated to in-situ LAI data 
measured during the Mission II of SEN2FLEX-2005 field campaign. Range of values LAI derived from 

Sentinel-2 data (0.10-0.80) is not realistic and evidences that Sentinel-2 simulation has not enough 
number of bands to apply this kind of mathematical fitting. 
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10.5.2.3 Results from analysis and Conclusions 
 
CASI acquired images have been used to validate the results obtained from applying the two proposed 
methods to Sentinel-2 simulation data. LAI derived from S2S by mathematical fitting, as well as from 
applying MCARI-1 index, have been correlated to CASI retrievals to test capabilities of Sentinel-2 
spectral bands to retrieve LAI. 
 
10.5.2.3.1 Sentinel Simulations vs CASI from applying Spectral Indices  

Results derived from MCARI-1 index show good correlations (R=0.99) between leaf area index derived 
from CASI and retrievals from S2S simulation data. Next figure illustrate the feasibility of this method 
(Spectral indices) with this kind of S2S spectral configuration: 
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Fig.10.62. LAI derived from Sentinel-2 simulation data tested with results from CASI acquired image  

(spectral indices method). 
 
10.5.2.3.2 Sentinel Simulations vs CASI from applying Mathematical Fitting 

 
As it has been illustrated in 3.2.2, when LAI derived from S2S (from mathematical fitting) is correlated to 
LAI retrieved from CASI it can be conclude that Sentinel-2 simulation data has not enough number of 
bands to apply this approach. Fig.10.63 shows results from comparing values of LAI derived from the 
two sensors and evidence this conclusion from the analysis. 
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Fig.10.63. LAI derived from Sentinel-2 simulation data tested with results from CASI acquired image  

(mathematical fitting method). 
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10.5.2.3.2 Conclusions 

From the analysis, capabilities of Sentinel-2 spectral bands to retrieve LAI have been evaluated. Two 
different methods have been applied to the simulation of Sentinel-2 products, using the CASI images 
dataset acquired during the SEN2FLEX experiment, to validate the results. 
 
A large number of spectral indices have been tested with the available spectral information. Results for 
LAI derived from the MCARI-1 index shows good correlations (R=0.99) between leaf area index derived 
from CASI and from Sentinel-2 simulations, but also those LAI values are well correlated to LAI- 
LICOR in-situ measurements (R=0.93 and 0.92, respectively ). 
 
Good results have been obtained from CASI for LAI calculations by mathematical fitting. LAI retrievals 
have similar correlations to in-situ measurements (R=0.83) as found for other instruments (R=0.85 for 
CHRIS-PROBA sensor; Delegido et al). Nevertheless, results from the application of the same fitting 
techniques to the Sentinel-2 simulations let to the conclusion that a few number of spectral bands do not 
allows to retrieve LAI by means of this method. 
 
Implications on retrieving LAI by using Sentinel-2 products suggest potential improvements on the 
nominal spectral bans configuration. Including a new spectral band at 800 nm will improve results from 
spectral indices. On the other hand, after applying different methodology, results allow to conclude 
simulated bands 5, 6 and 7 (705, 740 and 775 nm) are less important for spectral channels combination 
techniques. 
 
 
10.5.3 Retrieval of Crops Chlorophyll Content from CASI Images and Sentinel-2 Bands Simulation 
 
For the community that works with vegetation retrievals it seems to be important the inclusion of new 
spectral bands along the red-edge (transition from visible to near-infrared) and the aim of this work is to 
check the sensitivity of different Sentinel-2 bands configuration to some chlorophyll retrieval methods. In 
order to test the accuracy in the retrievals by the different methods, CASI spectral information is taken as 
“optimum” reference, and then Sentinel products are compared with CASI products as a performance 
criterion. 
 
In particular, this work has assumed that the bands representing “continuity” of LANDSAT/SPOT cases, 
is not under discussion, as everybody would agree that such bands are mandatory in the Sentinel-2 
configuration.  However, the requirements for the “new” spectral bands have to be justified on the basis 
of the new type of information that such spectral bands can provide, or the increase in the accuracy of the 
retrievals of biophysical parameters that the new bands can represent. 
 
10.5.3.1 Methodology 
 
Chlorophyll content and other biophysical parameters were measured in both SEN2FLEX campaigns into 
a set of Elementary Sampling Units (ESUs) geometrically characterized by their GPS coordinates (see 
Chapter 6, in this Report). A set of vegetation Regions Of Interest (ROI) have been defined narrowly 
focused in ESU-GPS coordinates. The selected ROI set was composed by a total of five alfalfa’s ROI, 
nine corn’s ROI, two onion’s ROI, garlic ROI, sugar-beet ROI, vineyard ROI and Quercus Ilex ROI. 
Each ROI has an area about 5 pixels, depending on crop homogeneity. Also have been defined some soil 
ROI with an area of about 4 pixels per ROI, representative of the soil it can be found below the different 
crops. Fig.10.64 shows upper and lower parts of the CASI image together with the defined vegetation 
ROI. 
 
For each ROI, maximum, minimum, mean and standard deviation spectra have been obtained from CASI 
images and Sentinel-2 simulated images. Fig.10.65 shows mean CASI and Sentinel-2 spectra with the 
standard deviation for selected crop ROI together with some soil types ROI CASI mean spectra with the 
standard deviation. It can be seen the spectrum differences for the same crop (corn C5 and alfalfa A1 and 
A2) due to the differences in the fractional vegetation cover of the crops. Also the spectra of garlic and 
vineyard show the influence of soil for this kind of crops with a low vegetation cover. It can be seen at 
soil spectra graph the differences in the reflectance spectra between minor reflectance corn spectra and 
major reflectance onion spectrum. The wavelength corresponding to the intersection point between 
vegetation and soil spectra has been pointed on CASI crop spectra. 
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Fig.10.64. Upper (a) and lower (b) side of the CASI image line with the regions (ROI) used to obtain 
representative spectra of the different crops and soil types (yellow colour for vegetation ROI and red 

colour for soil ROI) 
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Fig.10. 65. Mean spectra with the standard deviation for some crop and soil types ROI 

 
 
10.5.3.2 Chlorophyll Indices 
 
Several commonly used chlorophyll indices (Haboudane et al., 2004) have been applied to CASI and 
Sentinel-2 simulated crop spectra (Gandia et al., 2006) considering different band combinations for 
Sentinel-2. Results from the analysis to test the sensitivity of Sentinel-2 simulation data spectral bands to 
chlorophyll content retrievals have been summarised in this section. 
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10.5.3.2.1 Chlorophyll Integral Index 
 
For Sentinel-2 spectral configuration, it has been necessary two different interpolations to calculate the 
integral between 550 nm and 720 nm (Gandia et al., 2006):  
 

1.-  Interpolation to obtain a 550 nm band between B2 and B3 
2.-  Interpolation to obtain a 720 nm band. This interpolation depends of the Sentinel bands definition 

and so, 
a) If there are no bands between B4 and B8 we shall obtain a 720 nm band by interpolation between 

B4 and B8. This mode corresponds to the minimum bands configuration and it will be named 
mode A. 

b) By addition of only B5 at the minimum bands configuration, a 720 nm band will be obtained by 
interpolation between B5 and B8 (Mode B) 

c) By addition of only B6 at the minimum bands configuration, a 720 nm band will be obtained by 
interpolation between B4 and B6 (Mode C) 

d) By addition of only B7 at the minimum bands configuration, a 720 nm band will be obtained by 
interpolation between B4 and B7 (Mode D) 

 
Fig.10.66 shows the differences in the interpolation value of the 720 nm band when including different 
bands to minimum bands configuration. Consequently, the value of the integral index will vary with the 
band configuration from a minimum value when including B5 to minimum Sentinel-2 band configuration 
to a greater value when B7 is included to it. 
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Fig.10.66. Differences obtained from interpolation values of the 720nm band due to different Sentinel-2 

configurations proposed for the spectral bands  
 
In Fig.10.67 it is represented “Sentinel-2 integral” compared to “CASI integral”. Errors about 5% and 
10% have been assumed respectively for CASI and Sentinel-2 integral indices.  It can be seen a good 
correlation for all configuration modes, but mode B configuration is the one that gives the better 
approximation between both integrals (the slope is almost 1). Some improvement can be finding when 
including B5 to minimum bands configuration.  
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Fig.10.68. Comparison between chlorophyll integral index retrievals derived from CASI and Sentinel-2 

sensors. 
 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 225 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

10.5.3.2.2 Red Edge Index 
 
At the end, red edge determination requires calculation of the inflexion point of the near infrared 
vegetation reflectance curve what means that first derivative must be maximum and second derivative 
must be zero. For discrete data, like CASI and Sentinel-2 spectra, second derivative may be unsteady and 
it can be obtained a better determination of red edge by fitting the spectrum derivatives. 
 
For CASI data, two methods have been tested: 

• Method 1: Second derivative of the spectra have been calculated, fitted to a linear function and 
obtained the zero point.  

• Method 2: Spectra first derivative has been fitted to a second degree polynomial then derived 
this function to obtain a linear function and looking for the zero point.  

 
The red edge determination for Sentinel-2 spectra depends on the bands configuration considered and two 
scenarios have been analyzed: 
 
1) Sentinel-2 minimum configuration: without including B5, B6 and B7. It will be named scenario 1 

(SC1). 
 
As it can be seen in Fig.10.68 as an example, the Sentinel-2 spectrum has been fitted to a third degree 
polynomial using B3, B4, B8 and B9 (graph on the left side of Fig.10.68), then a second degree 
polynomial fit to the spectrum first derivative (graph on the centre) has been calculated and, finally, a 
lineal fit to the spectrum second derivative (graph on the right side) and liner function has been made 
equal to cero to obtain red edge wavelength. 
 

2) Sentinel-2 extended configuration: including B5, B6 and B7. It will be named scenario 2 (SC2). 
In this case a third degree polynomial has been fitted to Sentinel spectrum using B4, B5, B6 and B7 
and then it has been applied the same procedure to obtain red edge wavelength as in scenario 1. 
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Fig.10.68. Red edge calculation for Sentinel-2 minimum bands configuration 
 

Following this procedures, Sentinel-2 (SC1 and SC2) and CASI red edges (method 1 and 2) has been 
applied to each ROI and Fig.10.69 shows correlations between both of the sensors for SC1 and SC2 
Sentinel-2 band configurations, as well as, results from applying both red edge methods to CASI. At the 
upper and lower side of the figure it can be seen the correlation between both sensors using method 1 and 
method 2 respectively for CASI red edge determinations. 
 
 In Fig.10.69 (right side) it has been removed, for both sensors, the points corresponding to garlic (G1) 
and vineyard (VV) due to their anomalous behaviour because of the lower fractional vegetation cover 
observed for this crops (see Fig. 3). As it can be seen at the figure, better correlation is obtained when 
using method 2 for CASI red edge determinations and not considering anomalous crops and in all cases 
scenario 2 for Sentinel-2 red edge determinations gives better adjust to CASI data. In the better 
correlation case, when removing garlic and vineyard data and method 2 is used for CASI data, minimum 
bands configuration (SC1) overestimates CASI values about 10% and extended band (SC2), it is said, 
including B5, B6 and B7 underestimates CASI values about 30%. 
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Fig.10.69. Correlations between CASI and SC1/ SC2 Sentinel-2 band configurations from apply red edge. 
Method 1 has been used to calculate CASI red edge in the upper side graphs and method 2 has been used 

for the lower side graphs. Left side: all crops have been considered. Right side: anomalous crops, like 
garlic and vineyard, have been removed. 

 
10.5.3.2.3 MI, MTCI, MCARI and TCARI indices 
 
In order to calculate GMI, MTCI, MCARI and TCARI from SENTIENEL-2 images it is necessary to 
dispose of two (B5 and B6) of the three bands under consideration from the extended Sentinel-2 bands 
configuration.  Those indices have been calculated from CASI and Sentinel-2 spectra for each defined 
ROI. It can be seen in Fig.10.70 and Fig.10.71 the correlation between both sensors for GMI (10.70a-b), 
MTCI (10.70c-d), MCARI (10.71a-b) and TCARI (10.71c-d). As it can be observed, all the indices show 
a very good correlation coefficient between both sensors (r > 0.9) but TCARI is the index that better 
adjusts to CASI values (the value of the slope is near 1). MTCI and TCARI overestimate CASI values 
about 30% and 25% respectively and GMI underestimate CASI values about 50%. Following previous 
methodology, at left part of each set of graphs it can be seen correlations between both of the sensors for 
the same indices that at right part, but removing very low fractional cover crops (garlic and vineyard). As 
it can be seen not important changes are finding in the correlation coefficient and slope of the 
adjustments.  
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Fig.10.70. Correlation between GMI (a - all crops- and b – removing garlic and vineyard) and MTCI (c - 

all crops- and d – removing garlic and vineyard) for CASI and Sentinel-2 sensors 
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Fig.10.71. Correlation between MCARI (a - all crops- and b – removing garlic and vineyard) and TCARI 

(c - all crops- and d – removing garlic and vineyard) for CASI and Sentinel-2 sensors 
 
10.5.3.2 Chlorophyll Retrievals from CASI and Sentinel-2 Indices 
 
Now it is interesting to analyze how those calculated indices are correlated with the chlorophyll content at 
crop level. At the SEN2FLEX campaigns, in situ chlorophyll content measurements were made using a 
SPAD-502 instrument. A linear calibration function has been obtained from the chemical analysis made 
to 196 samples of different crop leaves. Digital counts from SPAD – 502 may be translated to absolute 
chlorophyll content with a mean error about 5%. 
 
About 30 SPAD measurements centred on each ESU GPS coordinates were made over a mean area of 
about 25 m diameter to obtain statistically representative chlorophyll measurements. After applying the 
calibration function, the chlorophyll content mean value was associated to the corresponding ROI.  
Next figures represent ROI mean chlorophyll content data in front of Integral Index (Fig. 11a and 11b), 
Red edge (Fig. 12), GMI (Fig. 13), MTCI (Fig. 14), MCARI (Fig. 15) and TCARI (Fig. 16) for CASI and 
Sentinel-2.  
 
In a general way, low correlation coefficients can be found for almost all indices (r <0.7) for both, CASI 
and Sentinel-2, sensors.   
 
With respect to the integral index the expected behaviour of the index with chlorophyll content can be 
found, decreasing the value of the index when increasing chlorophyll content. Fig.10.72-a, considering all 
selected ROI, shows a similar correlation coefficient for CASI and Sentinel-2 in almost all modes (Mode 
A-minimum bands configuration; Mode B-minimum configuration with the addition of B5; Mode C- 
minimum configuration with the addition of B6; Mode D- minimum configuration with the addition of 
B7). 
 
Looking for better correlations, two alfalfas ROI, A1 and A2, has been removed in Fig 11b because its 
spectra shows a low vegetation cover and it can be seen an improvement in the correlation coefficients for 
all modes and both sensors (correlation coefficient increases from about 0.5 to about 0.7). It means that it 
is necessary to have some information about fractional vegetation cover of the fields to obtain good 
agreement between chlorophyll content and integral index and what refers to chlorophyll retrieval using 
integral index any significant improvement can be found using additional bands to minimum Sentinel-2 
bands configuration.  
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Fig.10.72-a. Correlation between chlorophyll content data and Integral Index for CASI and Sentinel-2, 

considering mode A, B, C and D for Sentinel-2 band configuration and all selected ROI. 
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Fig. 10.72.b Correlation between chlorophyll content data and Integral Index for CASI and Sentinel-2, 

considering mode A, B, C and D for Sentinel-2 bands configuration and removing some data (alfalfas A1 
and A2) corresponding to fields with small fractional vegetation cover 
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In Fig.10.73.a it can be seen chlorophyll content in front of red edge for CASI (left side) and Sentinel-2 
sensors, considering SC1 (centre) and SC2 (right side). The expected behaviour of the index is found and 
bigger chlorophyll values lead to a displacement towards bigger red-edge wavelengths. Low correlation 
coefficients are found in all cases but the correlation coefficient for Sentinel-2 in the minimum bands 
configuration (SC1) is bigger than CASI one. A very small correlation coefficient (r = 0.03) for the 
extended band configuration of Sentinel-2 is obtained. May be this is an expected result due to the wider 
range of variation of red edge values obtained with SC1 (710-760 μm) which may be caused by the lack 
of information about red edge wavelengths that is associated with SC1and, consequently, the worst 
determination of red edge values.  
 
Following previous methodology, Fig.10.73.b shows the chlorophyll-red edge correlation for both sensors 
when alfalfas A1 and A2 are removed. The same as happens with integral index correlation coefficient 
increases in all cases and especially with CASI data. Concerning to chlorophyll retrievals using red edge, 
Sentinel-2 minimum configuration gives approximately the same results than CASI data does and the 
inclusion of more bands do not introduces significant improvement. 
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Fig.10.73.a Correlation between chlorophyll content data and Red Edge for CASI and Sentinel-2 sensors, 
considering minimum bands configuration (SC1) and extended band configuration (SC2) for Sentinel-2. 

 

0

20

40

60

80

100

700 720 740 760 780

C
hl

or
op

hy
ll 

co
nt

en
t (

μg
 c

m
-2

)

CASI Red Edge

y = m1 + m2 * x
ErrorValue
500-800m1 
0.71.2m2 
  0.40r

0

20

40

60

80

100

700 720 740 760 780

Ch
lo

ro
ph

yl
l c

on
te

nt
 (

μg
 c

m
-2

)

SENTINEL Red Edge (SC1)

y = m1 + m2 * x
ErrorValue

50-40m1 
0.060.10m2 

  0.38r

0

20

40

60

80

100

700 720 740 760 780

Ch
lo

ro
ph

yl
l c

on
te

nt
 (

μg
 c

m
-2

)

SENTINEL Red Edge (SC2)

y = m1 + m2 * x
ErrorValue
600-400m1 
0.80.7m2 
   0.18r

 
Fig.10.73.b. Correlation, removing alfalfas A1 and A2 data, between chlorophyll content data and Red 

Edge for CASI and Sentinel-2 with minimum bands configuration (SC1) and extended band configuration 
(SC2) 

 
Attendant to the other indices, all of them need wavelengths between B4 and B8. The behaviour shown in 
figures is that an increase of chlorophyll content lead to bigger index values. As it can be seen in 
corresponding figures correlations for CASI and Sentinel-2 are similar although correlation coefficients 
for Sentinel-2 are a little minor than for CASI indices in almost all cases (except for MTCI) but the 
differences are not very important.  When removing alfalfas A1 and A2 data, significant increase in the 
correlation coefficient of both sensors can be found for GMI and MTCI but not for MCARI and TCARI 
that remains almost equal. From the data analysed it seems that GMI and MTCI indices are more useful to 
obtain chlorophyll retrievals than MCARI and TCARI does. So it seems that the inclusion of B5 and B6 
in SENTIENEL-2 bands configuration may be useful to obtain chlorophyll retrievals from remote sensing 
data. 
 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 230 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

0

20

40

60

80

100

0 2 4 6 8 10

C
hl

or
op

hy
ll 

co
nt

en
t (

μg
 c

m
-2

)

CASI GMI

y = m1 + m2 * x
ErrorValue

432m1 
0.81.8m2 
  0.48r

a)

0

20

40

60

80

100

0 2 4 6 8 10

C
hl

or
op

hy
ll 

co
nt

en
t (

μg
 c

m
-2

)

CASI GMI

y = m1 + m2 * x
ErrorValue

520m1 
0.82.8m2 
   0.67r

b)

A1 and A2 removed
0

20

40

60

80

100

0 2 4 6 8 10

C
hl

or
op

hy
ll 

co
nt

en
t (

μg
 c

m
-2

)

SENTINEL GMI

y = m1 + m2 * x
ErrorValue

530m1 
1.73.6m2 
  0.45r

c)

0

20

40

60

80

100

0 2 4 6 8 10

C
hl

or
op

hy
ll 

co
nt

en
t (

μg
 c

m
-2

)

SENTINEL GMI

y = m1 + m2 * x
ErrorValue

620m1 
1.75.7m2 
   0.64r

A1 and A2 removed

d)

 
Fig. 10.74. Correlation between chlorophyll content and GMI for CASI and Sentinel-2 sensors 
considering all ROI (a and c graphs) and removing alfalfas A1 and A2 data (b and d graphs) 
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Fig. 10.75.Correlation between chlorophyll content and MTCI for CASI and Sentinel-2 sensors 

considering all ROI (a and c graphs) and removing alfalfas A1 and A2 data (b and d graphs) 
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Fig. 10.76. Correlation between chlorophyll content and MCARI for CASI and Sentinel-2 sensors 

considering all ROI (a and c graphs) and removing alfalfas A1 and A2 data (b and d graphs) 
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Fig.10.77. Correlation between chlorophyll content and TCARI for CASI and Sentinel-2 sensors 

considering all ROI (a and c graphs) and removing alfalfas A1 and A2 data (b and d graphs) 
 
10.5.3.2 Results from the analysis and Conclusions 

 
Only from the point of view of chlorophyll retrievals the different Sentinel-2 bands configurations let us 
to introduce some considerations, analysing different cases: 
 
(a) Optimal case: the addition of the red-edge bands (B5, B6 and B7) to Sentinel-2 minimum 

configuration let us the calculation of the most of the chlorophyll content indices commonly used in 
the literature.  

 
(b) Minimum case: only NDVI can be calculate and is an index that is not sensitive to chlorophyll alone, 

but to the coupled response of LAI, fCover and chlorophyll content all together. Red edge 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 231 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

determination shows better correlation with chlorophyll content at the cost of a big range of values for 
red edge that shows a bad determination of this index. 

