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1. INTRODUCTION

Chlorophyll sun-induced red and far-red fluorescence retrieval from space was recently proposed as a possible candidate for
monitoring the vegetation status at global scale. However, vegetation fluorescence detection is very difficult. Due to the very
weak fluorescence emission signal in comparison to the reflected signal, detection is only possible by performing radiance
measurements in some of the atmospheric absorption bands (O,A and O,B). Here solar radiation is strongly attenuated while
passively induced fluorescence is minimally influenced by the energy loss in these spectral regions.

To obtain an accurate retrieval of any information in these regions it is necessary to use high spectral resolution forward
modeling and fitting. A general study of the algorithm was first performed at the maximum spectral resolution of
MODTRANS , i.e. 0.1 cm™ [1]. All the efforts were then focused to determine the possibility of a still accurate fluorescence
retrieval at the VIS-NIR fluorescence Imaging Spectrometer (FIS) resolution (2 cm™ ) of the ESA FLEX mission [2].

For fluorescence simulation we used the output file of a program (FluorSAIL) [3] which utilizes a leaf-canopy model to
produce the vegetation signal.

To fit the two red and far-red fluorescence bands, two spectroscopic functions were searched that could fit simulated
fluorescence with a minimum number of parameters. To properly decouple the reflected signal from fluorescence,
reflectance was fitted along with fluorescence. The fitting procedure assumes a smooth reflectance spectrum which
represents the unique external information available, and simulates the retrieved spectra by means of an ancillary instrument
monitoring vegetation from space along with the FIS instrument. The same fluorescence and reflectance mathematical
models were used to fit the simulations performed by locating the sensor at the top of atmosphere (TOA) and on ground. It
is important that in both cases retrieval could be made with the same algorithm. The measurements performed on ground are
useful for validation and instrument calibration.

2. FLUORESCENCE AND REFLECTANCE MATHEMATICAL MODELS

The two O,B and O,A spectral observation windows of FIS instrument are 20 nm wide and are nearby the red peak of the
chlorophyll fluorescence band and the shoulder of the far-red one, respectively. The radiance data collected in these two
separate spectral windows can be examined together if one spectral mathematical model is used for fluorescence. In fact, for
monitoring at global scale, a faithful reproduction of fluorescence in the two spectral windows is required but also other
information like the peak ratio between the two major emission bands would be desirable. We found that by fitting the two
fluorescence bands by means of two Voigt functions (8 parameters), it is possible to reach these goals. For example,
polynomials are not suitable to give this joined information, but can be used to fit fluorescence and reflectance in less
extended spectral regions (e. g. 5 nm) [4].

The robustness of this choice was tested by adding a Gaussian multiplicative noise to the simulated radiance. We
considered a noise with a standard deviation proportional to the signal or to its root mean square, whose value was
comparable to the maximum fluorescence value. In this procedure the reflectance was fitted by means of cubic spline
functions with a minimum number of 3 knots in the O,A spectral window, and 4 knots in the O,B, respectively, for the
different reflectance variability as a function of wavelength in these two regions.



3. RETRIEVAL ALGORITHM

We first examined the case of a Lambertian surface. The sensor radiance at TOA is due to the contribution of reflected
radiance and fluorescence plus the contributions of scattered radiation. A detailed description of all these contributions can
be found in [5] and references there in. According to MODTRANS, the at sensor radiance in the absence of fluorescence:
TOTAL_RAD is the sum of the total diffuse radiation SOL_SCAT and the radiance coming from the reflected radiation by
the target: GRND_RFL. Two runs of MODTRANS were used, one for each O, absorption band: 677nm — 697nm and 750nm
— 770nm, with sensor nadir viewing and situated at 500 km above ground. Sun was at zenith angle of 30°; the aerosol were
rural type, the visibility was 20 km, mid-latitude typical summer atmosphere. The outputs were obtained for the maximum
MODTRANS resolution, i.e. 0.1cm™. Radiance was expressed in W/cm?-ster-cm™". For sensor at TOA, the radiance reaching
the ground S that contributes to GROUND_ RFL is not a direct output of MODTRANS. Hence, the radiance reaching the
ground was deduced from the two available outputs, i.e. GROUND RFL and transmittance T as :

S =GROUND RFL/(T*R) (1)

where R is the reflectance of the Lambertian surface. The total radiance on the ground GROUND RAD was then expressed
by the sum of the diffusively reflected radiance plus fluorescence F as:

GROUND_RAD = S*R +F )

The measured sensor radiance at TOA (SENSOR_RAD) was obtained from the convolution of the TOA radiance with the
Instrumental Line Shape (ILS) of the detection instrument as:

SENSOR RAD = [GROUND RAD*T + SOL SCAT]®ILS = [(S*R +F )* T+ SOL_SCAT]®ILS 4
A multiplicative noise is also added to SENSOR_RAD to model the behavior of the electronics. For the retrieval we used:
SENSOR _RAD,, = [(S*R,, +F,)* T+ SOL_SCAT]®ILS,, 5)

where R, Fy, ILS,, are the mathematical functions used to represent the unknowns. LSQCURVEFIT is a Least Square
Program of MATLAB?7 that uses SENSOR_RAD and (5) to find the set of parameter values for F,, R;,,, and ILS,, by means
of a best fit procedure depending on the mathematical model adopted. In the absence of measurements, F, R are the
simulated files and ILS is a Gaussian function with a standard deviation of 2 cm™. For on ground measurements the direct
outputs of MODTRANS were used. The Relative Root Mean Square Error with respect to the magnitude of the observed
value and residuals were used for the evaluation of the results. The cases of non-Lambertian surfaces were also addressed by
using a coupled soil-leaf-canopy and atmosphere radiative transfer modeling [5].

4. REFERENCES

[1] A. Berk, G.P. Anderson, P.K. Acharya, L.S. Bernstein, E.P. Shettle, S.M. Adler-Golden, J. Lee, L. Muratov, MODTRAN-5 Version 2
Revision 11 User’s Manual, £d. Spectrale Science, Inc and Air Force Research Laboratory, DoD distribution authorized, Washington,
September 2005.

[2] M.P. Stoll, C. Buschmann, A. Court, T. Laurila., J. Moreno, and I. Moya, “The FLEX-Fluorescence Explorer mission project:
motivations and present status of preparatory activities”, Proceedings of the IGARSS, Toulouse, France, 2003.

[3] J.R. Miller, M. Berger, Y. Goulas, S. Jacquemoud, J. Louis, N. Moise, G. Mohammed, J. Moreno, I. Moya, R. Pedrés, W. Verhoef, and
P.J. Zarco-Tejada, “Development of a Vegetation Fluorescence Canopy Model”, ESTEC Contract No. 16365/02/NL/FF, Final Report
2005.

[4] M. Mazzoni, P. Falorni, and S. Del Bianco, “Sun-induced leaf fluorescence retrieval in the O,-B atmospheric absorption band”, Opt.
Express, 3: 7014-7022, 2008.

[5] W. Verhoef, and H. Bach, “Coupled soil-leaf-canopy and atmosphere radiative transfer modelling to simulate hyperspectral multi-
angular surface reflectance and TOA radiance data”, Remote sensing of Environment, 109:166-182, 2007.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Acro8.recommended.6Dec2006_FontEmb'] Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


