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•  Motivation 

•  The fluorescence signal and how it is manifested in measurements 

•  Methods for retrieving fluorescence from  
- ground 
- space 

•  Initial results from the Japanese GOSAT satellite 

Outline 



4 0 0  –  7 0 0  n m  

6 6 0  –  8 0 0  n m  

FLEX Mission 

Chlorophyll fluorescence always a by-product of 
photosynthesis 



The global carbon cycle (IPCC AR4) 
Focus on Gross Primary Production (GPP) 



•  Gross primary production (GPP) through photosynthesis by terrestrial 
ecosystems constitutes the largest global carbon sink 

•  Two main spatially explicit approaches to quantify GPP globally: 
1)  Meteorology-driven full land surface carbon cycle models (coupled or 

uncoupled); 
2)  Remote sensing-driven and/or flux  

tower based semi-empirical models 
•  Uncertainties in existing approaches: 

1)  Model sensitivities, parameterization 
2)  Indirectly inferred from “greenness” 

Introduction 



Carbon cycle, synergy with net flux measurements 

120 Pg/yr 120 Pg/yr On an annual basis, 
natural CO2 fluxes are 
almost balanced 

OCO-2 will enable 
inversion of net fluxes 
(not disentangling 
uptake from 
respiration) 

Figure from MPI-BGC Jena 

Target of fluorescence 



(traditional) Optical Remote Sensing Parameters 
(mainly based on absorption spectrum of chlorophyll) 

http://bluemarble.ch/ 

From Luis Guanter 

http://www.myledlightingguide.com/Blog/Images/PicB3.png 



(traditional) Optical Remote Sensing parameters 

NIR VIS NDVI 

http://bluemarble.ch/ 



(traditional) Optical Remote Sensing parameters 
Satellite example: MODIS, the vegetation RS work-horse 

64728 MODIS-Derived Terrestrial Primary Production

For the last issue regarding annual QC, we have created a meaningful annual 
GPP/NPP QC, expressed as:

 g gQC (NU /TOTAL ) 100  (28.8)

where NUg is the number of days during the growing season with unreliable or 
missing MODIS LAI inputs, TOTALg is total number of days in the growing sea-
son. The growing season is defined as all days for which Tmin is greater than –8°C, 
which is the minimum temperature control on photosynthesis for all biomes in the 
BPLUT. Although respiration can occur daily, Tmin is below –8°C, and both FPAR 
and LAI are perhaps greater than 0, the GPP magnitude is negligible during the 
non-growing season. Furthermore, since the annual QC definition is limited to data 
during the growing season, the number of unreliable LAI values caused by snow 
cover will contribute less to the QC than those caused by cloud cover. Therefore, 
the annual MOD17A3 QC reveals the number of growing days (%) when the 
FPAR/LAI were artificially filled because of cloud cover when calculating the 8-day 
GPP and annual GPP/NPP (Fig. 28.7). Details of the improvements are available in 
Zhao et al. (2005).

We have further improved the MOD17 algorithm for C5 based on new 
 knowledge of the MODIS LAI, and plant maintenance respiration. The C4 

Fig. 28.6 An example depicting temporal filling unreliable 8-day Collection-4 FPAR/LAI, and 
therefore improved 8-day GPP and PsnNet for one MODIS 1-km pixel located in Amazon basin 
(lat = –5.0, lon = –65.0) (Zhao et al. 2005)

Pros: 
•  High spatial resolution (sub-km) 
•  Full global mapping (no 

sampling) 

Cons: 
•  Susceptible to atmospheric 

contamination 
•  Can saturate in dense forests 
•  Indicative of greenness, not 

activity (hence modeling for GPP 
needed) 

From NTSG website (MODIS derived GPP) 



Chlorophyll Fluorescence 

Daumard et al, IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING (2010) 
A Field Platform for Continuous Measurement of Canopy Fluorescence 

No water stress Max. water stress Recovered after rain 

“It is worth noting that neither the chlorophyll content of leaves (almost constant with a value of 
49.3 ± 2.4 µg · cm−2) nor the NVDI indicates a noticeable variation during the measuring 
campaign. This emphasizes the greater sensitivity of PRI and fluorescence parameters to 
physiological changes in the sorghum field than chlorophyll or NDVI.” 