 
(c) Potential compromises:  may be the elimination of one or two of the 3 possible bands. If CASI 

spectral information is taken as “optimum” reference the conclusions that can be obtained from the 
information that has been collected in this work with the different indices may be: 
• For all studied indices, good correlation coefficients between CASI and Sentinel-2 data have 

been found, major than 0.9. 
• For integral index the best band to keep at Sentinel-2 bands configuration is B5 due that values 

obtained using this band reproduces very well CASI values.  
• If we consider red edge the extended bands configuration is the one that better reproduces CASI 

data. 
• For MCARI and TCARI determinations, B5 is also necessary due to the indices definition. 

Sentinel MCARI overestimates CASI index but Sentinel TCARI reproduces CASI values. 
• For GMI and MTCI are necessary B6 and B5. There is in the literature other quotient index but 

some of them also use B5. Sentinel GMI and MTCI underestimate CASI values. 
• Concerning chlorophyll retrievals, correlation coefficients found between chlorophyll content 

and indices values are not very high falling in the range from 0.3 to 0.6. 
• Focusing on integral index, there is no a favourite configuration and minimum Sentinel-2 

configuration led to the same results than extended band one. 
• Red edge shows bad correlation coefficients with chlorophyll content for CASI and all Sentinel-

2 configurations.  
• From the correlation coefficients obtained for GMI and MTCI indices it seems that this indices are 

more useful to obtain chlorophyll retrievals than MCARI and TCARI does. So it seems that the 
inclusion of B5 and B6 in SENTIENEL-2 bands configuration may be useful to obtain 
chlorophyll retrievals from remote sensing data. 

 
From all considerations made along this work it seems that the conclusion it can be obtained is that B5 is 
the band that is necessary to include in the minimum Sentinel-2 bands configuration from the point of 
view of chlorophyll retrievals. In the second place, is necessary to include B6 in order to have the 
possibility of calculate some chlorophyll indices that give relatively good estimations of chlorophyll 
content using remote sensing images (same order than retrievals obtained from CASI data. From all the 
analysed data it seems that B7 is the less important band referring to chlorophyll retrievals.  
 
 
10.6 SEN2FLEX CAMPAIGN ACTIVITIES IN SUPPORT OF THE EC WATER FRAMEWORK 
DIRECTIVE 
 
 
10.6.1 Processing of the AHS VNIR and TIR Data for Surface Temperature /Emissivity and 
Evapotranspiration Retrieval 
 
The Airborne Hyperspectral Scanner (AHS) imagery data acquired during the SEN2FLEX experiment 
has been processed in order to retrieve biophysical parameters such as Land Surface Temperature (LST), 
Land Surface Emissivity (LSE) and Evapotranspiration (ET). The processing includes the atmospheric 
correction of the Visible and Near-InfraRed (VNIR) and Thermal InfraRed (TIR) bands, as well as the 
elaboration and application of algorithms for LST, LSE and ET retrieval. The calibration of the TIR 
bands has also been tested using ground-based measurements. 
 
LST has been retrieved from AHS TIR bands using a single-channel method, two-channel or split-
window algorithms and the Temperature and Emissivity Separation (TES) algorithm, whereas LSE has 
been obtained from Fractional Vegetation Cover (FVC) values estimated from the Normalized Difference 
Vegetation Index (NDVI). Finally, ET was obtained using the Simplified Surface Energy Balance Index 
(S-SEBI). The LST images were tested using surface temperatures measured in situ over different plots, 
and ET images were tested using values measured in situ at lysimeter stations. The results show Root 
Mean Square Errors (RMSE) of around 1.5 K for LST and 1 mmd-1 for ET. 
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10.6.1.1 Analysis of the AHS Thermal Data 
 
Before the application of the different algorithms, it is convenient to compare the data provided by the 
sensor with the data acquired in situ. In this way, technical or calibration problems of the AHS sensor can 
be detected. The conditions required for calibration sites are: i) the targets should be homogeneous in both 
surface temperature and emissivity, and ii) atmospheric conditions should be stable and cloud-free, with 
small total water vapour amounts (Toonoka et al., 2005)). In this study, and in order to show the problems 
related with the heterogeneity of the surface, we have also included heterogeneous targets. The final 
selection of targets for the analysis of the AHS Thermal Infrared (TIR) data include: water body, wheat 
(senescent), corn (fully-covered and mixed), bare soil, vineyard and green grass (or festuca). Details 
about the measurements are given in Sobrino et al. (2006b). 
At-sensor radiances (Lat-sensor) for each AHS TIR bands (i=71,80) have been reproduced from ground-
based measurements using the radiative transfer equation for the TIR region: 
 

 ( ) (1 )at sensor
i i i s i i i iL B T L Lε ε τ− ↓ ↑⎡ ⎤= + − +⎣ ⎦                                10.13 

 
where ε is the surface emissivity (obtained from field/laboratory measurements or spectral libraries), Ts is 
the surface temperature (measured in situ with broadband radiometers), and τ, L↑, L↓ are the atmospheric 
parameters (transmissivity, up-welling atmospheric radiance and down-welling atmospheric radiance, 
respectively, estimated from the atmospheric soundings and the MODTRAN4 code). The at-sensor 
radiances reproduced from ground-based measurements have been compared with the ones extracted 
from the AHS images over regions of 3x3 pixels and for the 10 TIR bands. For convenience, the 
comparison has been made in terms of the at-sensor brightness temperature (inversion of the Planck’s law 
applied to the at-sensor radiance). We have considered an ‘expected error’ of 2 K, so differences between 
at-sensor and measured values clearly higher than 2 K will be attributed to a problem on the sensor or a 
problem in the field measurement. When this comparison is performed for each TIR band and for all the 
targets (160 test points), root mean square errors (RMSE) of around 2 K are obtained for all the bands. 
This result indicates that the AHS TIR bands provide good results. However, some specific problems 
have been found, for example with the measurements made with the instrument Raytek MID 3 (see Fig. 
1), with a bias higher than 2.5 K. A set of measurements carried out over the water body also seem to be 
erroneous, as it is shown in Fig.10.78. This figure also shows the problems found over the small corn 
plot, may be due to the heterogeneity of this plot (with a significant influence of the soil). Problems were 
also found for the wheat plot (in a senescent status), due to a bad parameterization of the surface 
emissivity. All these test points have been finally removed from the ‘ground-truth’ dataset, leading to a 
final amount of 97 test points, which will be used for testing the algorithms for land surface temperature 
(LST) retrieval. 
 

 
 
Fig.10.78.Comparison between the at-sensor brightness temperatures reproduced from 

ground-based measurements (Tsensor In-Situ) collected with the Raytek MID 3 
instrument and the ones extracted from the AHS images (Tsensor AHS). 
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Fig.10.79. Comparison between the at-sensor brightness temperatures reproduced from ground-based 
measurements (Tsensor In-Situ) ones extracted from the AHS images (Tsensor AHS) for the water body 

(left) and the small corn (right) plots. 
 
 
10.6.1.2 Atmospheric correction of AHS VNIR data 
 
The atmospheric correction of the AHS data acquired during the SEN2FLEX campaign was performed by 
an automatic method developed at the University of Valencia (Guanter et al., 2005b). It is based on the 
retrieval of the atmospheric constituents (aerosol and water vapour contents) from the data themselves. 
All the atmospheric calculations are based on MODTRAN4 calculations carried out during each image 
processing. The dependence of the atmospheric optical parameters on the scan angle is accounted by a 
polynomial fitting technique, which performs a quadratic interpolation between a set of tabulated 
breakpoints giving the atmospheric parameters as a function of the scan angle. This procedure provides 
the atmospheric parameters on a per-pixel basis with a minimum team penalty. The same methodology 
has been adapted for the processing of the CASI and CHRIS/PROBA hyperspectral data acquired in 
SEN2FLEX. An important effort has been put on the validation of the retrieved atmospheric and surface 
reflectance parameters making use of the ground-based measurements taken during the campaign 
concurrently to remote sensing acquisitions. 
 
 
10.6.1.3 Land Surface Temperature Retrieval 
 
Several methods exist for LST retrieval from TIR data. We have selected traditional methods as Single-
Channel (SC) and Two-Channel (TC) or Split-Window (SW) algorithms, which use one or two thermal 
bands, respectively. The Temperature and Emissivity Separation (TES) algorithm (Gillespie et al.,1998) 
has been also considered, which requires at least four or five thermal bands. The problem of the SC and 
TC algorithms is that a priori knowledge of the surface emissivity is needed, whereas the problem of the 
TES algorithm is that it requires an accurate atmospheric correction and it is also very sensitive to noise. 
A description of the algorithms and the test performed in the context of the SPARC (SPECTRA Barrax 
Campaign) campaign in 2004 is presented in (Sobrino et al., 2006a). Next, a description of the algorithms 
and the test against the 97 ‘ground-truth’ values in the framework of the SEN2FLEX project is presented. 
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10.6.1.3.1 Single-Channel Method 
 
LST has been retrieved using a SC method by inversion of the radiative transfer equation given by 
(10.13). The optimal AHS TIR band for applying the SC method has been selected based on the 
maximum atmospheric transmissivity value, which correspond to AHS band 75 (10.07 μm). In order to 
simplify the procedure, a constant value of 0.98 for the surface emissivity has been considered. Fig. 10.80 
shows the results obtained in the test against in situ measurements, with a bias of -0.4 K (negative value 
indicates an underestimation of the SC method) and a RMSE < 1.7 K. 
 
 

 
 
Fig.10.80. Validation of the Single-Channel method (LST SCh) 

against 97 in situ measurements (LST In-Situ) over different 
crops and for different dates. 

 
 
10.6.1.3.2 Two-Channel (Split-Window) Algorithms 
 
The TC or SW algorithm used in this analysis is the following: 
 

2
1 2 0 3 4 5 6( ) ( ) ( )(1 ) ( )s i i j i jT T c T T c T T c c c w c c wε ε= + − + − + + + − + + Δ  10.14 

 
where Ti and Tj are the at-sensor brightness temperatures (in K) for two different AHS TIR bands, w is 
the atmospheric water vapour content (in g/cm2) and ε=0.5(εi+εj) and Δε=(εi-εj) are respectively the mean 
emissivity and the emissivity difference for the two AHS bands considered. 
The coefficients ci (i=0,6) are obtained from simulated data (atmospheric soundings, MODTRAN4 and 
emissivity spectra), as is explained in (Sobrino et al., 2006a). In this case, 61 atmospheric soundings and 
108 emissivity spectra extracted from the ASTER spectral library (http://speclib.jpl.nasa.gov/) have been 
used. AHS TIR bands 75 (10.07 μm) and 79 (12.35 μm) have been selected to apply (10.14), since this 
combination between bands provides the best results (Sobrino et al., 2006a). Table 10.15 shows the 
numerical coefficients obtained for the different flights altitudes (see Sobrino et al., 2006b for details), 
whereas Table 10.16 shows the errors expected for the TC algorithm according to the sensitivity analysis. 
 
 
Table 10.15. Coefficients for the Two-Channel algorithm given by (2) and using AHS bands 75 and 79. 
The coefficients are given for three different altitudes, according to the AHS flights performed during the 
SEN2FLEX campaign. 
 

FLIGHT c0 c1 c2 c3 c4 c5 c6 
B (975m) -0.0028 0.59776 0.04231 44.77 -8.41 -54.39 25 

M (1370m) -0.033 0.68815 0.04266 44.73 -6.2 -59.09 21.45 
I (2060m) -0.08463 0.723 0.04275 45.49 -5.17 -60.81 16.93 

 
Table 10.16 Errors obtained in the sensitivity analysis of the Two-Channel algorithm using AHS bands 
75 and 79 (σ: standard error of estimation, R: correlation coefficient, e-NEΔT: error due to the Noise 
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Equivalent Delta-Temperature, e-ε: error due to the uncertainty on the emissivity, e-W: error due to the 
uncertainty on the atmospheric water vapour, RMSE: Root Mean Square Error for the 6,588 cases in 
which the sensitivity analysis was performed). 
 

FLIGHT σ (Κ) R e-NEΔT (K) e-ε (K) e-W (K) RMSE (K) 
B (975m) 0.2 0.98 0.17 0.6 0.4 0.8 

M (1370m) 0.2 0.98 0.19 0.6 0.4 0.8 
I (2060m) 0.2 0.98 0.2 0.6 0.3 0.8 

 
 
Land Surface Emissivity Input  
 
Apart from the at-sensor brightness temperatures, the TC algorithm given by (10.14) requires other two 
inputs, the atmospheric water vapour content (w) and the band surface emissivities (εi, εj). Water vapour 
content can be obtained from the atmospheric soundings (as has been made in this case) or also from 
ground-based measurements. 
Land surface emissivity has been estimated from AHS data using a simple relationship between 
emissivity and Fractional Vegetation Cover (FVC) obtained from the NDVI, as presented for example in 
(Jiménez-Muñoz et al., 2006). Hence, surface emissivity can be estimated as: 
 

, ,(1 )i s i v iFVC FVCε ε ε= − +                                                          10.15 
 
where εs is the soil emissivity (measured in the Jet Propulsion Laboratory) and εv the vegetation 
emissivity (assumed to be a constant value of 0.99). FVC can be obtained from the NDVI according to 
Carlson et al.(1997): 
 

2

s

v s

NDVI NDVIFVC
NDVI NDVI

⎡ ⎤−
= ⎢ ⎥−⎣ ⎦

                                                               10.16 

 
where NDVIs and NDVIv are the NDVI values for soil and emissivity, which can be obtained from the 
NDVI histogram. 
 
Algorithm Testing 
 
The SW algorithm using AHS bands 75 and 79 has been validated against the 97 ‘ground-truth’ values, 
and the results are shown in Fig.10.81. The data are well-correlated (r=0.98) and with low bias (<0.4 K). 
The error obtained is RMSE = 1.8 K. 
 

 
 

Fig. 10.81. Validation of the Split-Window algorithm using 
AHS bands 75 and 79 (LST SW75-79) against 97 in situ 
measurements (LST In-Situ) over different crops and for 

different dates. 
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10.6.1.3.3 Temperature and Emissivity Separation (TES) algorithm 
 
The TES algorithm (Gillespie et al.,1998) provides simultaneously the land surface temperature and the 
emissivity. It is composed of 3 modules: NEM, RATIO and MMD. The NEM module is an iterative 
procedure that provides a first guess for temperature and emissivity. The RATIO module normalizes the 
surface emissivities, providing the so called beta spectrum. Finally, the MMD module uses a semi-
empirical relationship between the minimum emissivity and the spectral contrast MMD: εmin = a + b 
MMDc. This method requires multi-spectral TIR data, with at least 4 or 5 thermal bands. As the AHS has 
10 TIR bands, different configurations are proposed: 
 

Config1: AHS bands 75,76,77,78,79. 
Config2: AHS bands 72,73,75,76,77,78,79. 
Config3: AHS bands 71,72,73,74,75,76,77,78,79,80. 

 
Config1 uses 5 thermal bands, and it is the same configuration as the one used in SPARC 2004 (Sobrino 
et al., 2006a) Config2 uses 7 AHS TIR bands, and it is a priori the optimal configuration. Config3 uses 
the 10 AHS TIR bands. The relationship between εmin and MMD has been calculated for the three 
configurations using 108 emissivity spectra extracted from the ASTER spectral library. The test against 
the 97 in situ values is presented in Fig.10.82, which shows that the results are almost the same 
independently of the bands configurations. A very slightly worse result is obtained with Config3, but at 
the end a RMSE < 1.6 K is obtained in the three cases. 
 

  

 
 

Fig.10.82.Validation of the TES algorithm using different AHS bands configurations against 97 in situ 
measurements (LST In-Situ) over different crops and for different dates. 

 
Temperature and Emissivity Maps 
 
The algorithms for land surface temperature and emissivity retrieval presented in the previous sections 
have been applied to the AHS imagery acquired during the SEN2FLEX campaign in order to create 
temperature and emissivity maps. As an example, Fig.10.83 shows the emissivity obtained from the 
NDVI for the AHS band 75, Fig.10.84 shows the LST obtained with the Split-Window algorithm and 
bands 75 and 79, Fig.10.85 shows the emissivity obtained with the TES algorithm for band 75, and 
Fig.10.86 shows the LST obtained with the TES algorithm and Config2 (7 AHS bands). The displayed 
maps correspond to flights B (pixel size of 2 m), M (pixel size of 3m), I1 (pixel size 4m) and I2 (pixel 
size 4m), performed on June 1, 2005, at different times (11:23, 11:48, 12:11 and 12:33 UTM, 
respectively). 
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Fig.10.83. Land surface emissivity maps for AHS band 75 obtained with the NDVI. 
 
 

  

  
 

Fig.10.84. Land surface temperature maps obtained with the Split-Window algorithm using AHS bands 
75 and 79. 
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Fig.10.85. Land surface emissivity maps for AHS band 75 obtained with the TES algorithm. 
 
 

   

 
 

Fig.10.86. Land surface temperature maps obtained with the TES algorithm 
 
10.6.1.3.4 Daily Evapotranspiration 
 
Evapotranspiration refers to the water lost from the soil surface (evaporation) and from the crop 
(transpiration). The knowledge of ET allows the irrigation water use optimisation. It is important to 
remark that the estimation of ET by solving the energy balance equation requires the availability of TIR 
data. In this analysis, daily ET has been retrieved according to the methodology presented in Sobrino et 
al. (2005) and Gomez et al.(2005) which is based on the Simplified Surface Energy Balance Index (S-
SEBI) model (Roerink et al.,2000). 
 
The methodology has been applied to the AHS imagery, and the daily ET values extracted from the 
images have been compared to the ones measured in situ in the lysimeter station located in the festuca 
plot. The results of the test are shown in Table 10.17, in which a RMSE∼1 mm/day is obtained. Fig.10.87 
shows some illustrative daily ET maps for the images acquired on June 1, 2005. 
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Table 10.17. Comparison between the daily evapotranspiration obtained from 
the AHS imagery (ET-AHS) and the one measured in situ (ET-situ) over the 
lysimeter station located in the festuca plot. 

ET-AHS  ET-situ  AHS – Situ  
Date Flight Time (GMT) (mm/d) (mm/d) (mm/d) 

50601 BDS 11:23 6.92 6.12 0.8 
50601 MDS 11:48 6.62 6.12 0.5 
50601 I1 12:11 5.29 6.12 -0.83 
50601 I2 12:33 5.34 6.12 -0.78 
50602 BDS 11:19 6.47 4.69 1.78 
50602 MDS 11:41 6.45 4.69 1.76 
50602 I1 12:03 5.1 4.69 0.41 
50602 I2 12:25 5.11 4.69 0.42 
50603 BDS 11:11 6.28 5.96 0.32 
50603 MDS 11:34 6.04 5.96 0.08 
50603 I1 11:57 4.28 5.96 -1.68 
50603 I2 12:19 4.38 5.96 -1.58 
50712 BDS 11:56 6.18 5.31 0.87 
50712 MDS 12:21 6.32 5.31 1.01 

    BIAS 0.2 
    ST. DEV. 1.1 
    RMSE 1.1 

 
 
 

   

 
 

Fig.10.87. Daily Evapotranspiration maps. 
 
 
10.6.1.3.5 Conclusions of analysis 
 
Land surface temperature has been retrieved from the AHS imagery acquired during the SEN2FLEX 
campaign using Single-Channel, Two-Channel and TES algorithms. The complete database of field 
measurements collected over different plots (97 test points) has been used to test the different algorithms. 
The test shows similar results for all the considered algorithms, with RMSE < 1.8 K. An improvement 
using multispectral TIR data with the TES algorithm has not been observed, which should be explained 
due to the Barrax characteristics (low atmospheric water vapour content, low spectral contrast on surface 
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emissivities and high emissivity values). It should be remarked that over areas with high atmospheric 
water vapour content, the Single-Channel method is expected to provide poor results, and over areas with 
high spectral variations on emissivity the TES algorithm is expected to improve the results. Daily 
Evapotranspiration has been also obtained from AHS data, by solving the energy balance equation and 
based on the Simplified SEBI model, with errors of around 1 mm/day. With the results presented in this 
paper we have tried to show the usefulness of TIR data for different environmental applications. 
 
 
10.6.2 Soil Water Content Dynamics from Thermal Observation within the SEN2FLEX 
Experiment 
 
Algorithms for quantitative estimation of leaf biochemical and canopy biophysical variables from remote 
observation enable continuous crop status monitoring. Mediated by root apparatus, a link exist between 
crop water content and soil water availability. Previous research (Carlson et al., 1994) has evidenced the 
existence of a robust relationship between the water status of vegetated surfaces, their canopy 
development and the corresponding surface temperature. Although it is very difficult to determine with 
accuracy the soil water content of vegetated surfaces from surface temperature, this latter can be taken –
under given circumstances- as a proxy of soil water status. This information, together with other 
observations in the solar range needed to determine land surface parameters, can be of great usefulness 
for the validation of hydrological distributed models, and possibly for a definition of data assimilation 
schemes. So doing, it is possible to increase the reliability of distributed hydrological numerical models, 
widely used as operative tools in a large number of applications dealing with water management 
problems.                                                             
 
The objective of the analysis described in this section has been to test a semi-empirical methodology to 
retrieve soil water content (θ) in the upper part of the root zone by means of thermal observations, trying 
to link the land surface temperature (LST), derived from the AHS (Airborne Hyperspectral Scanner) 
thermal infrared data, to the soil water content and soil temperature (T), monitored in the superficial 
horizon simultaneously to the aircrafts over pass (Fernandez et al., 2006b). At the same time, soil water 
flow has been simulated by using the SWAP algorithm (Van Dam et al., 1997). The model has been 
supplied with soil parameters retrieved from laboratory analysis, along with crop characteristics gathered 
from imaging data analysis. A proper definition of upper and bottom boundary conditions has allowed a 
satisfactory forecast of root zone water availability for the crops. In addition, the code HYDRUS-1D 
(Simunek et al., 2005) has been used to simulate soil water dynamic along with soil temperature time 
evolution. With such modelling approach, a relation between soil water content and soil temperature in 
the upper profile has been established. 
 
The SEN2FLEX experiment has represented an excellent opportunity to test this hypothesis, thanks to the 
availability of multi-temporal high resolution optical images in the VIS, NIR and TIR ranges on a variety 
of surfaces with very different moisture conditions.  
 
10.6.2.1 Retrievals from AHS Thermal Data 
 
10.6.2.1.1 LST retrieved from AHS TIR data 

 
To derive LST from AHS imaging data acquired during SEN2FLEX data campaign, we have applied one 
of the operative algorithms and the methodology developed in (Sobrino et al., 2006a) and (Jimenez-
Muñoz et al., 2006), and described in section 10.3.3 in this reports (see  also the AHS thermal bands 
calibration procedure). 
The single-channel method has been applied to AHS band 75 (10.07μm), which shows the highest 
atmospheric transmissivity (Sobrino et al., 2006a) and (Jimenez-Muñoz et al., 2006). LST have been 
derived from each one of the AHS images and the analysis has been focused on the images specified in 
Table 10.18.  Fig.10.88 shows the six LST derived images used for the analysis; the scale-bar indicates 
the retrieved values of temperature (K).  
 
Exploration on spatial and temporal variability of LST 

Spatial and temporal variability of LST in the selected images was explored in order to test the quality of 
the dataset and to preliminary assess the variations observed in LST for different surface conditions. Fig. 
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10.89 illustrates an example of the different tests which were conducted. On a mixed crop field (senescent 
wheat / high vegetated crop) irrigated by pivot, seven concentric circular transects were selected to 
compare, by one hand, (a) LST for each radius retrieved from a same AHS image (spatial variability) and, 
on the other hand, (b) LST for the same radius retrieved for each one of the AHS images (temporal 
variability).  
Results obtained from the analysis for cases (a) and (b) are illustrated, respectively, in Fig. 10.90. It can 
be observed a similar spatial trend in LST values when the results from different circular transects are 
compared (Fig. 10.90-a), thus allowing for a distinct separation of the two observed surfaces (dry/wet). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10.88. LST images retrieved from AHS-TIR data used for the analysis (see Table 10.18). 
Variations for LST values observed at the colour table are in (K). SEN2FLEX-2005. 

 
 

 
Fig.10.89. A representative case of exploration on spatial and temporal variability: 
seven concentric circular transects selected in the LST-AHS data from 14/07/05. 

 

a b

c d

e f
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On the other hand, the temporal evolution of LST clearly reflects the different water status of the surfaces 
along the experiment days. In 10.90-b, LST results are compared for the same value of radius (for one 
particular circular transect) retrieved for each one of the six AHS images. Here we observe how the 
distribution of LST values follows the trend that was expected, depending on the different time of 
acquisition (respectively morning, noon and night). In both cases (spatial and temporal variations), the 
limits between the two different crops (vegetated corn and senescence wheat) can be distinguished.  

 
Fig.10.90. LST compared: (a) for each radius retrieved from the same AHS image from 14/07/05 (spatial 

variability); (b) for the same radius (r=260 m) retrieved for each one of the AHS images (temporal 
variability). 

 
10.6.2.2 Modelling Techniques for Θ-T Variability 
 
To retrieve superficial water content (θ) from LST images, a crucial point is to analyze the spatial 
variation and temporal dynamic of in-situ soil superficial temperature (T) and soil superficial water 
content (θ), given the observed linearity of LST-T relation for the dataset used. 
The use of simulation models is of great aid to understand the role of environmental factors on the 
observed variability in both θ and T. Therefore to properly interpret the spatial-temporal dynamic of 
measured θ and T for different type of soil, six representative soil profiles were chosen in the selected test 
site area. Soil hydraulic conductivity at saturation and soil water retention (Klute et al., 1986) were 
determined on undisturbed samples (10 samples, cylinder 7 cm in diameter and 7 cm in height) using 
falling-head method and suction table apparatus respectively. SWAP (Van Dam et al., 1997) and 
HYDRUS-1D (Simunek et al., 2005) models have been parameterized for “Las Tiesas” zone to simulate 
temporal evolution on θ and θ – T relation, respectively. Soil thermal properties were retrieved from 
previous experimental campaigns and Campbell heat transfer model (Campbell, 1985) was applied. For 
both the models three different scenarios have been implemented: 1) Bare soil 2) Irrigated onion and 3) 
Dry onion. Each scenario was simulated for the six different profiles using hourly meteorological data 
gathered during the campaign. For scenario 2 the irrigation were applied to the 2° and 5° day of 
simulation. Every simulation starts at 21:00 on the 9th of July and end on the 23rd of July at 19:00.  
 
10.6.2.2.1 Simulation results 
 
The results of simulations, regarding temporal variability of θ obtained with SWAP, are depicted in Fig. 
5, where the three lines represent mean volumetric water content (θ) from the three scenarios and for the 
six soil profile considered at the 12:00 of every day. For irrigated onion simulation, two irrigation 
amounts of 35 mm were applied during the second and 5th day of simulation. However, accurate 
information about exact timing and amounts for the irrigation practices is needed for correctly interpreter 
remotely sensed images of LST. Analyzing the results of this kind of simulation, an accurate assessment 
of the range of θ variability for typical crops and for bare soil has been achieved. 
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Fig.10.91. Time course of volumetric water content (θ) 
(mean for the six soil profile) at the 12:00 of every day 

 
As regard simulated relation T - θ obtained with HYDRUS-1D, the dots of Fig.10.92-a represent 
volumetric water content (θ) in function of soil temperature (T). In particular, each point in Fig.10.92-a 
represents the mean obtained for the six soil profiles at the 12:00 for one day of simulation. The range of 
variation and the trend obtained for each scenario approach to those observed in the in-situ measurements. 
For irrigated onion scenario the simulations shows a great variability in θ respect to the little increments 
observed for T in the days following irrigation; this behaviour is similar to that observed for irrigated corn 
during the field campaign; when considering the drier scenarios (bare soil and dry onion) a wide 
variability is observed in soil temperature, while conversely a very little range of variation is manifest in 
soil water content. These trends have been observed also for the in-situ values measured in bare soil and 
in dry crops. The variability considered up to now is dependent mostly on time dependent processes. 
The dots of Fig 10.92-b represent mean volumetric water content (θ) related to soil temperature (T) for 
each one of the six soil profiles considered at the 12:00 of a specific day of simulation. The range of 
variation for each one of the three scenarios in this case depends mainly on soil variability. Even in this 
case the results of simulations resemble closely to what observed in the field. 
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Fig.10.92. (a) Volumetric water content (θ) as related with soil temperature (T) at the 

12:00 for 7 days of simulation (mean for the six soil profile); (b) volumetric water 
content (θ) as related with soil temperature (T) at the 12:00 of a specific day of 

simulation. 
 
10.6.2.3 Volumetric Soil Water Content Θ derived from LST 
 
Using least square algorithm, simple line-fitting techniques allowed modelling the relation between LST 
retrievals and soil water content (θ) in-situ measurements. Good results were found using for the fitting 
procedure the following function: 
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Owing to statistical considerations, (1) has been adapted to experimental LST - θ values following two 
criteria, namely including (Fit 1) or not (Fit 2) corn experimental values. The numerical results of the two 
fitting procedures are presented in Table 3, where parameters obtained from fitting (10.17) to the 
experimental points are reported. 
 

Table 10.19. Parameters obtained from fitting the experimental points to (10.17). 

 a b C d R2 

Fit 1 0.38 34.59 278.94 13.40 0.74 
Fit 2 0.09 44.63 299.05 1.42 0.89 

 
Fig.10.93 depicts the results of the two fitting procedures compared to in-situ data. Analyzing the 
performance of line Fit 1, it is evident that the fitting function reproduces poorly the overall trend of 
experimental values observed. In fact Fit 1 provides satisfactory results only for corn crop, whilst 
overestimating θ values for bare soil, and underestimating θ for senescence wheat and onion. By the way, 
if considering line Fit 2, it shows a better performance for all of the senescence crops (wheat and onion), 
as well s for bare soil. 
By using Fit 1 for corn and Fit 2 for the other crops, it is possible to reproduce the best experimental 
relationship between LST retrievals and θ measurements. 
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Fig.10.93. Fitting equations adapted to in-situ θ measurements. The global behaviour observed for bare 

soils, but also for vegetated areas (onion, corn and senescence wheat) is reproduced quite well, using Fit1 
or Fit2. 

 
By applying fitted relationships to LST data retrieved from AHS during SEN2FLEX campaigns the 
corresponding maps of volumetric soil water content (shown in Fig.10.94) for the date of the 12th, 13th and 
14th of July were derived. The feasibility of this method rely upon the possibility of retrieving good 
quality LST data from thermal imagery, avoiding the influence of atmospheric water vapour and 
turbulence. These conditions are typically found in arid environments, where dry atmosphere conditions 
are often coupled to laminar regimen of fluxes. All of these considerations are valid for the Barrax test 
site during SEN2FLEX field campaigns, giving confidence to the results of the proposed method. 
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Fig.10.94. Results from applying Fit 1 and Fit 2 to derive volumetric soil water content from LST  

data acquired on 12th July SEN2FLEX 2005. 
 

The colour bar indicates superficial water θ, where the lower values are in blue and the highest (around 
0.4) in red. LST values are within the range of temperatures between 302 and 335 °K. White zones 
observed to Fit 2  corresponds to LST values greater than 335 °K, where θ derived from applying the 
semi-empirical relation takes values higher than 0.4. It is important to notice that the images depicted in 
Fig.10.95 do not only reproduce quite well the experimental observations, but also what it could be 
expected from model simulations.  
 

 
Fig.10.95. Volumetric soil content maps derived (by applying Fit 2) from LST-AHS images acquired at 

noon  during the central days of the Mission-2. SEN2FLEX-2005. 
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As an example, the changes in volumetric water content observed for the onion crop field retrievable on 
the images of 13th and 14th of July correspond to ground measured mean water content decreasing from 
0.25 to 0.17 between the same days, thus confirming this approach. 
 
In Fig.10.96 a comparison between θ courses as measured and as derived with Fit 2 is reported for 
transect TP. The measurements collected in the outer parts of the transect are related to bare soil, and 
show a very low water content, close to zero. In the inner part, corresponding to wheat field W3, the soil 
shows higher water content, with a mean value of 0.22. When observing the spatial course of estimated θ 
(Fit 2), some considerations arise. Taken at global scale, θ course derived by means of Fit 2 approaches 
quite well the general trend of observed θ, but also the sharp variation observed in the boundary between 
bare soil and wheat is reproduced quite well. When looking at each land use separately we notice, on one 
hand, an overestimation of θ for bare soil, on the other hand an underestimation for wheat crop (Fit 2); in 
this latter case, the predictions reproduce the spatial trend observed in the measured course. When 
considering the overall performance at the global scale, errors compensate each other and achieve a value 
of 15.2 %, a quite acceptable result for such kind of empirical methods. 
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Fig.10.96. Comparison between measured and derived values of θ for transect TP 

 
10.6.2.4 Conclusions from the analysis  
 
In this analysis a semi-empirical methodology to retrieve soil water content (θ) in the upper part of the 
root zone by means of thermal observations has been tested. The procedure consists in the determination 
of Land Surface Temperature (LST) from AHS thermal data, correlating LST retrieved values with 
ground based measures of soil water content (θ) and soil temperature (T). Employing line-fitting 
procedure, a 4-parameters relationship has been used to fit observed θ and LST data. Furthermore, an 
exploration on spatial variability of LST data but also on superficial soil water and temperature dynamic 
has been done with simulation with SWAP and HYDRUS-1D code. The results of simulations are close 
to field observations, and explain the role of soil type and soil use. 
Finally an estimation of distributed superficial water content has been made by applying the calibrated 
relation to thermal derived LST images. Within all the limitation of the empiricism, this study has shown 
that high resolution TIR observations can be used as an indicator of soil water content in the upper soil 
layer. With the help of ad-hoc local calibration, this approach may lead to the production of maps of the 
instantaneous soil water content.  
This information, even at a coarse level of accuracy, may results of great usefulness in the validation of 
distributed hydrological models, in the context of water management applications at local and regional 
scales. Further investigations in this field will aim to find a possible synergy between different types of 
sensors (active/passive) and wavelengths, in order to increase the retrieval accuracy. 
 
10.6.3 Surface Energy Budget Measurements 
 
ITC-team successfully performed directional measurements of brightness temperatures with an Irisys 
1010 thermal camera, during the SEN2FLEX 2005. The thermal images acquired with the thermal camera 
were processed using a canopy separation scheme. The obtained separated brightness temperature values 
for the soil and the canopy are compared to contact temperatures that were measured concurrently to the 
directional measurements (see Timmermans et al, 2006).  
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10.6.3.1 Methodology and Data Analysis   
 
The Irisys thermal camera has a resolution of 16x16 pixels. This makes the interpretation of the thermal 
images very hard, as is illustrated by Fig.10.97-a. Therefore, digital images acquired with a Canon 
Powershot, (see Chapter 8, section 8.1), are used to simplify the interpretation of these images. Using the 
digital images, the pixels in the thermal images can be separated in three groups: sky-pixels, soil-pixels, 
canopy-pixels and erroneous pixels. The scheme that is used to separate the pixels from each other is 
given below.  
 

 
Fig.10.97. (a) Nadir thermal image (16x16 pixels) acquired at 11:02 on 16-07-2005. The image was taken 
over the vineyard using the Irisys 1010 thermal camera. The corresponding digital image is seen in Figure 

5-H. (b)The field of view of the directional positions of the goniometer, acquired using a Canon 
Powershot camera in movie-mode. In frames H,I,J,K,M the rails of the goniometer is shown. These pixels 

were marked as erroneous and removed from the thermal images. Frames A, O are the start and end 
position of a complete goniometric run; the measurements at these positions are not used. 

 
1. Erroneous pixels, like the goniometer rails seen in frames [H,I,J,K,M], are identified by 

investigation of the digital and thermal images. 
2. These pixels are removed from the image. 
3. The shape of the canopy and the soil is determined using the corresponding digital image. A 

mask is created using these shapes and is laid over the thermal image. 
4. The mask is adjusted to account for the difference in view angle between the digital camera and 

the thermal camera. 
5. A histogram is created for both the masked pixels and the non-masked the pixels. The mask is 

adjusted to reduce the outliers in the histogram. 
 
 
In Fig.10.98-a the values for the mean and standard deviation of the canopy brightness temperatures is 
shown, in Fig.10.98-b the values for the mean and standard deviation of the soil brightness temperatures 
is shown. The width of the bars in the figure depicts the standard deviation to the mean value of the 
brightness temperature.  
 
In Fig. 10.98, the small subplot at the left-top corner shows the north oriented positions of the viewing 
angles. The colours and markers in this subplot correspond to the colours in the main Figures. The crop 
orientation is represented by the grey line, and the sun position relative to the centre of the goniometer is 
represented by the purple star. The following is observed from brightness temperatures of the separated 
pixels for soil and canopy: 
 

• The average brightness temperature of the canopy, 36.70C, is 13.00C lower then the average 
brightness temperature of the soil, 49.70C. 
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• The standard deviation of the brightness temperatures of the canopy pixels, 1.70C, is very small 
in comparison with the standard deviation of the brightness temperatures of the soil pixels, 
4.20C. 

• The maximum difference in the brightness temperatures of the canopy pixels for φ=00 and 
φ=900, is 1.90C. 

• The maximum difference in the brightness temperatures of the soil pixels for φ=00 and φ=900, is 
12.20C. 

• The variation in the brightness temperatures of the canopy pixels for the different observation 
angles is less then 2.00C. 

• The maximum variation in the brightness temperatures of the soil pixels for the different 
observation angles is 10.20C. 

 

 
Fig.10.98 . The mean brightness temperature values for the separated soil/canopy/air pixels. The 

measurement acquired with the Irisys 1010 thermal camera was performed at 14:24 on 16-July-2005. The 
width of the bars denotes the standard deviation from the mean value. In figure A the mean brightness 

temperatures of the canopy pixels is shown. In figure B the brightness temperatures of the soil is shown. 
The mean value of the brightness temperature acquired at phi=00 for the canopy and soil is respectively 
36.70C and 49.60C. The mean value of the brightness temperature acquired at phi=900 for the canopy 

and soil is respectively 36.30C and 46.20C. 
 

 
By plotting, Fig.10.99, the brightness temperature values together with the contact temperature a 
comparison is made between the component temperature retrieved by thermal camera and the component 
temperature retrieved by contact probe. In Fig.10.99-a, the directional canopy brightness temperatures are 
shown with the contact temperatures of four canopy components at a height of 1.0m. In Fig.10.99-b, the 
directional soil brightness temperatures are shown with the two contact temperatures measurements of the 
two soil components. Because the difference between the contact temperatures at high elevation, 1.0m 
and low elevation, 0.5m, are so little, only the values for the component temperatures at high elevation are 
shown. 

 
 

Fig.10.99.Component temperatures retrieved with the contact probes and image brightness temperatures. 
The colour lines in figure A-B represent the component temperature values that were measured with the 

contact probes. The black crosses represent the brightness temperature values that were acquired with the 
thermal camera. 
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The following key elements are observed during the investigation into the contact temperatures and the 
comparison with the directional brightness temperatures: 

• The maximum and minimum values of the contact temperature of the soil are respectively 670C 
and 140C. 

• The maximum and minimum values of the contact temperature of the canopy are respectively 
420C and 100C. 

• The maximum difference of the contact temperatures between canopy components is 100C. 
• Before 10:00 and after 15:00 the contact temperatures that are defined as shaded soil start to 

follow the same trend as the values measured by the NTC`s on sunlit soil. 
• The brightness temperatures of the canopy correspond very well with the contact temperatures of 

the canopy. 
• The brightness temperatures of the sunlit soil are always lower than the contact temperatures of 

the sunlit soil. 
• Between 10:00-15:00 on 15-07 the minimum values for the brightness temperatures have 

approximately the same value as the contact temperatures of shaded soil. Before and after this 
period, the minimum values are significantly lower. 

 
As stated in the results section, the contact temperatures measured with the NTC-probes correspond very 
well with the brightness temperatures measured by the thermal camera. The minimum values for 
brightness temperature of the soil are only lower for some periods then the contact temperatures for 
shaded soil when the soil measured by the corresponding probes are being sunlit. To investigate the 
correlation between the brightness temperature and contact temperature further, a scatter plot between the 
two is created. 
 
In Fig.10.100-a, the brightness temperature of the canopy acquired at nadir viewing is plot against the 
contact temperature of the canopy of the different components; a distinction between sunlit and shaded 
contact temperatures in this plot was made. In Fig.10.100-b, the brightness temperature of the soil 
acquired at nadir viewing is plot against the contact temperature of the sunlit and shaded soil. 

 
Fig.10.100 . The scatter plot comparing the brightness temperatures to the contact temperatures: (A) the 

canopy temperatures acquired with contact probes is plotted against the soil temperatures from the 
thermal camera. (B) The soil temperatures acquired with contact probes is plotted against the soil 

temperatures from the thermal camera. 
 

 
As is seen from Fig.10.100-a, a high correlation exist between the brightness temperature of the canopy 
and the contact temperature of the sunlit and shaded canopy. No separation appears in the scatter plot for 
the sunlit (the red crosses) and shaded (the blue circles) values of the contact temperatures. This indicates 
that further separation of the temperatures in the separation scheme will be very difficult.  
 
As the emissivity is not taken into account, the brightness temperature measured by the thermal camera 
should be lower then the corresponding contact temperatures. In Fig.10.100-a, there are brightness 
temperatures with a higher value then the contact temperatures. A reason for this could be that lowering 
the emissivity not only decreases the amount of radiation emitted by the canopy but also increases the 
radiation (from the soil/sky) reflected by the canopy. As the soil contact temperature is very high the 
influence of such an effect can not be ignored. This will be further investigated. 
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From Fig.10.100-b a clear separation between the sunlit (the red crosses) and shaded (the blue circles) 
contact temperature of the soil in the scatter plot can be seen. It is observed that the temperature values of 
the contact probes for sunlit soil are higher then the temperature values of the brightness temperatures. 
The temperature values of the contact probes for shaded soil are lower then the temperature values of the 
brightness temperatures. As sunlit and shaded soil pixels are not separated this can be expected. This 
indicates that the separation scheme can be extended to distinguish between brightness temperatures for 
sunlit and shaded soil.  
 
10.6.3.2 Conclusions 
 
The thermal images acquired with the thermal camera were processed using a canopy/soil separation 
scheme. The obtained separated brightness temperature values for the soil and the canopy are compared 
to contact temperatures that were measured concurrently to the directional measurements.  
 
The standard deviation to the mean values of the brightness temperatures of the canopy is very low. Also, 
a high correlation is found between the contact temperature values of the canopy and the brightness 
temperature values of the canopy. Therefore it can be concluded that the separation scheme successfully 
identifies the canopy. As brightness temperature values were found that had a higher value then the 
brightness temperatures of the canopy, more investigation has to be performed on the effect of thermal 
radiation reflectance.  
 