Chlorophyll fluorescence 

Fluorescence emission spectra 
Amoros-Lopez et al, Int. Journal of Remote Sensing (2008) 

the two peaks of the fluorescence emission, and O2 is a well‐
mixed gas in the atmosphere. Fraunhofer lines in the solar
spectrum were also proposed for fluorescence retrieval in the
past [Sioris et al., 2003], but are now discarded because of
their low spectral overlap with the most intense emission in
the chlorophyll a fluorescence spectrum; water vapor features
are also discarded because of the high variability of water
vapor in both the temporal and the spatial dimension. The
suitability of the O2 absorption features for fluorescence
retrieval is illustrated in Figure 1. A real top‐of‐canopy
fluorescence spectrum is superposed to a TOA radiance
spectrum simulated for a green vegetation target. The location
of the O2‐A and O2‐B absorption features is depicted.
[5] As reported in Meroni et al. [2009], most of the

methods in the literature for Fs detection from either
ground‐based, airborne, or spaceborne instruments are
based on the simplistic Fraunhofer Line Depth (FLD)
principle [Plascyk, 1975] applied to the O2‐A absorption
feature. The FLD method is a suite of 2 or 3 band differ-
ential absorption technique in which the in‐filling of the
absorption feature by fluorescence is used to decouple the
fluorescence and reflectance signals. A nonfluorescent tar-
get, either a reference panel or a bare soil surface, is used for
the normalization of the nonmodeled atmospheric effects
[Moya et al., 2004; Pérez‐Priego et al., 2005; Alonso et al.,
2008]. However, FLD‐like approaches cannot be applied for
Fs estimation in the O2‐B feature, which does not present
deep and broad absorption lines to set the measuring and
reference channels required by the FLD technique, and can
hardly be applied to spaceborne fluorescence retrieval, as
reference targets (bare soil targets surrounding green vege-
tation surfaces) are seldom available from the satellite scale
[Guanter et al., 2007].
[6] Spectral fitting methods have been proposed as an

alternative to FLD‐like methods for the retrieval of Fs from
O2‐A and O2‐B measurements [Meroni and Colombo,

2006; Meroni et al., 2010; Mazzoni et al., 2008]. These
methods exploit high spectral resolution measurements
(considered to be of the order of 0.1 nm in this work) for the
decoupling of reflectance and fluorescence by means of
multichannel regressions. The higher amount of information
contained in high‐resolution data enables the better nor-
malization of atmospheric effects, the characterization of the
instrument spectral calibration, and to account for nonlinear
spectral variations of the background vegetation reflectance,
which are especially important in O2‐B.
[7] Vegetation chlorophyll fluorescence retrieval from

high‐resolution spectrometry in the O2‐A and O2‐B atmo-
spheric absorption features is the main objective of the
FLuorescence EXplorer (FLEX) mission concept under
development by the European Space Agency (ESA) [Drusch
and FLEX Team, 2008]. FLEX, whose core instrument is
the Fluorescence Imaging Spectrometer (FIMAS), is pres-
ently under evaluation for implementation as an in‐orbit
technology demonstrator which would fly in tandem with
the Sentinel‐3 system [Drinkwater and Rebhan, 2007] of
the Global Monitoring for Environment and Security
(GMES) program. The exploitation of Sentinel‐3 Ocean
Land Color Instrument (OLCI) and Sea and Land Surface
Temperature Radiometer (SLSTR) data for the support of
FIMAS measurements in cloud screening and the charac-
terization of atmospheric conditions is considered as base-
line for the latest FLEX concept. Sentinel‐3 OLCI and
SLSTR will continue ENVISAT’s MEdium Resolution
Imaging Spectrometer (MERIS) and Advanced Along‐
Track Scanning Radiometer (AATSR) multispectral and
multiangular measurements. If finally selected for imple-
mentation and according to the most recent instrument
concept, FIMAS would measure with a high signal‐to‐noise
ratio (SNR) in two spectral windows of width between 20
and 30 nm centered at the O2‐A and O2‐B absorption fea-
tures, with spectral sampling interval (SSI) and full width at
half maximum (FWHM) between 0.1 and 0.3 nm and
ground sampling distance (GSD) between 300 m and 1 km.
FIMAS observations would be in quasi‐nadir mode and
would cover an at‐ground area of about 100 km. A summary
of some of the most important FIMAS requirements is
presented in Table 1.
[8] Developments for operational Fs retrieval from high‐

resolution measurements in O2‐A and O2‐B performed
during the FLEX preparatory activities are presented here-
inafter in this paper. In particular, an overview of a tentative
Fs retrieval methodology implemented for FIMAS‐like type

Figure 1. Real top‐of‐canopy (TOC) chlorophyll fluores-
cence spectrum superposed to a top‐of‐atmosphere (TOA)
radiance spectrum simulated from a green vegetation target.
The O2‐A and O2‐B absorption features are marked with
rectangles. Illumination and observation zenith angles in
the simulation were 30° and 0°, respectively, and the spec-
tral resolution 1 cm−1.

Table 1. Key Specifications of the FLEX/FIMAS Instrument as of
December 2009a

O2‐A O2‐B

Spectral window [745, 775] nm (O) [672, 702] nm (O)
[750, 770] nm (T) [677, 697] nm (T)

SSI (∼FWHM) 0.1 nm (O)–0.3 nm (T) 0.1 nm (O)–0.3 nm (T)
SNR [300:1–1600:1] (O) [600:1–900:1] (O)

[150:1–800:1] (T) [200:1–400:1] (T)
Pol. Sensit. 1% (O)–2% (T) 1% (O)–2% (T)
GSD 300 m (O)–1000 m (T) 300 m (O)–1000 m (T)
Swath ∼100 km ∼100 km

a“O” and “T” labels refer to optimum and threshold values, respectively.
SNR is given at the mission reference radiance level. Pol. Sensit. stands for
sensitivity to polarization.
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Reflectance and Fluorescence emission spectrum 
Guanter et al, JGR, 2010 

acquired spectra, one can study the evolution of the ChF emission at the wavelength
on which the atmospheric O2 absorption takes place, as shown in figure 6 (right).
This figure shows that the value of the ChF emission follows closely the PAR.
However, the evolution of the two peaks of the ChF emission (690 nm and 740 nm)
is different throughout the day, showing that spectral measurements may provide
information that cannot be observed by the PAM-2000 instrument as it measures
only the second ChF peak. In this figure and the following ones, we have
represented the PAR in dashed grey line with a normalized scale.

The FY was computed from the ChF emission spectra acquired with the ASD
spectroradiometer, giving the actual yield on the plants expressed as the percentage of
the incoming energy (PPFD or PAR) that is emitted as fluorescence (FPFD). The
PAM-2000 also recorded the evolution of the FY during the cycle in arbitrary units
(a.u.). Both yields are plotted in figure 7 for the sunflower and hibiscus plants, showing

Figure 6. (a) Chlorophyll fluorescence (ChF) spectra in radiance units of a sunflower leaf
during the simulated diurnal cycle (Day 1). The vertical lines indicate the location of the
oxygen absorption bands (at 687 nm and 760 nm). (b) ChF diurnal evolution measured at
wavelengths corresponding to the O2 bands of a sunflower leaf (687 nm in continuous line and
760 nm in dashed line). Normalized PAR in dotted line.

Figure 7. (a, top) Relative fluorescence yield measured of a sunflower (a, left) and a hibiscus
(b right) leaves with the PAM-2000 Fluorometer. (b bottom) Absolute fluorescence yield
measured with the ASD. Note that the PAM-2000 uses arbitrary units (a.u.).
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“The studied cases show that the 
ChF emission is mainly driven by 
the photosynthetic active 
radiation during the whole cycle, 
but the fluorescence yield is 
severely reduced during the 
central hours of the day when the 
plant is under stress due to light 
and heat.” 