The correlation between the contact temperatures of the soil and the brightness temperature of the soil is 
lower then the correlation made for the canopy temperatures. Because sunlit soil has very different 
temperatures then shaded soil, the brightness temperature for both are very different. As the separation 
scheme does not separate yet the shades soil from the sunlit soil, the large standard deviation from the 
mean value of the brightness temperature is evident. By comparing the brightness temperatures of the soil 
with the contact temperatures of the sunlit and shaded soil, a clear separation is observed.  More 
investigation has to be performed to extend the separation scheme to separate sunlit from shaded soil.  
 
It is concluded that the goniometric setup as well as the contact probes provide a good means to measure 
temperature values. The goniometric setup has performed very well for the extraction of the brightness 
temperatures of the canopy and to lesser extend the soil. The contact probes have performed very well for 
the extraction of contact temperatures.  
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Chapter 11 – CONCLUSIONS AND RECOMMENDATIONS 

 
The SEN2FLEX campaign was initially conceived as a combination of activities to cover three main 
objectives: (a) to provide the first data from the AirFLEX airborne instrument as a demonstrator of 
vegetation fluorescence measurements, (b) to simulate Sentinel-2 data and derived products in order to 
help in the definition of requirements and performances for the GMES/Sentinel-2 mission and (c) to 
derive useful indicators and tools to be used to monitor water resources and to help improving water 
management practices in the context of the EU Water Framework Directive. In addition to these three 
main objectives, the SEN2FLEX campaign also considered the validation of satellite data and derived 
products, particularly from MERIS and CHRIS.  This paper summarises the main derived conclusions 
and provides recommendations for future activities, both for future campaigns and for the proper 
exploitation of the large amount of dada collected in the Sen2FLEX campaign. 
 
Planning a campaign with several objectives and many different elements is always a difficult task. 
However, such multi-objective activity has the advantage of optimisation of the available resources to get 
a maximum profit from the combination of activities by teams with very different background and 
expertise. In this respect, the Sen2FLEX campaign is a good example of how different objectives can be 
achieved.  The results obtained for the three main components of the Sen2FLEX activity can be 
considered quite complete, and the overall activity has been really a success.  As detailed along this 
paper, for each one of the three main objectives, and also for the secondary validation activities, major 
results have been achieved.  However, the main task remains now to fully exploit the available dataset, 
with many open ways for future exploitation of the data collected in this campaign.  From basic data 
processing issues up to derivation of advanced products, the Sen2FLEX dataset also provides input 
parameters and validation data for modelling activities: from leaf/canopy reflectance studies up to carbon 
assimilation or energy balance models.  A key issue is to keep the data properly archived to allow the use 
by external researchers not involved in the campaign.   
 
A review of main results and conclusions, together with some recommendations for future activities, is 
given below.  The following table summarises the main achievements: 
 

FLEX 
  - Validation of signal levels and repeatability of the measurements 
  - Accounting for spatial variability in fluorescence 
  - Methods to retrieve fluorescence from spectral radiances 
(atmospheric correction) 
 
SENTINEL-2 
   - Optimization of bands/spectral information 
   - Analysis of some potential products 
 
WATER DIRECTIVE: 
   - Water balance from multi-source data 
   - Operational tools for irrigation management 

 
 
11.1 MAIN RESULTS FROM THE VEGETATION FLUORESCENCE ACTIVITIES 
 
The first flights of AirFLEX were the core activities in the Sen2FLEX campaigns.  Being the first 
scientific flights, the objectives were mostly focused on understanding signal level variations and 
demonstrating the repeatability of the measurements.  A key relevant result was to reproduce the same 
spatial pattern by flying sequentially along several days.  After the repeatability of the pattern was 
demonstrated, other flights were devoted to understanding signal variations along the day, by flying the 
same line at the same altitude but at different times along the same day.  For the understanding of spatial 
variations of the signal along the flight line, AirFLEX was equipped with a digital video camera so that 
every target can be identified.  CASI and AHS data collected simultaneously with AirFLEX data were 
very useful for the interpretation of the signal variability detected with AirFLEX. Moreover, by flying 
CASI in high spectral resolution mode (up to 288 spectral bands) maps of vegetation fluorescence at the 
O2-A band (760 nm) were also derived from CASI, so that these maps can be compared with the 
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fluorescence profiles derived from AirFLEX.  Moreover CASI data also provides maps of PRI, making 
possible the direct comparison of vegetation fluorescence maps with other physiological indicators such 
as PRI.  Since AHS provided temperature maps collected simultaneously with AirFLEX data, such 
temperature maps can also by used in the processing of the whole dataset to derive information about 
canopy photosynthesis and CO2 assimilation.  It must be emphasised that the combination of 
AirFLEX+CASI+AHS produced a dataset quite similar to the data expected from the FLEX mission, so 
that the Sen2FLEX dataset can serve to simulate future FLEX data in preparation of the currently 
candidate Earth Explorer Mission. 
 
New experimental techniques were tested in Sen2FLEX to measure leaf fluorescence in the field, under 
natural solar illumination.  This activity has been particularly innovative, because the new instruments 
were explicitly developed for the campaign and successfully tested, representing a significant advance in 
the validation of AirFLEX and other future vegetation fluorescence measurements by direct field 
measurements in the same environmental and illumination conditions. 
 
A sensitivity analysis, based on the Kautsky effect, of the standard FLD method to retrieve fluorescence 
has been performed on ASD data. The results show that the assumptions of the standard FLD method 
induce an overestimation of chlorophyll fluorescence in the measurements (especially at 687nm). The 
fluorescence estimation from the reflected light using the standard FLD method provides acceptable 
estimates of fluorescence magnitude and evolution when using the 760 nm band. However, the 687 nm 
band has been found to provide inaccurate values because the starting considerations about the baseline 
reflectance curve are not appropriate, resulting in a large bias in the absolute value of fluorescence. 
Although less sensitive than the oxygen band at 760 nm, the 687 nm band is still sensitive to relative 
values of fluorescence changes, as it has been shown using the Kautsky effect.  Despite the fact that the 
ASD resolution is too coarse at 687nm, the measurements suggest that the spectral characteristics of 
vegetation reflectance and fluorescence emission around this absorption band make necessary a more 
refined approach for chlorophyll fluorescence retrieval than the standard FLD method with further 
laboratory experiments with the appropriate instrumentation.  A modified FLD method has been proposed 
that takes into account the non-null slope of both the fluorescence spectrum and leaf reflectance around 
the oxygen absorption bands, especially at 687nm. The slope of the reflectance curve is obtained by 
interpolating both sides outside the absorption, and the slope for the fluorescence spectrum is derived 
from a collection of direct chlorophyll fluorescence measurements.  
 
The construction of a new device has allowed direct radiometric measurements of the chlorophyll 
fluorescence spectral emission. Absolute fluorescence yield can be derived by measuring the absorbed 
radiation and from the fluorescence emission spectrum. These measurements correlate well with those 
obtained with an established PAM-2000 fluorometer. The comparison of direct measurement of 
chlorophyll fluorescence emission with the estimates obtained using the FLD method indicates that the 
later is an adequate way to estimate quantitative values of chlorophyll fluorescence at leaf level.  
 
The modified FLD method when applied to canopy measurements improves the chlorophyll fluorescence 
estimates in the case of dense vegetation. In the case of sparse vegetation it underestimates the values and 
provides negative values for soils due to the requirement of a fixed slope for the chlorophyll fluorescence 
and the reflectance, therefore strengthen the need of further research seeking a more accurate retrieval 
method. 
 
The diurnal cycle experiments, actual solar as well as artificially simulated, indicate that the fluorescence 
yield is severely reduced during the central hours of the day when the plant is under stress due to the 
excess of light and heat. Besides, the oxygen band depth is smallest at noon. Therefore, during noon the 
proportion of chlorophyll fluorescence signal with respect to the incoming light is smaller that at mid 
morning or in the afternoon, i.e. smaller signal to noise at midday. Because the cloud probability is 
overall higher in the afternoon the mid morning period seems to be the most appropriate part of the day 
for the remote sensing of chlorophyll fluorescence emission. 
 
11.1.1 Recommendations 
 
The first flights of AirFLEX were mainly devoted to test the system, to measure signal levels at various 
altitudes and to demonstrate the reproducibility of the signal.  Now that the feasibility of airborne 
measurements of vegetation fluorescence has been demonstrated, the next step is to move to a more 
scientific usage of the signal. 
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The main step forward after deriving actual fluorescence emission (in physical units of radiance) is to 
compute fluorescence yield, that is, the fraction of absorbed light which is emitted as fluorescence.  In 
order to compute fluorescence yield, the total amount of light absorbed must be derived.  In fact, the 
actual total amount of light absorbed by leaf chlorophyll must be derived, as we are mostly interested in 
the fluorescence emitted by chlorophyll molecules.  For that purpose, additional information about leaf 
pigments and leaf structure is needed beyond the fluorescence emission. 
 
Maps of leaf / canopy chlorophyll are essential tools for interpreting fluorescence measurements. Because 
the amount of vegetation fluorescence is primarily driven by leaf chlorophyll concentration, improved 
methods to retrieve leaf chlorophyll concentration should be a key objective for future activities, linking 
such chlorophyll concentrations to the fluorescence observed. 
 
The linear, negative relationship found between the Chl a/Chl b ratios and the lutein to Chl a ratios, 
taking all species together, is interesting. Some species had larger Chl a/Chl b ratios than other, 
suggesting a reduction in light-harvesting antenna size. This was accompanied by lower lutein to Chl a 
ratios. Therefore, it seems that species have developed different strategies to cope with the excess of light, 
namely the decrease of light absorption via reduction in light-harvesting antenna size or the increase in 
photoprotection via the xanthophyll lutein. A similar situation has been previously observed when 
comparing barley cultivars differing in their tolerance to water stress growing in the field under well-
watered conditions. These and other possible, relationships between photosynthetic pigments are a matter 
that deserves further investigation. 
 
Another issue that deserves special attention is the improved derivation of Leaf Area Index (LAI) and 
Fractional Vegetation Cover (FVC) maps, because the relationships at leaf level must be extrapolated at 
canopy levels, and for such extrapolation, the availability of accurate maps of LAI and FVC become 
essential. Moreover, the information about LAI and FVC allows a more precise modelling of 
sunlit/shadowed leaves in the canopy, and thus more precise estimates of canopy photosynthesis. 
 
Finally, it is recommended to study in detail the relationships between different photosynthesis / 
physiological indicators, such as solar-induced fluorescence, PRI and the canopy temperature field, in 
order to see the complementarity of the different information in advanced modelling of land surface 
processes. 
 
11.2 MAIN RESULTS FROM THE SENTINEL-2 ACTIVITIES 
 
The Sen2FLEX activities related to the definition of requirements and performances for the 
GMES/Sentinel-2 mission were mostly focused on the spectral and radiometric requirements for the 
Sentinel-2 bands.  At the beginning of the Sen2FLEX activities, the definition of Sentinel-2 bands was 
quite open, and the initial strategy was oriented to test many possible spectral configurations.  In the 
course of the Sen2FLEX activities, the spectral bands of Sentinel-2 were already defined, so that we 
decided to change the strategy in order to test the actual bands suggested and the usefulness of such 
defined bands for the retrievals of specific products. In this way, we can test if the current definition of 
bands is optimal for the retrievals of key identified products, while at the same time we can suggest small 
modifications in the positions or width of the bands to satisfy the needs for a more precise derivation of 
such products. 
 
Given the constraints in selecting additional bands, the criteria adopted has been to test the capability of 
deriving specific product with the so called minimum spectral configuration (i.e. only the basic bands 
available in Landsat TM data) and with the enhanced spectral capabilities provided by Sentinel-2 data.  
The idea is, on the one hand, to test what new information can be retrieved from Sentinel-2 versus the 
information already retrievable from a system like Landsat TM (or to derive the same information but 
with more accuracy) and on the other hand to test if –in case of some de-scoping scenario- some bands of 
Sentinel-2 could be discarded.  The alternative of adding more bands to the current Sentinel-2 definition 
was also considered, but in a conservative way, only when such additional spectral bands would really 
provide essential new information. 
 
Because of the relevance for vegetation monitoring, a particular effort was put in Sen2FLEX to derive 
leaf chlorophyll from remote sensing data, and in the validation of such retrievals by using accurate field 
measurements with statistical significance, including the potential capability to retrieve leaf chlorophyll 
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from Sentinel-2 data.  The successful estimation of the actual chlorophyll concentration of the leaves is 
not always achieved. Some problems found when extracting and quantifying photosynthetic pigments 
have been analysed in detail during the Sen2FLEX activities, and methodologies have been proposed for 
an optimal determination of the leaf chlorophyll content and its spatial and temporal variability. 
 
A detailed analysis has been carried out to test performances in the retrievals of leaf/canopy chlorophyll 
values from multispectral optical data, particularly for the spectral configuration of Sentinel-2.  Taking 
CASI data as reference (the most complete hyperspectral system with 288 bands in the relevant spectral 
region covering the visible and near-infrared), several methods have been tested to see the capabilities of 
Sentinel-2 data for such purposes of chlorophyll retrievals.  Each method (either changing the retrieval 
strategies or applying the same technique but with different spectral bands configuration) has been 
compared with the CASI reference data, thus allowing to identify the performance of each approach for 
Sentinel-2 configurations over a given reference. 
 
The same detailed analysis done for leaf chlorophyll has been also extended to LAI and FVC values. 
During the SEN2FLEX campaign, 98 vegetation measurements were collected in 60 Elementary 
Sampling Units (ESUs) of 5 different crop types with two LICOR LAI-2000 instruments and one 
hemispherical camera. Inter-comparison analysis of available instruments estimations over 19 ESUs 
where simultaneous measurements were performed shows that different ground data sets are comparable 
and consistent. Typical relative RMSE lower 20% for LAI and 10% for FVC were found.  High resolution 
FVC and LAI maps have been obtained with two methodologies. On the one hand, the local 
measurements were extended to the whole study area using an empirical transfer function. On the other 
hand, different operational remote sensing methods were considered. FVC was retrieved with an 
optimized SMA method and a scaled NDVI relationship.  LAI was obtained using the FVC-LAI semi-
empirical relationship.  Spatial consistency of FVC and LAI retrievals was observed; all the methods 
provided maps with good spatial dynamics where crops and soil can be clearly distinguished.  
 
The impact of the current spectral bands definition of Sentinel-2 on the derivation of LAI and FVC has 
been analysed by using several established retrieval procedures.  The general approach followed in such 
analysis has been the use of a reference data (with many more spectral bands and radiometric 
performance than the ones available in Sentinel-2, as CASI, AHS or CHRIS) and to compare the 
retrievals from simulated Sentinel-2 data with the ones derived from such reference data, thus using such 
comparison as a benchmark for the verification of the quality of the products derived from Sentinel-2 
data. 
 
11.2.1 Recommendations 
 
From the analysis performed with Sen2FLEX data, it is strongly recommended to keep the definition of 
spectral capabilities of Sentinel-2 beyond the current capabilities of Landsat TM, by adding few more 
spectrally narrow bands along the red-edge in order to improve the retrievals of both LAI and chlorophyll. 
 
The recommendations resulting from this exercise can be summarised as follows: 
 
(a)  Concerning the visible and near-infrared spectral domain, the current configuration of Sentinel-2 
bands appear to be enough for the applications expected from such system, taking into account the 
technical constraints resulting from the demanded very high spatial resolution.  Band number 5 seems to 
be the most relevant one, while band 7 has been shown to provide less relevant information. 
 
(b) In the case of the SWIR-2, the information provided by Sentinel-2 has been found as being at the limit 
of usefulness, because a single band does not allow to separate spectral features, and thus the information 
provided by such single band is not as interesting as it would have been the case where at least two 
SWIR-2 bands can separate specific features related to dry-matter content or non-photosynthetic 
components. Moreover, the separability between soil and dry vegetation becomes quite difficult with a 
single SWIR-2 band.  The possibility to include at least two bands in the SWIR-2 spectral domain deserve 
special attention, as it would really provide significant new information (i.e. total LAI instead of green 
LAI, better estimates of fractional cover, etc.) 
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11.3 MAIN RESULTS FROM THE ACTIVITIES RELATED TO THE WATER FRAMEWORK 
DIRECTIVE 
 
In the context of providing inputs for the development of methodologies and applications related to the 
implementation of the EU Water Framework Directive, the main activities were related to the use of 
multispectral optical systems and multispectral thermal infrared data to derive estimates of 
leaf/soil/canopy water content and related information of relevance for the management of water 
resources, such as mapping irrigated areas or computation of crop water needs for irrigation management 
purposes. 
 
11.3.1 RECOMMENDATIONS 
 
The specific recommendations related to the derivation of remote sensing approaches for water quality, 
water resources assessment, water balance and water management practices can be summarised as 
follows: 
 
(a)  High spatial resolution data (5-30 m) is a driver for such applications, as the identification of single 
fields (each field associated to a different crop and with different management practices) is essential to 
derive meaningful information that can be used for practical purposes. Lower spatial resolution data (50-
300 m) can still be of interest for management purposes (particularly for water authorities dealing with 
the overall management of water resources), but since water use is finally managed at field level, the 
capability to integrate the high spatial resolution data with single field boundaries and individual 
management units (preferably in a GIS environment) is a requisite for such applications. 
 
(b)  The basic methodology used in these applications consists mostly on classification approaches, by 
using multispectral information but mostly by taking advantage of the temporal variation in surface 
conditions along the period of phenological development of crops.  In fact, since temporal series of data 
are always necessary for such applications, the classification approach becomes more and more accurate 
as more multitemporal images are used in the classification procedure. Moreover, for practical purposes, 
the classification map of the previous year can be used as starting point to derive the new classification 
map for the new growing season, with minor updates due to the rotation cycles used by farmers in multi-
year practices.  In the context of Sen2FLEX activities, time series of Landsat TM data and MERIS data 
have been used to demonstrate such capabilities. 
 
(c)  Apart from the basic classification approaches used to derive land-use maps, the direct derivation of 
maps of biophysical parameters of relevance is becoming of practical usage in more sophisticate water 
management approaches were information is particularised to individual field conditions rather than 
average condition for a given crop type.  In more classical approaches, the only information used in water 
management is the crop type, and according to the known phenological development of each crop (given 
the background meteorological conditions for a given geographical site) the same water needs are 
identified for all the fields in the area corresponding to the same crop.  In fact, however, it is known that 
different fields can have different needs even if they correspond to the same crop in the same area.  For 
this purpose, maps of Leaf Area Index (LAI) of Fractional Vegetation Cover (FVC) are very useful tools 
for water management particularised to individual fields.  Such data can be used to derive Crop 
Coefficients (CC) for each field or simply to identify different relative phenological status.  In order to 
derive maps of LAI, FVC or even CC, multispectral optical systems (i.e., Landsat-type of data or 
Sentinel-2 data) are particularly adequate. Methods have been developed and tested in Sen2FLEX to 
derive such maps in a practical way.  
 
(d)  A critical issue in water management applications is the timeliness of the data.  The information 
derived from such data is only useful if provided to the users (individual farmers or regional water 
authorities) in almost real time, where “real-time” must be interpreted as final products being delivered 
few days after acquisition of images so that the “weekly-information” can still be of direct application.  If 
the final products become available one week after acquisition they are no longer of interest for water 
management.  On the other hand, water resources are managed with a periodicity in the order of a week, 
and this gives a guideline about the timeliness requirements for such type of applications. 
 
(e)  The use of thermal data for water-related studies seems to be of critical importance, particularly for 
energy/water balance approaches where different areas under the same environmental / meteorological 
conditions are intercompared by means of canopy temperature and the help of albedo/vegetation index for 
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the derivation of areal evapotranspitation.  Thus, there is a clear need of high spatial resolution thermal 
data for such applications. 
 
(f)  Apart from irrigation management, other applications have been identified, related to overall water 
availability (size of rivers and reservoirs and indirect estimates from soil moisture content) and also for 
water quality studies (particularly over lakes and reservoirs), however such applications were only 
marginally addressed in the context of Sen2FLEX activities. 
 
11.4 GENERAL RECOMMENDATIONS 
 
A general problem encountered in the processing of airborne and satellite data to retrieve vegetation 
fluorescence from the measured total radiance is the need for a very sophisticate and accurate atmospheric 
correction of the data.  Apart from the derivation of proper methods for the compensation for atmospheric 
effects, techniques to retrieve the necessary atmospheric parameters (i.e., aerosols, water vapour) from the 
measured radiances have to be improved to achieve the necessary accuracy.  Because of the experience in 
Sen2FLEX by using several of the available radiative transfer codes, it is absolutely necessary to derive a 
new atmospheric radiative transfer code properly accounting for all the main effects (including a proper 
surface-atmosphere coupling), computationally efficient, and adequate for atmospheric correction of 
remote sensing data (relevant for FLEX, but also for all optical missions). 
 
As parallel developments for the proper interpretation of vegetation fluorescence measurements, for 
future activities it is explicitly recommended to analyse in detail the ratios (Chlorophyll a / Chlorophyll b) 
and (lutein / chlorophyll a) in order to determine possible retrieval strategies to account for the different 
strategies selected by different species to deal with different stress conditions.  On the other hand, it is 
also recommended to analyse more in detail the relationships between passive fluorescence measurements 
and PRI, as the link between these two physiological indicators remains not fully understood in case of 
varying species and stress conditions. 
 
A quite important issue, relevant for the proper interpretation of vegetation fluorescence measurements 
but also for many other biophysical variables, is a proper analysis of the vegetation structural effects, 
associated to varying LAI, FVC and canopy 3D architecture.  Such structural effects are especially 
relevant for red fluorescence, where the lower background reflectance enhances the directional effects. In 
the case of Far-Red fluorescence, the high background reflectance, and thus the high multiple scattering 
contributions, tend to smooth the directional effects. In any case, it is clear that accounting for directional 
effects is a topic that deserves further research.  Such future activities must also take into account the 
coupling of directional effects in the retrievals of key biophysical parameters, such as leaf chlorophyll 
concentration. On the other hand, the study of structural effects in vegetation reflectance / fluorescence 
must also address the need to separate sunlint and shadowed components in the canopy architecture when 
studying leaf physiological processes and photosynthesis.  This last aspect is probably the most relevant 
one in the analysis of structural effects. 
 
The products already identified as deliverables for the Sentinel-2 mission (biophysical information 
retrievable from the Sentinel-2 spectral bands or other products derived from classification techniques or 
change-detection approaches) can be tested more in detail by dedicated studies using the Sen2FLEX 
dataset.  Given the fact that spectral channels and spatial resolutions are still in discussion, the analysis 
should be focused on the identification of the optimal radiometric and spatial configurations necessary to 
derive the key products in such a way that they become relevant for identified applications in GMES.  
Following the approach already applied in Sen2FLEX activities, a reference dataset should be taken as 
“optimum” configuration (i.e. CASI), while a baseline (i.e. Landsat) can be taken as starting point as 
minimum requirement, while the intermediate configurations can then be tested over the reference 
optimum configuration.  Real simulated Sentinel-2 data should be used in this exercise, providing a 
dataset as close as possible (in the spectral domain at least) as the one expected from actual Sentinel-2 
measurements. 
 
The aspects related to water balance and water management practices in agriculture and hydrology should 
be addressed in future campaigns, by following EU Water Directive aspects and other directives derived 
from international treaties.  The study of the role of Earth Observation in the Water Framework Directive 
should address three main objectives: (a) Monitoring land cover change, (b) Monitoring available water 
resources and (c) Monitoring water / soil quality, with the final goal of the determination of crop water 
requirements for irrigation management purposes (either by means of the determination of crop-
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coefficients or by direct mapping of evapotranspiration), and the early monitoring of vegetation (water) 
stress.  The complete analysis of the Sen2FLEX dataset should provide new insights in such type of 
applications. 
 
The Sen2FLEX dataset will be a reference dataset for future missions addressing vegetation monitoring 
by optical techniques.  The availability of complete atmospheric information and detailed ground 
measurements together with the multi-scale dataset must be fully exploited by means of dedicated studies 
in the near future.  The full Sen2FLEX database will be available for exploitation by the whole scientific 
community, in conditions of use to be defined (following ESA rules). 
 
11.5 CONCLUDING REMARKS 
 
The analysis of Sen2FLEX data will represent a significant advance in the development of algorithms for 
a proper analysis and interpretation of the new data to be provided by future space missions, with direct 
relevance for a candidate Earth Explorer Mission (Fluorescence Explorer, FLEX) and a GMES mission 
(Sentinel-2).  On the other hand, the dataset is also relevant for the validation of other optical satellite 
missions (CHRIS, MERIS) and for the development of advanced operational techniques in the context the 
EU Water Framework Directive. 
 
The availability of the Sen2FLEX dataset to the whole scientific community will open many new 
possibilities by allowing different teams to test many different algorithms over the same dataset.  The 
results already achieved within the framework of Sen2FLEX activities represent a significant advance, 
but only a minor step in the potential capabilities for exploitation of such large amount of data. While new 
campaigns are already in preparation, the analysis and exploitation of the Sen2fLEX dataset will continue 
along the coming years. 
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APPENDIX A – DAILY OPERATIONAL SUMMARIES  
FROM ITRES 

 
Operational Summary 1________________________________________________________________ 
 
Project/Client:  ESA (DLR) 
 
Project Name:  SEN2FLEX 
    
PM/DPM:  JH/MK 
 
Project Area:  Barrax, Castilla-LaMancha, Spain 
 
Date Acquired:  June 01, 2005 
 
Aircraft:   CASA 212 (Tail # 403 07) INTA  
 
Pilot:   Ricardo Puente 
 
Installation:  May 28, 2005 (Quatro Vientos, Madrid) 
 
Instruments:  CASI 2502 
 
Basestation:  INTA provided field stationg each one of the two Missions of the 
SEN2FLEX campaign a large amount of data have been collected by the different teams that have 
participated in the two Missions or at least in one of them, as illustrated along 
 
Details of Areas Flown: Barrax test line imaged at 288/144 Bands (1 x 7 m) 
    

  Ground Truth: Coincident ground readings taken by member organizations of the SEN2FLEX 
/ AIRFLEX mission. 
 

Mobilization Details: INTA CASA-212 mobilized at Quatro Vientos (Madrid).  
 
Installation completed May 28, 2005, at Quatro Vientos Airport by ITRES and 
INTA personnel.   
VNIR Bundle Adjustment site acquired June 02, 2005.  The light levels were 
still intermittent with building cumulus in area. POS write error, INTA POS 
data used for geocorrection.   

 
Ferry to Site:  Local Flight from Albacete. 

 
Aircraft Hours (GMT): June 01,2005 flight 1: 4.1 Hrs 
Acquisition Summary: 
 

TIME START 
(UTC) 

SPEED(kt) HEADING Altitude (ft AGL) Notes 

12:11:26 140 73 6750 288 Band file 
12:33:56 140 73 6750 144 Band file 

 
Operational Summary 2 _______________________________________________________________ 
 
Project/Client:  ESA (DLR) 
 
Project Name:  SEN2FLEX 
    
PM/DPM:  JH/MK 
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Project Area:  Barrax, Castilla-LaMancha, Spain 
 
Date Acquired:  June 02, 2005 
 
Aircraft:   CASA 212 (Tail # 403 07) INTA  
 
Pilot:   Ricardo Puente 
 
Installation:  May 28, 2005 (Quatro Vientos, Madrid) 
 
Instruments:  CASI 2502 
 
Basestation:  INTA provided field station. 
    
Details of Areas Flown: Barrax test line imaged at 288/144 Bands (1 x 7 m) 
   Bundle adjustment site over Las Tiesas imaged (16 bands, 0.4 cm resolution) 
    

Ground Truth: Coincident ground readings taken by member organizations of the SEN2FLEX 
/ AIRFLEX mission. 
 

Mobilization Details: INTA CASA-212 mobilized at Quatro Vientos (Madrid).  
 
Installation completed May 28, 2005, at Quatro Vientos Airport by ITRES and 
INTA personnel.   
VNIR Bundle Adjustment site acquired June 02, 2005.  The light levels were 
still intermittent with building cumulus in area. POS write error, INTA POS 
data used for geocorrection.   

 
Ferry to Site:  Local Flight from Albacete. 

 
Aircraft Hours (GMT): June 02,2005 flight 1: 3.1 Hrs 
Acquisition Summary: 
 

TIME START 
(UTC) 

SPEED(kt) HEADING Altitude (ft AGL) Notes 

12:03 140 73 6750 144 Band file 
12:25:20 140 73 6750 288 Band file 

 
Operational Summary 3 _______________________________________________________________ 
 
Project/Client:  ESA (DLR) 
 
Project Name:  SEN2FLEX 
    
PM/DPM:  JH/MK 
 
Project Area:  Barrax, Castilla-LaMancha, Spain 
 
Date Acquired:  June 03, 2005 
 
Aircraft:   CASA 212 (Tail # 403 07) INTA  
 
Pilot:   Ricardo Puente 
 
Installation:  May 28, 2005 (Quatro Vientos, Madrid) 
 
Instruments:  CASI 2502 
 
Basestation:  INTA provided field station. 
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Details of Areas Flown: Barrax test line imaged at 288/144 Bands (1 x 7 m) 
    

Ground Truth: Coincident ground readings taken by member organizations of the SEN2FLEX 
/ AIRFLEX mission. 
 

Mobilization Details: INTA CASA-212 mobilized at Quatro Vientos (Madrid).  
 
Installation completed May 28, 2005, at Quatro Vientos Airport by ITRES and 
INTA personnel.   
VNIR Bundle Adjustment site acquired June 02, 2005.  The light levels were 
still intermittent with building cumulus in area. POS write error, INTA POS 
data used for geocorrection.   

 
Ferry to Site:  Local Flight from Albacete. 

 
Aircraft Hours (GMT): June 03,2005 flight 1: 2.1 Hrs 
Acquisition Summary: 
 

TIME START (UTC) SPEED(kt) HEADING Altitude (ft AGL) Notes 
11:57:40 140 73 6750 288 Band file 
12:19:27 140 73 6750 144 Band file 

 
Operational Summary 4 _______________________________________________________________ 
 
Project/Client:  ESA (DLR) 
 
Project Name:  SEN2FLEX 
    
PM/DPM:  JH/MK 
 
Project Area:  Barrax, Castilla-LaMancha, Spain 
 
Date Acquired:  July 12, 2005 
 
Aircraft:   DLR Caravan  
 
Pilot:   Helmut, Phillipe 
 
Installation:  July 8th, 2005 (DLR Germany) 
 
Instruments:  CASI 2502 
 
Basestation:  ALBA GPS site. 
    
Details of Areas Flown:  
TIME START (UTC) SPEED HEADING FLYING HEIGHT (m) Bandset 

12:41:44 122 71 2060 288 bands 
13:03:40 121 71 2060 144 bands 

 
  Ground Truth: Coincident ground readings taken by member organizations of the SEN2FLEX 

/ AIRFLEX mission. 
 

Mobilization Details: DLR Caravan mobilized at DLR (Germany).  
 
Installation completed July 8, 2005, at Oberphafenhoffen Airport by ITRES 
and DLR personnel.   
VNIR Bundle Adjustment site acquired July 10, 2005.  The light levels were  
intermittent with building cumulus in area.  Five (5) north-south lines followed 
by two (2) east-west lines.   
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Ferry to Site:  Local Flight from Albacete. 

 
Aircraft Hours (GMT): July 12,2005 flight 1: 2.5 Hrs approximately. 
Acquisition Summary: 
 
Operational Summary 5 _______________________________________________________________ 
 
Project/Client:  ESA (DLR) 
 
Project Name:  SEN2FLEX 
    
PM/DPM:  JH/MK 
 
Project Area:  Barrax, Castilla-LaMancha, Spain 
 
Date Acquired:  July 13, 2005 
 
Aircraft:   DLR Caravan  
 
Pilot:   Helmut, Phillipe 
 
Installation:  July 8th, 2005 (DLR Germany) 
 
Instruments:  CASI 2502 
 
Basestation:  ALBA GPS site. 
    
Details of Areas Flown:  
TIME START (UTC) SPEED HEADING FLYING HEIGHT (m) Bandset 

8:26:43 121 73 2060 288 bands 
8:41:23 121 253 2060 144 bands 

 
TIME START (UTC) SPEED HEADING FLYING HEIGHT (m) Bandset 

11:38:05 121 73 2060 288 bands 
11:52:46 121 253 2060 144 bands 

 
    

Ground Truth: Coincident ground readings taken by member organizations of the SEN2FLEX 
/ AIRFLEX mission. 
 

Mobilization Details: DLR Caravan mobilized at DLR (Germany).  
 
Installation completed July 8, 2005, at Oberphafenhoffen Airport by ITRES 
and DLR personnel.   
VNIR Bundle Adjustment site acquired July 10, 2005.  The light levels were  
intermittent with building cumulus in area.  Five (5) north-south lines followed 
by two (2) east-west lines.   

 
Ferry to Site:  Local Flight from Albacete. 

 
Aircraft Hours (GMT): July 13,2005 flight 1 and flight 2: 1.5 Hrs approximately 
 

 
Operational Summary 6 _______________________________________________________________ 
 
Project/Client:  ESA (DLR) 
 
Project Name:  SEN2FLEX 
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PM/DPM:  JH/MK 
 
Project Area:  Barrax, Castilla-LaMancha, Spain 
 
Date Acquired:  July 14, 2005 
 
Aircraft:   DLR Caravan  
 
Pilot:   Helmut, Phillipe 
 
Installation:  July 8th, 2005 (DLR Germany) 
 
Instruments:  CASI 2502 
 
Basestation:  ALBA GPS site. 
    
Details of Areas Flown:  
    

Ground Truth: Coincident ground readings taken by member organizations of the SEN2FLEX 
/ AIRFLEX mission. 
 

Mobilization Details: DLR Caravan mobilized at DLR (Germany).  
 
Installation completed July 8, 2005, at Oberphafenhoffen Airport by ITRES 
and DLR personnel.   
VNIR Bundle Adjustment site acquired July 10, 2005.  The light levels were  
intermittent with building cumulus in area.  Five (5) north-south lines followed 
by two (2) east-west lines.   

 
 
Ferry to Site:  Local Flight from Albacete. 
TIME START (UTC) SPEED HEADING FLYING HEIGHT (m) Bandset 

7:55:05 120 254 2060 288 bands 
TIME START (UTC) SPEED HEADING FLYING HEIGHT (m) Bandset 

11:46:07 123 254 2060 288 bands 
 

Aircraft Hours (GMT): July 14,2005 flight 1 and flight 2: 1.25 Hrs approximately 
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APPENDIX B– GPS-RECORDING OF THE ONBOARD  
IGI-SYSTEM DURING THE MEASUREMENT FLIGHTS  

 
Overview plots and attitude data (roll and pitch [°]) 
 
overview plots: 
in red: measurement lines 
in green: flight path while not measuring 
 
roll and pitch: 
data on measurement line are highlighted, roll in red, pitch in green 
 
Wednesday 01.06.2005 
 

 
 

 



 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯- 
1 December 2006                                                                                                                Pag. 267 / 302

 

SEN2FLEX Final Report 
Contracst nº:19187/05/I-EC     17628/03/NL/CB      17336/03/NL/CB 

Thursday 02.06.2005 
 

 
This flight included the Alarcon reservoir. 
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Friday 03.06.2005 
 

 
 

 
 

Turbulence was strongest during the flight on 01 June as can be seen from the amplitudes  
of roll and pitch. 
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Tuesday 12.07.2005 
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Wednesday 13.07.2005, morning 
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Wednesday 13.07.2005, noon 
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Thursday 14.07.2005 morning 
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Thursday 14.07.2005 noon 
 

 
 

 
 
In general it can be said that the data reflect the turbulence which is especially strong at noon and in the 
afternoon. The pitch is getting up when ground speed has to be small. 
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APPENDIX C – ITRES SAMPLE IMAGES: CASI-1500  / 3X3M , 1X7M , 13M RESOLUTIONS  
 
 
 
 
 

       
 
 
 
 

 
 

CASI-1500 RGB image 
Data is a subset of the MidWest Mosaic, 1 meter resolution. Image Dimensions are 900 by 600 meters. 
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APPENDIX D– DELIVERED IMAGERY DOCUMENTATION 
 
 

DLR ESA   SENT2FLEX Program CASI1500  Data Documentation 
 
Naming Convention:  The files were created as follows.  
 Sensor Date Site_Bandset_Section_Resolution_g.pix 
 As an example, the file casi0713Abarrax_288b_3x3m_Ag.pix indicates the file is CASI data, was acquired on July 

13th, 2005 on the first of two flights for the day (A) over the Barrax region of interest. It contains 288 hyperspectral 
bands and is processed to 3 meter pixel resolution The ‘_g’ extension indicates the file is georeferenced. 

                   
Note     (1) File sizes are reported for uncompressed status. 

(2) Due to turbulence during data acquisition, occasionally pixels cannot be perfectly mapped into the geocorrected image. This 
can result in dark patches or missing pixels. These effects have been minimized as much as possible. 

(3) Data gaps are filled in as much as possible, given the size or nature of the gaps. When it is not possible to estimate or fill in the 
gaps, the area is left with a value of 0.  

(4) Individual flight lines have been divided into sections to accommodate image correction. 
(5)  The attached bandset description supercedes the band values in the CASI1500 image header,if different. 

 
Dates of Acquisition:   

Mission 1 : June 01,02,03  2005 
 Mission 2 : July 12, 13,14   2005 
 
Data Archive: FireWire 
Data Format: CASI1500 – PCIDisk Format, Band Interleaved by Pixel 
Coordinate System:  All image files were geocorrected to UTM coordinates (WGS84 Datum), Zone 30. 
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Delivered file metadata. 

    FileSize 
PIXEL 

RESOLUTION 
NW CORNER 

COORDINATE      UTM 
File Dimensions (GB) X Y Easting Northing DATUM Zone 
 casi0601barrax_144b_13x13m_Ag.pix 531  x  1350  x  144 0.20 13.00 13.00 568,763.00 4,327,128.00 WGS84 30 
 casi0601barrax_144b_13x13m_Bg.pix 523  x  1322  x  144 0.19 13.00 13.00 585,520.00 4,332,380.00 WGS84 30 
 casi0601barrax_288b-13x13m_Ag.pix 554  x  1568  x  288 0.49 13.00 13.00 569,036.00 4,327,856.00 WGS84 30 
 casi0601barrax_288b-13x13m_Bg.pix 401  x  1059  x  288 0.24 13.00 13.00 588,549.00 4,331,951.00 WGS84 30 
 casi0602barrax_144b_13x13m_Ag.pix 524  x  1358  x  144 0.20 13.00 13.00 567,996.00 4,327,011.00 WGS84 30 
 casi0602barrax_144b_13x13m_Bg.pix 507  x  1345  x  144 0.19 13.00 13.00 584,883.00 4,332,068.00 WGS84 30 
 casi0602barrax_288b-13x13m_Ag.pix 542  x  1541  x  288 0.47 13.00 13.00 568,672.00 4,327,713.00 WGS84 30 
 casi0602barrax_288b-13x13m_Bg.pix 442  x  1109  x  288 0.28 13.00 13.00 587,821.00 4,332,367.00 WGS84 30 
 casi0603barrax_144b_13x13m_Ag.pix 534  x  1363  x  144 0.20 13.00 13.00 568,243.00 4,326,998.00 WGS84 30 
 casi0603barrax_144b_13x13m_Bg.pix 510  x  1325  x  144 0.19 13.00 13.00 585,013.00 4,332,133.00 WGS84 30 
 casi0603barrax_288b-13x13m_Ag.pix 551  x  1546  x  288 0.48 13.00 13.00 570,648.00 4,328,285.00 WGS84 30 
 casi0603barrax_288b-13x13m_Bg.pix 351  x  957  x  288 0.19 13.00 13.00 589,771.00 4,331,795.00 WGS84 30 
 casi0712barrax_288b-13x13m_Ag.pix 486  x  1327  x  288 0.36 13.00 13.00 568,854.00 4,326,816.00 WGS84 30 
 casi0712barrax_288b-13x13m_Bg.pix 457  x  1234  x  288 0.32 13.00 13.00 585,247.00 4,331,743.00 WGS84 30 
 casi0713Abarrax_144b_13x13m_Ag.pix 462  x  1139  x  144 0.15 13.00 13.00 587,327.00 4,332,172.00 WGS84 30 
 casi0713Abarrax_144b_13x13m_Bg.pix 597  x  1543  x  144 0.26 13.00 13.00 567,944.00 4,327,739.00 WGS84 30 
 casi0713Abarrax_288b-13x13m_Ag.pix 472  x  1299  x  288 0.35 13.00 13.00 568,750.00 4,326,751.00 WGS84 30 
 casi0713Abarrax_288b-13x13m_Bg.pix 451  x  1247  x  288 0.32 13.00 13.00 584,792.00 4,331,600.00 WGS84 30 
 casi0713Bbarrax_144b_13x13m_Ag.pix 468  x  1150  x  144 0.15 13.00 13.00 587,314.00 4,332,081.00 WGS84 30 
 casi0713Bbarrax_144b_13x13m_Bg.pix 598  x  1550  x  144 0.26 13.00 13.00 567,866.00 4,327,687.00 WGS84 30 
 casi0713Bbarrax_288b-13x13m_Ag.pix 485  x  1300  x  288 0.36 13.00 13.00 567,645.00 4,326,387.00 WGS84 30 
 casi0713Bbarrax_288b-13x13m_Bg.pix 484  x  1328  x  288 0.36 13.00 13.00 583,739.00 4,331,639.00 WGS84 30 
 casi0714Abarrax_288b-13x13m_Ag.pix 462  x  1292  x  288 0.34 13.00 13.00 585,208.00 4,331,873.00 WGS84 30 
 casi0714Abarrax_288b-13x13m_Bg.pix 515  x  1454  x  288 0.42 13.00 13.00 567,190.00 4,326,803.00 WGS84 30 
 casi0714Bbarrax_288b-13x13m_Ag.pix 463  x  1318  x  288 0.34 13.00 13.00 583,557.00 4,331,249.00 WGS84 30 
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casi0714Bbarrax_288b-13x13m_Bg.pix 458  x  1291  x  288 0.33 13.00 13.00 567,710.00 4,326,192.00 WGS84 30 
                  
                  
 casi0601barrax_144b_3x3m_Ag.pix 2298  x  5848  x  144 3.78 3.00 3.00 568,770.00 4,327,128.00 WGS84 30 
 casi0601barrax_144b_3x3m_Bg.pix 2267  x  5728  x  144 3.65 3.00 3.00 585,522.00 4,332,387.00 WGS84 30 
 casi0602barrax_144b_3x3m_Ag.pix 2272  x  5883  x  144 3.76 3.00 3.00 568,002.00 4,327,017.00 WGS84 30 
 casi0602barrax_144b_3x3m_Bg.pix 2198  x  5831  x  144 3.60 3.00 3.00 584,883.00 4,332,078.00 WGS84 30 
 casi0603barrax_144b_3x3m_Ag.pix 2312  x  5909  x  144 3.84 3.00 3.00 568,242.00 4,326,996.00 WGS84 30 
 casi0603barrax_144b_3x3m_Bg.pix 2209  x  5741  x  144 3.57 3.00 3.00 585,021.00 4,332,132.00 WGS84 30 
 casi0713Abarrax_144b_3x3m_Ag.pix 1999  x  4938  x  144 2.77 3.00 3.00 587,328.00 4,332,174.00 WGS84 30 
 casi0713Abarrax_144b_3x3m_Bg.pix 2587  x  6686  x  144 4.87 3.00 3.00 567,948.00 4,327,746.00 WGS84 30 
 casi0713Bbarrax_144b_3x3m_Ag.pix 2029  x  4983  x  144 2.84 3.00 3.00 587,319.00 4,332,090.00 WGS84 30 
 casi0713Bbarrax_144b_3x3m_Bg.pix 2591  x  6719  x  144 4.90 3.00 3.00 567,870.00 4,327,689.00 WGS84 30 
                  
                  
 casi0601barrax_288b_3x3m_Ag.pix 2400  x  6795  x  288 9.20 3.00 3.00 569,043.00 4,327,857.00 WGS84 30 
 casi0601barrax_288b_3x3m_Bg.pix 1740  x  4590  x  288 4.49 3.00 3.00 588,555.00 4,331,961.00 WGS84 30 
 casi0602barrax_288b_3x3m_Ag.pix 2350  x  6674  x  288 8.82 3.00 3.00 568,683.00 4,327,722.00 WGS84 30 
 casi0602barrax_288b_3x3m_Bg.pix 1918  x  4807  x  288 5.19 3.00 3.00 587,829.00 4,332,378.00 WGS84 30 
 casi0603barrax_288b_3x3m_Ag.pix 2385  x  6701  x  288 8.99 3.00 3.00 570,651.00 4,328,286.00 WGS84 30 
 casi0603barrax_288b_3x3m_Bg.pix 1521  x  4145  x  288 3.55 3.00 3.00 589,779.00 4,331,796.00 WGS84 30 
 casi0712barrax_288b_3x3m_Ag.pix 2105  x  5750  x  288 6.81 3.00 3.00 568,857.00 4,326,816.00 WGS84 30 
 casi0712barrax_288b_3x3m_Bg.pix 1980  x  5348  x  288 5.96 3.00 3.00 585,255.00 4,331,742.00 WGS84 30 
 casi0713Abarrax_288b_3x3m_Ag.pix 2048  x  5627  x  288 6.48 3.00 3.00 568,755.00 4,326,762.00 WGS84 30 
 casi0713Abarrax_288b_3x3m_Bg.pix 1952  x  5403  x  288 5.93 3.00 3.00 584,799.00 4,331,598.00 WGS84 30 
 casi0713Bbarrax_288b_3x3m_Ag.pix 2100  x  5631  x  288 6.65 3.00 3.00 567,654.00 4,326,390.00 WGS84 30 
 casi0713Bbarrax_288b_3x3m_Bg.pix 2098  x  5756  x  288 6.79 3.00 3.00 583,746.00 4,331,643.00 WGS84 30 
 casi0714Abarrax_288b_3x3m_Ag.pix 2002  x  5602  x  288 6.31 3.00 3.00 585,207.00 4,331,880.00 WGS84 30 
 casi0714Abarrax_288b_3x3m_Bg.pix 2230  x  6301  x  288 7.90 3.00 3.00 567,195.00 4,326,810.00 WGS84 30 
 casi0714Bbarrax_288b_3x3m_Ag.pix 2008  x  5709  x  288 6.45 3.00 3.00 583,563.00 4,331,253.00 WGS84 30 
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 casi0714Bbarrax_288b_3x3m_Bg.pix 1983  x  5598  x  288 6.24 3.00 3.00 567,711.00 4,326,195.00 WGS84 30 
 casi0601barrax_288b_7x1m_A g.pix.gz 7200  x  2912  x  288 1.30 1.00 7.00 569,044.00 4,327,857.00 WGS84 30 
 casi0601barrax_288b_7x1m_B g.pix.gz 5219  x  1967  x  288 0.85 1.00 7.00 588,553.00 4,331,961.00 WGS84 30 
 casi0602barrax_288b_7x1m_A g.pix.gz 7050  x  2861  x  288 1.30 1.00 7.00 568,680.00 4,327,723.00 WGS84 30 
 casi0602barrax_288b_7x1m_B g.pix.gz 5755  x  2060  x  288 0.90 1.00 7.00 587,825.00 4,332,379.00 WGS84 30 
casi0603barrax_288b_7x1m_A g.pix.gz 7156  x  2872  x  288 1.31 1.00 7.00 570,647.00 4,328,288.00 WGS84 30 
 casi0603barrax_288b_7x1m_B g.pix.gz 4565  x  1776  x  288 0.76 1.00 7.00 589,778.00 4,331,798.00 WGS84 30 
 casi0712barrax_288b_6x1m_A g.pix.gz 6314  x  2875  x  288 1.28 1.00 6.00 568,854.00 4,326,816.00 WGS84 30 
 casi0712barrax_288b_6x1m_B g.pix.gz 5941  x  2674  x  288 1.20 1.00 6.00 585,252.00 4,331,744.00 WGS84 30 
 casi0713Abarrax_288b_6x1m_A g.pix.gz 6143  x  2814  x  288 1.23 1.00 6.00 568,752.00 4,326,763.00 WGS84 30 
 casi0713Abarrax_288b_6x1m_B g.pix.gz 5856  x  2702  x  288 1.15 1.00 6.00 584,796.00 4,331,600.00 WGS84 30 
 casi0713Bbarrax_288b_6x1m_A g.pix.gz 6301  x  2815  x  288 1.30 1.00 6.00 567,654.00 4,326,391.00 WGS84 30 
 casi0713Bbarrax_288b_6x1m_B g.pix.gz 6294  x  2878  x  288 1.30 1.00 6.00 583,746.00 4,331,644.00 WGS84 30 
 casi0714Abarrax_288b_6x1m_A g.pix.gz 6007  x  2801  x  288 1.21 1.00 6.00 585,204.00 4,331,881.00 WGS84 30 
 casi0714Abarrax_288b_6x1m_B g.pix.gz 6690  x  3151  x  288 1.38 1.00 6.00 567,192.00 4,326,810.00 WGS84 30 
 casi0714Bbarrax_288b_6x1m_A g.pix.gz 6023  x  2855  x  288 1.30 1.00 6.00 583,560.00 4,331,254.00 WGS84 30 
 casi0714Bbarrax_288b_6x1m_B g.pix.gz 5947  x  2799  x  288 1.28 1.00 6.00 567,708.00 4,326,195.00 WGS84 30 
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ESA BARRAX 2005 June VNIR144 Hyperspectral Bandset  (1/1) 
 
Filename(s):   

casi0601barrax_144b_*g.pix   
casi0602barrax_144b_*g.pix   
casi0603barrax_144b_*g.pix   

 
Spectral Channel Description: 
   001:  371.1 nm +/- 2.3nm    051:  608.1 nm +/- 2.3nm    101:  845.3 nm +/- 2.3nm 
   002:  375.9 nm +/- 2.3nm    052:  612.9 nm +/- 2.3nm    102:  850.0 nm +/- 2.3nm 
   003:  380.6 nm +/- 2.3nm    053:  617.6 nm +/- 2.3nm    103:  854.8 nm +/- 2.3nm 
   004:  385.3 nm +/- 2.3nm    054:  622.4 nm +/- 2.3nm    104:  859.5 nm +/- 2.3nm 
   005:  390.1 nm +/- 2.3nm    055:  627.1 nm +/- 2.3nm    105:  864.2 nm +/- 2.3nm 
   006:  394.8 nm +/- 2.3nm    056:  631.8 nm +/- 2.3nm    106:  869.0 nm +/- 2.3nm 
   007:  399.6 nm +/- 2.3nm    057:  636.6 nm +/- 2.3nm    107:  873.7 nm +/- 2.3nm 
   008:  404.3 nm +/- 2.3nm    058:  641.3 nm +/- 2.3nm    108:  878.4 nm +/- 2.3nm 
   009:  409.0 nm +/- 2.3nm    059:  646.1 nm +/- 2.3nm    109:  883.2 nm +/- 2.3nm 
   010:  413.8 nm +/- 2.3nm    060:  650.8 nm +/- 2.3nm    110:  887.9 nm +/- 2.3nm 
   011:  418.5 nm +/- 2.3nm    061:  655.6 nm +/- 2.3nm    111:  892.7 nm +/- 2.3nm 
   012:  423.2 nm +/- 2.3nm    062:  660.3 nm +/- 2.3nm    112:  897.4 nm +/- 2.3nm 
   013:  428.0 nm +/- 2.3nm    063:  665.1 nm +/- 2.3nm    113:  902.1 nm +/- 2.3nm 
   014:  432.7 nm +/- 2.3nm    064:  669.8 nm +/- 2.3nm    114:  906.9 nm +/- 2.3nm 
   015:  437.4 nm +/- 2.3nm    065:  674.5 nm +/- 2.3nm    115:  911.6 nm +/- 2.3nm 
   016:  442.2 nm +/- 2.3nm    066:  679.3 nm +/- 2.3nm    116:  916.4 nm +/- 2.3nm 
   017:  446.9 nm +/- 2.3nm    067:  684.0 nm +/- 2.3nm    117:  921.1 nm +/- 2.3nm 
   018:  451.7 nm +/- 2.3nm    068:  688.8 nm +/- 2.3nm    118:  925.8 nm +/- 2.3nm 
   019:  456.4 nm +/- 2.3nm    069:  693.5 nm +/- 2.3nm    119:  930.6 nm +/- 2.3nm 
   020:  461.1 nm +/- 2.3nm    070:  698.3 nm +/- 2.3nm    120:  935.3 nm +/- 2.3nm 
   021:  465.9 nm +/- 2.3nm    071:  703.0 nm +/- 2.3nm    121:  940.0 nm +/- 2.3nm 
   022:  470.6 nm +/- 2.3nm    072:  707.7 nm +/- 2.3nm    122:  944.8 nm +/- 2.3nm 
   023:  475.4 nm +/- 2.3nm    073:  712.5 nm +/- 2.3nm    123:  949.5 nm +/- 2.3nm 
   024:  480.1 nm +/- 2.3nm    074:  717.2 nm +/- 2.3nm    124:  954.2 nm +/- 2.3nm 
   025:  484.8 nm +/- 2.3nm    075:  722.0 nm +/- 2.3nm    125:  959.0 nm +/- 2.3nm 
   026:  489.6 nm +/- 2.3nm    076:  726.7 nm +/- 2.3nm    126:  963.7 nm +/- 2.3nm 
   027:  494.3 nm +/- 2.3nm    077:  731.5 nm +/- 2.3nm    127:  968.4 nm +/- 2.3nm 
   028:  499.1 nm +/- 2.3nm    078:  736.2 nm +/- 2.3nm    128:  973.2 nm +/- 2.3nm  
   029:  503.8 nm +/- 2.3nm    079:  740.9 nm +/- 2.3nm    129:  977.9 nm +/- 2.3nm  
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   030:  508.5 nm +/- 2.3nm    080:  745.7 nm +/- 2.3nm    130:  982.6 nm +/- 2.3nm  
   031:  513.3 nm +/- 2.3nm    081:  750.4 nm +/- 2.3nm    131:  987.4 nm +/- 2.3nm  
   032:  518.0 nm +/- 2.3nm    082:  755.2 nm +/- 2.3nm    132:  992.1 nm +/- 2.3nm  
   033:  522.8 nm +/- 2.3nm    083:  759.9 nm +/- 2.3nm    133:  996.8 nm +/- 2.3nm  
   034:  527.5 nm +/- 2.3nm    084:  764.7 nm +/- 2.3nm    134: 1001.6 nm +/- 2.3nm  
   035:  532.2 nm +/- 2.3nm    085:  769.4 nm +/- 2.3nm    135: 1006.3 nm +/- 2.3nm  
   036:  537.0 nm +/- 2.3nm    086:  774.1 nm +/- 2.3nm    136: 1011.0 nm +/- 2.3nm  
   037:  541.7 nm +/- 2.3nm    087:  778.9 nm +/- 2.3nm    137: 1015.8 nm +/- 2.3nm  
   038:  546.5 nm +/- 2.3nm    088:  783.6 nm +/- 2.3nm    138: 1020.5 nm +/- 2.3nm  
   039:  551.2 nm +/- 2.3nm    089:  788.4 nm +/- 2.3nm    139: 1025.2 nm +/- 2.3nm  
   040:  556.0 nm +/- 2.3nm    090:  793.1 nm +/- 2.3nm    140: 1029.9 nm +/- 2.3nm  
   041:  560.7 nm +/- 2.3nm    091:  797.9 nm +/- 2.3nm    141: 1034.7 nm +/- 2.3nm  
   042:  565.4 nm +/- 2.3nm    092:  802.6 nm +/- 2.3nm    142: 1039.4 nm +/- 2.3nm  
   043:  570.2 nm +/- 2.3nm    093:  807.3 nm +/- 2.3nm    143: 1044.1 nm +/- 2.3nm  
   044:  574.9 nm +/- 2.3nm    094:  812.1 nm +/- 2.3nm    144: 1048.9 nm +/- 2.3nm  
   045:  579.7 nm +/- 2.3nm    095:  816.8 nm +/- 2.3nm                    
   046:  584.4 nm +/- 2.3nm    096:  821.6 nm +/- 2.3nm                    
   047:  589.2 nm +/- 2.3nm    097:  826.3 nm +/- 2.3nm                    
   048:  593.9 nm +/- 2.3nm    098:  831.0 nm +/- 2.3nm                    
   049:  598.6 nm +/- 2.3nm    099:  835.8 nm +/- 2.3nm                    
   050:  603.4 nm +/- 2.3nm    100:  840.5 nm +/- 2.3nm                    
 
 

ESA  BARRAX 2005 June VNIR288 Hyperspectral Bandset   (1/2) 
 
Filename(s):  casi0601barrax_288b_*g.pix     

casi0602barrax_288b_*g.pix     
casi0603barrax_288b_*g.pix  
 

Spectral Channel Description: 
   001:  370.0 nm +/- 1.1nm    051:  488.4 nm +/- 1.1nm    101:  606.9 nm +/- 1.1nm 
   002:  372.3 nm +/- 1.1nm    052:  490.8 nm +/- 1.1nm    102:  609.3 nm +/- 1.1nm 
   003:  374.7 nm +/- 1.1nm    053:  493.1 nm +/- 1.1nm    103:  611.7 nm +/- 1.1nm 
   004:  377.1 nm +/- 1.1nm    054:  495.5 nm +/- 1.1nm    104:  614.1 nm +/- 1.1nm 
   005:  379.4 nm +/- 1.1nm    055:  497.9 nm +/- 1.1nm    105:  616.4 nm +/- 1.1nm 
   006:  381.8 nm +/- 1.1nm    056:  500.2 nm +/- 1.1nm    106:  618.8 nm +/- 1.1nm 
   007:  384.2 nm +/- 1.1nm    057:  502.6 nm +/- 1.1nm    107:  621.2 nm +/- 1.1nm 
   008:  386.5 nm +/- 1.1nm    058:  505.0 nm +/- 1.1nm    108:  623.5 nm +/- 1.1nm 
   009:  388.9 nm +/- 1.1nm    059:  507.4 nm +/- 1.1nm    109:  625.9 nm +/- 1.1nm 
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   010:  391.3 nm +/- 1.1nm    060:  509.7 nm +/- 1.1nm    110:  628.3 nm +/- 1.1nm 
   011:  393.6 nm +/- 1.1nm    061:  512.1 nm +/- 1.1nm    111:  630.7 nm +/- 1.1nm 
   012:  396.0 nm +/- 1.1nm    062:  514.5 nm +/- 1.1nm    112:  633.0 nm +/- 1.1nm 
   013:  398.4 nm +/- 1.1nm    063:  516.8 nm +/- 1.1nm    113:  635.4 nm +/- 1.1nm 
   014:  400.7 nm +/- 1.1nm    064:  519.2 nm +/- 1.1nm    114:  637.8 nm +/- 1.1nm 
   015:  403.1 nm +/- 1.1nm    065:  521.6 nm +/- 1.1nm    115:  640.1 nm +/- 1.1nm 
   016:  405.5 nm +/- 1.1nm    066:  523.9 nm +/- 1.1nm    116:  642.5 nm +/- 1.1nm 
   017:  407.8 nm +/- 1.1nm    067:  526.3 nm +/- 1.1nm    117:  644.9 nm +/- 1.1nm 
   018:  410.2 nm +/- 1.1nm    068:  528.7 nm +/- 1.1nm    118:  647.3 nm +/- 1.1nm 
   019:  412.6 nm +/- 1.1nm    069:  531.1 nm +/- 1.1nm    119:  649.6 nm +/- 1.1nm 
   020:  414.9 nm +/- 1.1nm    070:  533.4 nm +/- 1.1nm    120:  652.0 nm +/- 1.1nm 
   021:  417.3 nm +/- 1.1nm    071:  535.8 nm +/- 1.1nm    121:  654.4 nm +/- 1.1nm 
   022:  419.7 nm +/- 1.1nm    072:  538.2 nm +/- 1.1nm    122:  656.8 nm +/- 1.1nm 
   023:  422.0 nm +/- 1.1nm    073:  540.5 nm +/- 1.1nm    123:  659.1 nm +/- 1.1nm 
   024:  424.4 nm +/- 1.1nm    074:  542.9 nm +/- 1.1nm    124:  661.5 nm +/- 1.1nm 
   025:  426.8 nm +/- 1.1nm    075:  545.3 nm +/- 1.1nm    125:  663.9 nm +/- 1.1nm 
   026:  429.2 nm +/- 1.1nm    076:  547.7 nm +/- 1.1nm    126:  666.2 nm +/- 1.1nm 
   027:  431.5 nm +/- 1.1nm    077:  550.0 nm +/- 1.1nm    127:  668.6 nm +/- 1.1nm 
   028:  433.9 nm +/- 1.1nm    078:  552.4 nm +/- 1.1nm    128:  671.0 nm +/- 1.1nm 
   029:  436.3 nm +/- 1.1nm    079:  554.8 nm +/- 1.1nm    129:  673.4 nm +/- 1.1nm 
   030:  438.6 nm +/- 1.1nm    080:  557.1 nm +/- 1.1nm    130:  675.7 nm +/- 1.1nm 
   031:  441.0 nm +/- 1.1nm    081:  559.5 nm +/- 1.1nm    131:  678.1 nm +/- 1.1nm 
   032:  443.4 nm +/- 1.1nm    082:  561.9 nm +/- 1.1nm    132:  680.5 nm +/- 1.1nm 
   033:  445.7 nm +/- 1.1nm    083:  564.3 nm +/- 1.1nm    133:  682.8 nm +/- 1.1nm 
   034:  448.1 nm +/- 1.1nm    084:  566.6 nm +/- 1.1nm    134:  685.2 nm +/- 1.1nm 
   035:  450.5 nm +/- 1.1nm    085:  569.0 nm +/- 1.1nm    135:  687.6 nm +/- 1.1nm 
   036:  452.8 nm +/- 1.1nm    086:  571.4 nm +/- 1.1nm    136:  690.0 nm +/- 1.1nm 
   037:  455.2 nm +/- 1.1nm    087:  573.7 nm +/- 1.1nm    137:  692.3 nm +/- 1.1nm 
   038:  457.6 nm +/- 1.1nm    088:  576.1 nm +/- 1.1nm    138:  694.7 nm +/- 1.1nm 
   039:  460.0 nm +/- 1.1nm    089:  578.5 nm +/- 1.1nm    139:  697.1 nm +/- 1.1nm 
   040:  462.3 nm +/- 1.1nm    090:  580.9 nm +/- 1.1nm    140:  699.4 nm +/- 1.1nm 
   041:  464.7 nm +/- 1.1nm    091:  583.2 nm +/- 1.1nm    141:  701.8 nm +/- 1.1nm 
   042:  467.1 nm +/- 1.1nm    092:  585.6 nm +/- 1.1nm    142:  704.2 nm +/- 1.1nm 
   043:  469.4 nm +/- 1.1nm    093:  588.0 nm +/- 1.1nm    143:  706.6 nm +/- 1.1nm 
   044:  471.8 nm +/- 1.1nm    094:  590.3 nm +/- 1.1nm    144:  708.9 nm +/- 1.1nm 
   045:  474.2 nm +/- 1.1nm    095:  592.7 nm +/- 1.1nm    145:  711.3 nm +/- 1.1nm 
   046:  476.5 nm +/- 1.1nm    096:  595.1 nm +/- 1.1nm    146:  713.7 nm +/- 1.1nm 
   047:  478.9 nm +/- 1.1nm    097:  597.5 nm +/- 1.1nm    147:  716.0 nm +/- 1.1nm 
   048:  481.3 nm +/- 1.1nm    098:  599.8 nm +/- 1.1nm    148:  718.4 nm +/- 1.1nm 
   049:  483.7 nm +/- 1.1nm    099:  602.2 nm +/- 1.1nm    149:  720.8 nm +/- 1.1nm 
   050:  486.0 nm +/- 1.1nm    100:  604.6 nm +/- 1.1nm    150:  723.2 nm +/- 1.1nm 
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   151:  725.5 nm +/- 1.1nm    201:  844.1 nm +/- 1.1nm    251:  962.5 nm +/- 1.1nm 
   152:  727.9 nm +/- 1.1nm    202:  846.5 nm +/- 1.1nm    252:  964.9 nm +/- 1.1nm  
   153:  730.3 nm +/- 1.1nm    203:  848.8 nm +/- 1.1nm    253:  967.3 nm +/- 1.1nm  
   154:  732.6 nm +/- 1.1nm    204:  851.2 nm +/- 1.1nm    254:  969.6 nm +/- 1.1nm  
   155:  735.0 nm +/- 1.1nm    205:  853.6 nm +/- 1.1nm    255:  972.0 nm +/- 1.1nm  
   156:  737.4 nm +/- 1.1nm    206:  855.9 nm +/- 1.1nm    256:  974.4 nm +/- 1.1nm  
   157:  739.8 nm +/- 1.1nm    207:  858.3 nm +/- 1.1nm    257:  976.7 nm +/- 1.1nm  
   158:  742.1 nm +/- 1.1nm    208:  860.7 nm +/- 1.1nm    258:  979.1 nm +/- 1.1nm  
   159:  744.5 nm +/- 1.1nm    209:  863.0 nm +/- 1.1nm    259:  981.5 nm +/- 1.1nm  
   160:  746.9 nm +/- 1.1nm    210:  865.4 nm +/- 1.1nm    260:  983.8 nm +/- 1.1nm  
   161:  749.3 nm +/- 1.1nm    211:  867.8 nm +/- 1.1nm    261:  986.2 nm +/- 1.1nm  
   162:  751.6 nm +/- 1.1nm    212:  870.2 nm +/- 1.1nm    262:  988.6 nm +/- 1.1nm  
   163:  754.0 nm +/- 1.1nm    213:  872.5 nm +/- 1.1nm    263:  990.9 nm +/- 1.1nm  
   164:  756.4 nm +/- 1.1nm    214:  874.9 nm +/- 1.1nm    264:  993.3 nm +/- 1.1nm  
   165:  758.7 nm +/- 1.1nm    215:  877.3 nm +/- 1.1nm    265:  995.7 nm +/- 1.1nm  
   166:  761.1 nm +/- 1.1nm    216:  879.6 nm +/- 1.1nm    266:  998.0 nm +/- 1.1nm  
   167:  763.5 nm +/- 1.1nm    217:  882.0 nm +/- 1.1nm    267: 1000.4 nm +/- 1.1nm  
   168:  765.9 nm +/- 1.1nm    218:  884.4 nm +/- 1.1nm    268: 1002.7 nm +/- 1.1nm 
   169:  768.2 nm +/- 1.1nm    219:  886.7 nm +/- 1.1nm    269: 1005.1 nm +/- 1.1nm 
   170:  770.6 nm +/- 1.1nm    220:  889.1 nm +/- 1.1nm    270: 1007.5 nm +/- 1.1nm 
   171:  773.0 nm +/- 1.1nm    221:  891.5 nm +/- 1.1nm    271: 1009.8 nm +/- 1.1nm 
   172:  775.3 nm +/- 1.1nm    222:  893.8 nm +/- 1.1nm    272: 1012.2 nm +/- 1.1nm 
   173:  777.7 nm +/- 1.1nm    223:  896.2 nm +/- 1.1nm    273: 1014.6 nm +/- 1.1nm 
   174:  780.1 nm +/- 1.1nm    224:  898.6 nm +/- 1.1nm    274: 1016.9 nm +/- 1.1nm 
   175:  782.4 nm +/- 1.1nm    225:  901.0 nm +/- 1.1nm    275: 1019.3 nm +/- 1.1nm 
   176:  784.8 nm +/- 1.1nm    226:  903.3 nm +/- 1.1nm    276: 1021.7 nm +/- 1.1nm 
   177:  787.2 nm +/- 1.1nm    227:  905.7 nm +/- 1.1nm    277: 1024.0 nm +/- 1.1nm 
   178:  789.6 nm +/- 1.1nm    228:  908.1 nm +/- 1.1nm    278: 1026.4 nm +/- 1.1nm 
   179:  791.9 nm +/- 1.1nm    229:  910.4 nm +/- 1.1nm    279: 1028.8 nm +/- 1.1nm 
   180:  794.3 nm +/- 1.1nm    230:  912.8 nm +/- 1.1nm    280: 1031.1 nm +/- 1.1nm 
   181:  796.7 nm +/- 1.1nm    231:  915.2 nm +/- 1.1nm    281: 1033.5 nm +/- 1.1nm 
   182:  799.0 nm +/- 1.1nm    232:  917.5 nm +/- 1.1nm    282: 1035.9 nm +/- 1.1nm 
   183:  801.4 nm +/- 1.1nm    233:  919.9 nm +/- 1.1nm    283: 1038.2 nm +/- 1.1nm 
   184:  803.8 nm +/- 1.1nm    234:  922.3 nm +/- 1.1nm    284: 1040.6 nm +/- 1.1nm 
   185:  806.2 nm +/- 1.1nm    235:  924.6 nm +/- 1.1nm    285: 1042.9 nm +/- 1.1nm 
   186:  808.5 nm +/- 1.1nm    236:  927.0 nm +/- 1.1nm    286: 1045.3 nm +/- 1.1nm 
   187:  810.9 nm +/- 1.1nm    237:  929.4 nm +/- 1.1nm    287: 1047.7 nm +/- 1.1nm 
   188:  813.3 nm +/- 1.1nm    238:  931.7 nm +/- 1.1nm    288: 1050.0 nm +/- 1.1nm 
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   189:  815.6 nm +/- 1.1nm    239:  934.1 nm +/- 1.1nm                    
   190:  818.0 nm +/- 1.1nm    240:  936.5 nm +/- 1.1nm                    
   191:  820.4 nm +/- 1.1nm    241:  938.8 nm +/- 1.1nm                    
   192:  822.8 nm +/- 1.1nm    242:  941.2 nm +/- 1.1nm                    
   193:  825.1 nm +/- 1.1nm    243:  943.6 nm +/- 1.1nm                    
   194:  827.5 nm +/- 1.1nm    244:  945.9 nm +/- 1.1nm                    
   195:  829.9 nm +/- 1.1nm    245:  948.3 nm +/- 1.1nm                    
   196:  832.2 nm +/- 1.1nm    246:  950.7 nm +/- 1.1nm                    
   197:  834.6 nm +/- 1.1nm    247:  953.1 nm +/- 1.1nm                    
   198:  837.0 nm +/- 1.1nm    248:  955.4 nm +/- 1.1nm                    
   199:  839.3 nm +/- 1.1nm    249:  957.8 nm +/- 1.1nm                    
   200:  841.7 nm +/- 1.1nm    250:  960.2 nm +/- 1.1nm                    
                           
                           
                           
  

ESA BARRAX 2005 July 12 VNIR288 Hyperspectral Bandset   (1/2) 
 
Filename(s): 

casi0712barrax_288b_*.pix   
 
Spectral Channel Description: 
   001:  370.8 nm +/- 1.1nm    051:  489.2 nm +/- 1.1nm    101:  607.7 nm +/- 1.1nm  
   002:  373.1 nm +/- 1.1nm    052:  491.6 nm +/- 1.1nm    102:  610.1 nm +/- 1.1nm  
   003:  375.5 nm +/- 1.1nm    053:  493.9 nm +/- 1.1nm    103:  612.5 nm +/- 1.1nm  
   004:  377.9 nm +/- 1.1nm    054:  496.3 nm +/- 1.1nm    104:  614.9 nm +/- 1.1nm  
   005:  380.2 nm +/- 1.1nm    055:  498.7 nm +/- 1.1nm    105:  617.2 nm +/- 1.1nm  
   006:  382.6 nm +/- 1.1nm    056:  501.0 nm +/- 1.1nm    106:  619.6 nm +/- 1.1nm  
   007:  385.0 nm +/- 1.1nm    057:  503.4 nm +/- 1.1nm    107:  622.0 nm +/- 1.1nm  
   008:  387.3 nm +/- 1.1nm    058:  505.8 nm +/- 1.1nm    108:  624.3 nm +/- 1.1nm  
   009:  389.7 nm +/- 1.1nm    059:  508.2 nm +/- 1.1nm    109:  626.7 nm +/- 1.1nm  
   010:  392.1 nm +/- 1.1nm    060:  510.5 nm +/- 1.1nm    110:  629.1 nm +/- 1.1nm  
   011:  394.4 nm +/- 1.1nm    061:  512.9 nm +/- 1.1nm    111:  631.5 nm +/- 1.1nm  
   012:  396.8 nm +/- 1.1nm    062:  515.3 nm +/- 1.1nm    112:  633.8 nm +/- 1.1nm  
   013:  399.2 nm +/- 1.1nm    063:  517.6 nm +/- 1.1nm    113:  636.2 nm +/- 1.1nm  
   014:  401.5 nm +/- 1.1nm    064:  520.0 nm +/- 1.1nm    114:  638.6 nm +/- 1.1nm  
   015:  403.9 nm +/- 1.1nm    065:  522.4 nm +/- 1.1nm    115:  640.9 nm +/- 1.1nm  
   016:  406.3 nm +/- 1.1nm    066:  524.7 nm +/- 1.1nm    116:  643.3 nm +/- 1.1nm  
   017:  408.6 nm +/- 1.1nm    067:  527.1 nm +/- 1.1nm    117:  645.7 nm +/- 1.1nm  
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   018:  411.0 nm +/- 1.1nm    068:  529.5 nm +/- 1.1nm    118:  648.1 nm +/- 1.1nm  
   019:  413.4 nm +/- 1.1nm    069:  531.9 nm +/- 1.1nm    119:  650.4 nm +/- 1.1nm  
   020:  415.7 nm +/- 1.1nm    070:  534.2 nm +/- 1.1nm    120:  652.8 nm +/- 1.1nm  
   021:  418.1 nm +/- 1.1nm    071:  536.6 nm +/- 1.1nm    121:  655.2 nm +/- 1.1nm  
   022:  420.5 nm +/- 1.1nm    072:  539.0 nm +/- 1.1nm    122:  657.6 nm +/- 1.1nm  
   023:  422.8 nm +/- 1.1nm    073:  541.3 nm +/- 1.1nm    123:  659.9 nm +/- 1.1nm  
   024:  425.2 nm +/- 1.1nm    074:  543.7 nm +/- 1.1nm    124:  662.3 nm +/- 1.1nm  
   025:  427.6 nm +/- 1.1nm    075:  546.1 nm +/- 1.1nm    125:  664.7 nm +/- 1.1nm  
   026:  430.0 nm +/- 1.1nm    076:  548.5 nm +/- 1.1nm    126:  667.0 nm +/- 1.1nm  
   027:  432.3 nm +/- 1.1nm    077:  550.8 nm +/- 1.1nm    127:  669.4 nm +/- 1.1nm  
   028:  434.7 nm +/- 1.1nm    078:  553.2 nm +/- 1.1nm    128:  671.8 nm +/- 1.1nm  
   029:  437.1 nm +/- 1.1nm    079:  555.6 nm +/- 1.1nm    129:  674.2 nm +/- 1.1nm  
   030:  439.4 nm +/- 1.1nm    080:  557.9 nm +/- 1.1nm    130:  676.5 nm +/- 1.1nm  
   031:  441.8 nm +/- 1.1nm    081:  560.3 nm +/- 1.1nm    131:  678.9 nm +/- 1.1nm  
   032:  444.2 nm +/- 1.1nm    082:  562.7 nm +/- 1.1nm    132:  681.3 nm +/- 1.1nm  
   033:  446.5 nm +/- 1.1nm    083:  565.1 nm +/- 1.1nm    133:  683.6 nm +/- 1.1nm  
   034:  448.9 nm +/- 1.1nm    084:  567.4 nm +/- 1.1nm    134:  686.0 nm +/- 1.1nm  
   035:  451.3 nm +/- 1.1nm    085:  569.8 nm +/- 1.1nm    135:  688.4 nm +/- 1.1nm  
   036:  453.6 nm +/- 1.1nm    086:  572.2 nm +/- 1.1nm    136:  690.8 nm +/- 1.1nm  
   037:  456.0 nm +/- 1.1nm    087:  574.5 nm +/- 1.1nm    137:  693.1 nm +/- 1.1nm  
   038:  458.4 nm +/- 1.1nm    088:  576.9 nm +/- 1.1nm    138:  695.5 nm +/- 1.1nm  
   039:  460.8 nm +/- 1.1nm    089:  579.3 nm +/- 1.1nm    139:  697.9 nm +/- 1.1nm  
   040:  463.1 nm +/- 1.1nm    090:  581.7 nm +/- 1.1nm    140:  700.2 nm +/- 1.1nm  
   041:  465.5 nm +/- 1.1nm    091:  584.0 nm +/- 1.1nm    141:  702.6 nm +/- 1.1nm  
   042:  467.9 nm +/- 1.1nm    092:  586.4 nm +/- 1.1nm    142:  705.0 nm +/- 1.1nm  
   043:  470.2 nm +/- 1.1nm    093:  588.8 nm +/- 1.1nm    143:  707.4 nm +/- 1.1nm  
   044:  472.6 nm +/- 1.1nm    094:  591.1 nm +/- 1.1nm    144:  709.7 nm +/- 1.1nm  
   045:  475.0 nm +/- 1.1nm    095:  593.5 nm +/- 1.1nm    145:  712.1 nm +/- 1.1nm  
   046:  477.3 nm +/- 1.1nm    096:  595.9 nm +/- 1.1nm    146:  714.5 nm +/- 1.1nm  
   047:  479.7 nm +/- 1.1nm    097:  598.3 nm +/- 1.1nm    147:  716.8 nm +/- 1.1nm  
   048:  482.1 nm +/- 1.1nm    098:  600.6 nm +/- 1.1nm    148:  719.2 nm +/- 1.1nm  
   049:  484.5 nm +/- 1.1nm    099:  603.0 nm +/- 1.1nm    149:  721.6 nm +/- 1.1nm  
   050:  486.8 nm +/- 1.1nm    100:  605.4 nm +/- 1.1nm    150:  724.0 nm +/- 1.1nm  
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   151:  726.3 nm +/- 1.1nm    201:  844.9 nm +/- 1.1nm    251:  963.3 nm +/- 1.1nm  
   152:  728.7 nm +/- 1.1nm    202:  847.3 nm +/- 1.1nm    252:  965.7 nm +/- 1.1nm  
   153:  731.1 nm +/- 1.1nm    203:  849.6 nm +/- 1.1nm    253:  968.1 nm +/- 1.1nm  
   154:  733.4 nm +/- 1.1nm    204:  852.0 nm +/- 1.1nm    254:  970.4 nm +/- 1.1nm  
   155:  735.8 nm +/- 1.1nm    205:  854.4 nm +/- 1.1nm    255:  972.8 nm +/- 1.1nm  
   156:  738.2 nm +/- 1.1nm    206:  856.7 nm +/- 1.1nm    256:  975.2 nm +/- 1.1nm  
   157:  740.6 nm +/- 1.1nm    207:  859.1 nm +/- 1.1nm    257:  977.5 nm +/- 1.1nm  
   158:  742.9 nm +/- 1.1nm    208:  861.5 nm +/- 1.1nm    258:  979.9 nm +/- 1.1nm  
   159:  745.3 nm +/- 1.1nm    209:  863.8 nm +/- 1.1nm    259:  982.3 nm +/- 1.1nm  
   160:  747.7 nm +/- 1.1nm    210:  866.2 nm +/- 1.1nm    260:  984.6 nm +/- 1.1nm  
   161:  750.1 nm +/- 1.1nm    211:  868.6 nm +/- 1.1nm    261:  987.0 nm +/- 1.1nm  
   162:  752.4 nm +/- 1.1nm    212:  871.0 nm +/- 1.1nm    262:  989.4 nm +/- 1.1nm  
   163:  754.8 nm +/- 1.1nm    213:  873.3 nm +/- 1.1nm    263:  991.7 nm +/- 1.1nm  
   164:  757.2 nm +/- 1.1nm    214:  875.7 nm +/- 1.1nm    264:  994.1 nm +/- 1.1nm  
   165:  759.5 nm +/- 1.1nm    215:  878.1 nm +/- 1.1nm    265:  996.5 nm +/- 1.1nm  
   166:  761.9 nm +/- 1.1nm    216:  880.4 nm +/- 1.1nm    266:  998.8 nm +/- 1.1nm  
   167:  764.3 nm +/- 1.1nm    217:  882.8 nm +/- 1.1nm    267: 1001.2 nm +/- 1.1nm  
   168:  766.7 nm +/- 1.1nm    218:  885.2 nm +/- 1.1nm    268: 1003.5 nm +/- 1.1nm  
   169:  769.0 nm +/- 1.1nm    219:  887.5 nm +/- 1.1nm    269: 1005.9 nm +/- 1.1nm  
   170:  771.4 nm +/- 1.1nm    220:  889.9 nm +/- 1.1nm    270: 1008.3 nm +/- 1.1nm  
   171:  773.8 nm +/- 1.1nm    221:  892.3 nm +/- 1.1nm    271: 1010.6 nm +/- 1.1nm  
   172:  776.1 nm +/- 1.1nm    222:  894.6 nm +/- 1.1nm    272: 1013.0 nm +/-1.1nm          
    173:  778.5 nm +/- 1.1nm    223:  897.0 nm +/- 1.1nm    273: 1015.4 nm +/-1.1nm  
   174:  780.9 nm +/- 1.1nm    224:  899.4 nm +/- 1.1nm    274: 1017.7 nm +/-1.1nm  
   175:  783.2 nm +/- 1.1nm    225:  901.8 nm +/- 1.1nm    275: 1020.1 nm +/-1.1nm  
   176:  785.6 nm +/- 1.1nm    226:  904.1 nm +/- 1.1nm    276: 1022.5 nm +/-1.1nm  
   177:  788.0 nm +/- 1.1nm    227:  906.5 nm +/- 1.1nm    277: 1024.8 nm +/-1.1nm  
   178:  790.4 nm +/- 1.1nm    228:  908.9 nm +/- 1.1nm    278: 1027.2 nm +/-1.1nm  
   179:  792.7 nm +/- 1.1nm    229:  911.2 nm +/- 1.1nm    279: 1029.6 nm +/-1.1nm  
   180:  795.1 nm +/- 1.1nm    230:  913.6 nm +/- 1.1nm    280: 1031.9 nm +/-1.1nm  
   181:  797.5 nm +/- 1.1nm    231:  916.0 nm +/- 1.1nm    281: 1034.3 nm +/-1.1nm  
   182:  799.8 nm +/- 1.1nm    232:  918.3 nm +/- 1.1nm    282: 1036.7 nm +/-1.1nm  
   183:  802.2 nm +/- 1.1nm    233:  920.7 nm +/- 1.1nm    283: 1039.0 nm +/-1.1nm  
   184:  804.6 nm +/- 1.1nm    234:  923.1 nm +/- 1.1nm    284: 1041.4 nm +/-1.1nm  
   185:  807.0 nm +/- 1.1nm    235:  925.4 nm +/- 1.1nm    285: 1043.7 nm +/-1.1nm  
   186:  809.3 nm +/- 1.1nm    236:  927.8 nm +/- 1.1nm    286: 1046.1 nm +/-1.1nm  
   187:  811.7 nm +/- 1.1nm    237:  930.2 nm +/- 1.1nm    287: 1048.5 nm +/-1.1nm  
   188:  814.1 nm +/- 1.1nm    238:  932.5 nm +/- 1.1nm    288: 1050.8 nm +/-1.1nm  
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   189:  816.4 nm +/- 1.1nm    239:  934.9 nm +/- 1.1nm  
   190:  818.8 nm +/- 1.1nm    240:  937.3 nm +/- 1.1nm  
   191:  821.2 nm +/- 1.1nm    241:  939.6 nm +/- 1.1nm  
   192:  823.6 nm +/- 1.1nm    242:  942.0 nm +/- 1.1nm  
   193:  825.9 nm +/- 1.1nm    243:  944.4 nm +/- 1.1nm  
   194:  828.3 nm +/- 1.1nm    244:  946.8 nm +/- 1.1nm  
   195:  830.7 nm +/- 1.1nm    245:  949.1 nm +/- 1.1nm  
   196:  833.0 nm +/- 1.1nm    246:  951.5 nm +/- 1.1nm  
   197:  835.4 nm +/- 1.1nm    247:  953.9 nm +/- 1.1nm  
   198:  837.8 nm +/- 1.1nm    248:  956.2 nm +/- 1.1nm  
   199:  840.1 nm +/- 1.1nm    249:  958.6 nm +/- 1.1nm  
   200:  842.5 nm +/- 1.1nm    250:  961.0 nm +/- 1.1nm  
                                 
 

ESA BARRAX 2005 July 13/14 VNIR144 Hyperspectral Bandset   (1/2) 
 
 Filename(s): 

casi0713Abarrax_144b_*g.pix  
casi0713Bbarrax_144b_*g.pix  

 
 Spectral Channel Description: 
   001:  373.1 nm +/- 2.3nm    051:  610.1 nm +/- 2.3nm    101:  847.3 nm +/- 2.3nm  
   002:  377.9 nm +/- 2.3nm    052:  614.9 nm +/- 2.3nm    102:  852.0 nm +/- 2.3nm  
   003:  382.6 nm +/- 2.3nm    053:  619.6 nm +/- 2.3nm    103:  856.8 nm +/- 2.3nm  
   004:  387.3 nm +/- 2.3nm    054:  624.4 nm +/- 2.3nm    104:  861.5 nm +/- 2.3nm  
   005:  392.1 nm +/- 2.3nm    055:  629.1 nm +/- 2.3nm    105:  866.2 nm +/- 2.3nm  
   006:  396.8 nm +/- 2.3nm    056:  633.8 nm +/- 2.3nm    106:  871.0 nm +/- 2.3nm  
   007:  401.6 nm +/- 2.3nm    057:  638.6 nm +/- 2.3nm    107:  875.7 nm +/- 2.3nm  
   008:  406.3 nm +/- 2.3nm    058:  643.3 nm +/- 2.3nm    108:  880.4 nm +/- 2.3nm  
   009:  411.0 nm +/- 2.3nm    059:  648.1 nm +/- 2.3nm    109:  885.2 nm +/- 2.3nm  
   010:  415.8 nm +/- 2.3nm    060:  652.8 nm +/- 2.3nm    110:  889.9 nm +/- 2.3nm  
   011:  420.5 nm +/- 2.3nm    061:  657.6 nm +/- 2.3nm    111:  894.7 nm +/- 2.3nm  
   012:  425.2 nm +/- 2.3nm    062:  662.3 nm +/- 2.3nm    112:  899.4 nm +/- 2.3nm  
   013:  430.0 nm +/- 2.3nm    063:  667.1 nm +/- 2.3nm    113:  904.1 nm +/- 2.3nm  
   014:  434.7 nm +/- 2.3nm    064:  671.8 nm +/- 2.3nm    114:  908.9 nm +/- 2.3nm  
   015:  439.4 nm +/- 2.3nm    065:  676.5 nm +/- 2.3nm    115:  913.6 nm +/- 2.3nm  
   016:  444.2 nm +/- 2.3nm    066:  681.3 nm +/- 2.3nm    116:  918.4 nm +/- 2.3nm  
   017:  448.9 nm +/- 2.3nm    067:  686.0 nm +/- 2.3nm    117:  923.1 nm +/- 2.3nm  
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   018:  453.7 nm +/- 2.3nm    068:  690.8 nm +/- 2.3nm    118:  927.8 nm +/- 2.3nm  
   019:  458.4 nm +/- 2.3nm    069:  695.5 nm +/- 2.3nm    119:  932.6 nm +/- 2.3nm  
   020:  463.1 nm +/- 2.3nm    070:  700.3 nm +/- 2.3nm    120:  937.3 nm +/- 2.3nm  
   021:  467.9 nm +/- 2.3nm    071:  705.0 nm +/- 2.3nm    121:  942.0 nm +/- 2.3nm  
   022:  472.6 nm +/- 2.3nm    072:  709.7 nm +/- 2.3nm    122:  946.8 nm +/- 2.3nm  
   023:  477.4 nm +/- 2.3nm    073:  714.5 nm +/- 2.3nm    123:  951.5 nm +/- 2.3nm  
   024:  482.1 nm +/- 2.3nm    074:  719.2 nm +/- 2.3nm    124:  956.2 nm +/- 2.3nm  
   025:  486.8 nm +/- 2.3nm    075:  724.0 nm +/- 2.3nm    125:  961.0 nm +/- 2.3nm  
   026:  491.6 nm +/- 2.3nm    076:  728.7 nm +/- 2.3nm    126:  965.7 nm +/- 2.3nm  
   027:  496.3 nm +/- 2.3nm    077:  733.5 nm +/- 2.3nm    127:  970.4 nm +/- 2.3nm  
   028:  501.1 nm +/- 2.3nm    078:  738.2 nm +/- 2.3nm    128:  975.2 nm +/- 2.3nm  
   029:  505.8 nm +/- 2.3nm    079:  742.9 nm +/- 2.3nm    129:  979.9 nm +/- 2.3nm  
   030:  510.5 nm +/- 2.3nm    080:  747.7 nm +/- 2.3nm    130:  984.6 nm +/- 2.3nm  
   031:  515.3 nm +/- 2.3nm    081:  752.4 nm +/- 2.3nm    131:  989.4 nm +/- 2.3nm  
   032:  520.0 nm +/- 2.3nm    082:  757.2 nm +/- 2.3nm    132:  994.1 nm +/- 2.3nm  
   033:  524.8 nm +/- 2.3nm    083:  761.9 nm +/- 2.3nm    133:  998.8 nm +/- 2.3nm  
   034:  529.5 nm +/- 2.3nm    084:  766.7 nm +/- 2.3nm    134: 1003.6 nm +/- 2.3nm 
   035:  534.2 nm +/- 2.3nm    085:  771.4 nm +/- 2.3nm    135: 1008.3 nm +/- 2.3nm 
   036:  539.0 nm +/- 2.3nm    086:  776.1 nm +/- 2.3nm    136: 1013.0 nm +/- 2.3nm 
   037:  543.7 nm +/- 2.3nm    087:  780.9 nm +/- 2.3nm    137: 1017.8 nm +/- 2.3nm 
   038:  548.5 nm +/- 2.3nm    088:  785.6 nm +/- 2.3nm    138: 1022.5 nm +/- 2.3nm 
   039:  553.2 nm +/- 2.3nm    089:  790.4 nm +/- 2.3nm    139: 1027.2 nm +/- 2.3nm 
   040:  558.0 nm +/- 2.3nm    090:  795.1 nm +/- 2.3nm    140: 1031.9 nm +/- 2.3nm 
   041:  562.7 nm +/- 2.3nm    091:  799.9 nm +/- 2.3nm    141: 1036.7 nm +/- 2.3nm 
   042:  567.4 nm +/- 2.3nm    092:  804.6 nm +/- 2.3nm    142: 1041.4 nm +/- 2.3nm 
   043:  572.2 nm +/- 2.3nm    093:  809.3 nm +/- 2.3nm    143: 1046.1 nm +/- 2.3nm 
   044:  576.9 nm +/- 2.3nm    094:  814.1 nm +/- 2.3nm    144: 1050.9 nm +/- 2.3nm 
   045:  581.7 nm +/- 2.3nm    095:  818.8 nm +/- 2.3nm                    
   046:  586.4 nm +/- 2.3nm    096:  823.6 nm +/- 2.3nm                    
   047:  591.2 nm +/- 2.3nm    097:  828.3 nm +/- 2.3nm                    
   048:  595.9 nm +/- 2.3nm    098:  833.0 nm +/- 2.3nm                    
   049:  600.6 nm +/- 2.3nm    099:  837.8 nm +/- 2.3nm                    
   050:  605.4 nm +/- 2.3nm    100:  842.5 nm +/- 2.3nm                    
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ESA BARRAX 2005 July 13/14 VNIR288 Hyperspectral Bandset   (1/2) 
 
Filename(s):  casi0713Abarrax_288b_*g.pix     

casi0713Bbarrax_288b_*g.pix    
casi0714Abarrax_288b_*g.pix  
casi0714Bbarrax_288b_*g.pix 

 
Spectral Channel Description: 
   001:  372.0 nm+/- 1.1nm    051:  490.4 nm +/- 1.1nm   101:  608.9 nm +/- 1.1nm 
   002:  374.3 nm+/- 1.1nm    052:  492.8 nm +/- 1.1nm   102:  611.3 nm +/- 1.1nm 
   003:  376.7 nm+/- 1.1nm    053:  495.1 nm +/- 1.1nm   103:  613.7 nm +/- 1.1nm 
   004:  379.1 nm+/- 1.1nm    054:  497.5 nm +/- 1.1nm   104:  616.1 nm +/- 1.1nm 
   005:  381.4 nm+/- 1.1nm    055:  499.9 nm +/- 1.1nm   105:  618.4 nm +/- 1.1nm 
   006:  383.8 nm+/- 1.1nm    056:  502.2 nm +/- 1.1nm   106:  620.8 nm +/- 1.1nm 
   007:  386.2 nm+/- 1.1nm    057:  504.6 nm +/- 1.1nm   107:  623.2 nm +/- 1.1nm 
   008:  388.5 nm+/- 1.1nm    058:  507.0 nm +/- 1.1nm   108:  625.5 nm +/- 1.1nm 
   009:  390.9 nm+/- 1.1nm    059:  509.4 nm +/- 1.1nm   109:  627.9 nm +/- 1.1nm 
   010:  393.3 nm+/- 1.1nm    060:  511.7 nm +/- 1.1nm   110:  630.3 nm +/- 1.1nm 
   011:  395.6 nm+/- 1.1nm    061:  514.1 nm +/- 1.1nm   111:  632.7 nm +/- 1.1nm 
   012:  398.0 nm+/- 1.1nm    062:  516.5 nm +/- 1.1nm   112:  635.0 nm +/- 1.1nm 
   013:  400.4 nm+/- 1.1nm    063:  518.8 nm +/- 1.1nm   113:  637.4 nm +/- 1.1nm 
   014:  402.7 nm+/- 1.1nm    064:  521.2 nm +/- 1.1nm   114:  639.8 nm +/- 1.1nm 
   015:  405.1 nm+/- 1.1nm    065:  523.6 nm +/- 1.1nm   115:  642.1 nm +/- 1.1nm 
   016:  407.5 nm+/- 1.1nm    066:  525.9 nm +/- 1.1nm   116:  644.5 nm +/- 1.1nm 
   017:  409.8 nm+/- 1.1nm    067:  528.3 nm +/- 1.1nm   117:  646.9 nm +/- 1.1nm 
   018:  412.2 nm+/- 1.1nm    068:  530.7 nm +/- 1.1nm   118:  649.3 nm +/- 1.1nm 
   019:  414.6 nm+/- 1.1nm    069:  533.1 nm +/- 1.1nm   119:  651.6 nm +/- 1.1nm 
   020:  416.9 nm+/- 1.1nm    070:  535.4 nm +/- 1.1nm   120:  654.0 nm +/- 1.1nm 
   021:  419.3 nm+/- 1.1nm    071:  537.8 nm +/- 1.1nm   121:  656.4 nm +/- 1.1nm 
   022:  421.7 nm+/- 1.1nm    072:  540.2 nm +/- 1.1nm   122:  658.8 nm +/- 1.1nm 
   023:  424.0 nm+/- 1.1nm    073:  542.5 nm +/- 1.1nm   123:  661.1 nm +/- 1.1nm 
   024:  426.4 nm+/- 1.1nm    074:  544.9 nm +/- 1.1nm   124:  663.5 nm +/- 1.1nm 
   025:  428.8 nm+/- 1.1nm    075:  547.3 nm +/- 1.1nm   125:  665.9 nm +/- 1.1nm 
   026:  431.2 nm+/- 1.1nm    076:  549.7 nm +/- 1.1nm   126:  668.2 nm +/- 1.1nm 
   027:  433.5 nm+/- 1.1nm    077:  552.0 nm +/- 1.1nm   127:  670.6 nm +/- 1.1nm 
   028:  435.9 nm+/- 1.1nm    078:  554.4 nm +/- 1.1nm   128:  673.0 nm +/- 1.1nm 
   029:  438.3 nm+/- 1.1nm    079:  556.8 nm +/- 1.1nm   129:  675.4 nm +/- 1.1nm 
   030:  440.6 nm+/- 1.1nm    080:  559.1 nm +/- 1.1nm   130:  677.7 nm +/- 1.1nm 
   031:  443.0 nm+/- 1.1nm    081:  561.5 nm +/- 1.1nm   131:  680.1 nm +/- 1.1nm 
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   032:  445.4 nm+/- 1.1nm    082:  563.9 nm +/- 1.1nm   132:  682.5 nm +/- 1.1nm 
   033:  447.7 nm+/- 1.1nm    083:  566.3 nm +/- 1.1nm   133:  684.8 nm +/- 1.1nm 
   034:  450.1 nm+/- 1.1nm    084:  568.6 nm +/- 1.1nm   134:  687.2 nm +/- 1.1nm 
   035:  452.5 nm+/- 1.1nm    085:  571.0 nm +/- 1.1nm   135:  689.6 nm +/- 1.1nm 
   036:  454.8 nm+/- 1.1nm    086:  573.4 nm +/- 1.1nm   136:  692.0 nm +/- 1.1nm 
   037:  457.2 nm+/- 1.1nm    087:  575.7 nm +/- 1.1nm   137:  694.3 nm +/- 1.1nm 
   038:  459.6 nm+/- 1.1nm    088:  578.1 nm +/- 1.1nm   138:  696.7 nm +/- 1.1nm 
   039:  462.0 nm+/- 1.1nm    089:  580.5 nm +/- 1.1nm   139:  699.1 nm +/- 1.1nm 
   040:  464.3 nm+/- 1.1nm    090:  582.9 nm +/- 1.1nm   140:  701.4 nm +/- 1.1nm 
   041:  466.7 nm+/- 1.1nm    091:  585.2 nm +/- 1.1nm   141:  703.8 nm +/- 1.1nm 
   042:  469.1 nm+/- 1.1nm    092:  587.6 nm +/- 1.1nm   142:  706.2 nm +/- 1.1nm 
   043:  471.4 nm+/- 1.1nm    093:  590.0 nm +/- 1.1nm   143:  708.6 nm +/- 1.1nm 
   044:  473.8 nm+/- 1.1nm    094:  592.3 nm +/- 1.1nm   144:  710.9 nm +/- 1.1nm 
   045:  476.2 nm+/- 1.1nm    095:  594.7 nm +/- 1.1nm   145:  713.3 nm +/- 1.1nm 
   046:  478.5 nm+/- 1.1nm    096:  597.1 nm +/- 1.1nm   146:  715.7 nm +/- 1.1nm 
   047:  480.9 nm+/- 1.1nm    097:  599.5 nm +/- 1.1nm   147:  718.0 nm +/- 1.1nm 
   048:  483.3 nm+/- 1.1nm    098:  601.8 nm +/- 1.1nm   148:  720.4 nm +/- 1.1nm 
   049:  485.7 nm+/- 1.1nm    099:  604.2 nm +/- 1.1nm   149:  722.8 nm +/- 1.1nm 
   050:  488.0 nm+/- 1.1nm    100:  606.6 nm +/- 1.1nm   150:  725.2 nm +/- 1.1nm 
 

ESA BARRAX 2005 July 13/14 VNIR288 Hyperspectral Bandset   (2/2) 
 
Filename(s):   

casi0714Abarrax_288b_3x3m_Ag.pix   casi0714Abarrax_288b_3x3m_Bg.pix 
casi0714Abarrax_288b_6x1m_Ag.pix   casi0714Abarrax_288b_6x1m_Bg.pix 
casi0714Bbarrax_288b_3x3m_Ag.pix   casi0714Bbarrax_288b_3x3m_Bg.pix 
casi0714Bbarrax_288b_6x1m_Ag.pix   casi0714Bbarrax_288b_6x1m_Bg.pix 

                                                       
   151:  727.5 nm+/- 1.1nm    201:  846.1 nm +/- 1.1nm   251:  964.5 nm +/- 1.1nm  
   152:  729.9 nm+/- 1.1nm    202:  848.5 nm +/- 1.1nm   252:  966.9 nm +/- 1.1nm  
   153:  732.3 nm+/- 1.1nm    203:  850.8 nm +/- 1.1nm   253:  969.3 nm +/- 1.1nm  
   154:  734.6 nm+/- 1.1nm    204:  853.2 nm +/- 1.1nm   254:  971.6 nm +/- 1.1nm  
   155:  737.0 nm+/- 1.1nm    205:  855.6 nm +/- 1.1nm   255:  974.0 nm +/- 1.1nm  
   156:  739.4 nm+/- 1.1nm    206:  857.9 nm +/- 1.1nm   256:  976.4 nm +/- 1.1nm  
   157:  741.8 nm+/- 1.1nm    207:  860.3 nm +/- 1.1nm   257:  978.7 nm +/- 1.1nm  
   158:  744.1 nm+/- 1.1nm    208:  862.7 nm +/- 1.1nm   258:  981.1 nm +/- 1.1nm  
   159:  746.5 nm+/- 1.1nm    209:  865.0 nm +/- 1.1nm   259:  983.5 nm +/- 1.1nm  
   160:  748.9 nm+/- 1.1nm    210:  867.4 nm +/- 1.1nm   260:  985.8 nm +/- 1.1nm  
   161:  751.3 nm+/- 1.1nm    211:  869.8 nm +/- 1.1nm   261:  988.2 nm +/- 1.1nm  
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   162:  753.6 nm+/- 1.1nm    212:  872.2 nm +/- 1.1nm   262:  990.6 nm +/- 1.1nm  
   163:  756.0 nm+/- 1.1nm    213:  874.5 nm +/- 1.1nm   263:  992.9 nm +/- 1.1nm  
   164:  758.4 nm+/- 1.1nm    214:  876.9 nm +/- 1.1nm   264:  995.3 nm +/- 1.1nm  
   165:  760.7 nm+/- 1.1nm    215:  879.3 nm +/- 1.1nm   265:  997.7 nm +/- 1.1nm  
   166:  763.1 nm+/- 1.1nm    216:  881.6 nm +/- 1.1nm   266: 1000.0 nm +/- 1.1nm  
   167:  765.5 nm+/- 1.1nm    217:  884.0 nm +/- 1.1nm   267: 1002.4 nm +/- 1.1nm  
   168:  767.9 nm+/- 1.1nm    218:  886.4 nm +/- 1.1nm   268: 1004.7 nm +/- 1.1nm  
   169:  770.2 nm+/- 1.1nm    219:  888.7 nm +/- 1.1nm   269: 1007.1 nm +/- 1.1nm  
   170:  772.6 nm+/- 1.1nm    220:  891.1 nm +/- 1.1nm   270: 1009.5 nm +/- 1.1nm  
   171:  775.0 nm+/- 1.1nm    221:  893.5 nm +/- 1.1nm   271: 1011.8 nm +/- 1.1nm  
   172:  777.3 nm+/- 1.1nm    222:  895.8 nm +/- 1.1nm   272: 1014.2 nm +/- 1.1nm  
   173:  779.7 nm+/- 1.1nm    223:  898.2 nm +/- 1.1nm   273: 1016.6 nm +/- 1.1nm  
   174:  782.1 nm+/- 1.1nm    224:  900.6 nm +/- 1.1nm   274: 1018.9 nm +/- 1.1nm  
   175:  784.4 nm+/- 1.1nm    225:  903.0 nm +/- 1.1nm   275: 1021.3 nm +/- 1.1nm  
   176:  786.8 nm+/- 1.1nm    226:  905.3 nm +/- 1.1nm   276: 1023.7 nm +/- 1.1nm  
   177:  789.2 nm+/- 1.1nm    227:  907.7 nm +/- 1.1nm   277: 1026.0 nm +/- 1.1nm  
   178:  791.6 nm+/- 1.1nm    228:  910.1 nm +/- 1.1nm   278: 1028.4 nm +/- 1.1nm  
   179:  793.9 nm+/- 1.1nm    229:  912.4 nm +/- 1.1nm   279: 1030.8 nm +/- 1.1nm  
   180:  796.3 nm+/- 1.1nm    230:  914.8 nm +/- 1.1nm   280: 1033.1 nm +/- 1.1nm  
   181:  798.7 nm+/- 1.1nm    231:  917.2 nm +/- 1.1nm   281: 1035.5 nm +/- 1.1nm  
   182:  801.0 nm+/- 1.1nm    232:  919.5 nm +/- 1.1nm   282: 1037.9 nm +/- 1.1nm  
   183:  803.4 nm+/- 1.1nm    233:  921.9 nm +/- 1.1nm   283: 1040.2 nm +/- 1.1nm  
   184:  805.8 nm+/- 1.1nm    234:  924.3 nm +/- 1.1nm   284: 1042.6 nm +/- 1.1nm  
   185:  808.2 nm+/- 1.1nm    235:  926.6 nm +/- 1.1nm   285: 1044.9 nm +/- 1.1nm  
   186:  810.5 nm+/- 1.1nm    236:  929.0 nm +/- 1.1nm   286: 1047.3 nm +/- 1.1nm  
   187:  812.9 nm+/- 1.1nm    237:  931.4 nm +/- 1.1nm   287: 1049.7 nm +/- 1.1nm  
   188:  815.3 nm+/- 1.1nm    238:  933.7 nm +/- 1.1nm   288: 1052.0 nm +/- 1.1nm  
   189:  817.6 nm+/- 1.1nm    239:  936.1 nm +/- 1.1nm  
   190:  820.0 nm+/- 1.1nm    240:  938.5 nm +/- 1.1nm  
   191:  822.4 nm+/- 1.1nm    241:  940.8 nm +/- 1.1nm  
   192:  824.8 nm+/- 1.1nm    242:  943.2 nm +/- 1.1nm  
   193:  827.1 nm+/- 1.1nm    243:  945.6 nm +/- 1.1nm  
   194:  829.5 nm+/- 1.1nm    244:  948.0 nm +/- 1.1nm  
   195:  831.9 nm+/- 1.1nm    245:  950.3 nm +/- 1.1nm  
   196:  834.2 nm+/- 1.1nm    246:  952.7 nm +/- 1.1nm  
   197:  836.6 nm+/- 1.1nm    247:  955.1 nm +/- 1.1nm  
   198:  839.0 nm+/- 1.1nm    248:  957.4 nm +/- 1.1nm  
   199:  841.3 nm+/- 1.1nm    249:  959.8 nm +/- 1.1nm  
   200:  843.7 nm+/- 1.1nm    250:  962.2 nm +/- 1.1nm  
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