Fluorescence detection 

If only it was that easy… 
(For chlorophyll fluorescence from space, we can’t just switch the NIR red light off) 

Fluorescent minerals emit visible light when exposed to ultraviolet light (from Wikipedia) 



Fluorescence detection 

But in the laboratory, you can filter out incoming NIR light and photograph 
 chlorophyll emission using NIR sensitive detectors… 

Chlorophyllx4, © Image by Eleanor Gates-Stuart, http://stellrscope.com/tag/chlorophyll-fluorescence-imaging/ 



Chlorophyll fluorescence 

Incoming Radiance Reflected Radiance Fluorescence Emission Basic problem for 
fluorescence retrievals: 
 
•  Fluorescence emission 

is “contaminated” with 
reflected solar light in the 
far red / near infrared. 

•  This reflected solar light 
dominates the signal 
(about 100 times 
stronger). 

•  Need “on/off” 
wavelengths where the 
atmosphere (or incoming 
light) is opaque. 

  



Chlorophyll fluorescence 

Incoming Radiance Reflected Radiance Fluorescence Emission 

In spectral regions with 
high atmospheric 
absorption (e.g. strong 
oxygen absorption bands), 
the fluorescence emission 
at canopy level can 
dominate the measured 
radiance (as opposed to 
transparent regions, where 
it barely adds to the signal) 
  

“On Off” wavelength (with strong atm. Absorption) 



On-ground retrieval methods 
(review by Meroni et al, RSE 2009) 

For E(λin) à 0) 

Sensitivity of the method improves with degree of atmospheric saturation 
O2 bands ideal as almost saturated (depending on instrument spectral resolution and position) 



On-ground retrieval methods 
(Meroni & Colombo, RSE, 2006) 

Above the canopy, apparent reflectance (outgoing/incoming) in the oxygen bands is 
clearly increased and can be used to determine the Fs contribution. 



Airborne fluorescence studies (Maier et al 2003) 

From airplane O2 lines still usable (depending on altitude) and high spatial resolution allows use 
of reference targets (in heterogeneous terrain). 
NDVI and fluorescence correlated but relationship differs per field à independent information 



Chlorophyll fluorescence – complication from space 
(O2 A-band only for now) 

If the observer is in space (satellite), the emitted fluorescence spectrum is re-
absorbed and atmospheric scattering contributes to the signal within the absorption 
bands. 

Simulated radiances 
Frankenberg, Butz, Toon (ancillary material), GRL,  2011 

Figure S1: Retrieval simulations of a typical O
2

A-band fit neglecting the impact of a ⇡ 1.5% fluorescence emission.
Di↵erent fit parameters are used and the respective fit residuals shown in panels e-i. See text for details.
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Chlorophyll fluorescence – complication from space 
(O2 A-band only for now) 

the two peaks of the fluorescence emission, and O2 is a well‐
mixed gas in the atmosphere. Fraunhofer lines in the solar
spectrum were also proposed for fluorescence retrieval in the
past [Sioris et al., 2003], but are now discarded because of
their low spectral overlap with the most intense emission in
the chlorophyll a fluorescence spectrum; water vapor features
are also discarded because of the high variability of water
vapor in both the temporal and the spatial dimension. The
suitability of the O2 absorption features for fluorescence
retrieval is illustrated in Figure 1. A real top‐of‐canopy
fluorescence spectrum is superposed to a TOA radiance
spectrum simulated for a green vegetation target. The location
of the O2‐A and O2‐B absorption features is depicted.
[5] As reported in Meroni et al. [2009], most of the

methods in the literature for Fs detection from either
ground‐based, airborne, or spaceborne instruments are
based on the simplistic Fraunhofer Line Depth (FLD)
principle [Plascyk, 1975] applied to the O2‐A absorption
feature. The FLD method is a suite of 2 or 3 band differ-
ential absorption technique in which the in‐filling of the
absorption feature by fluorescence is used to decouple the
fluorescence and reflectance signals. A nonfluorescent tar-
get, either a reference panel or a bare soil surface, is used for
the normalization of the nonmodeled atmospheric effects
[Moya et al., 2004; Pérez‐Priego et al., 2005; Alonso et al.,
2008]. However, FLD‐like approaches cannot be applied for
Fs estimation in the O2‐B feature, which does not present
deep and broad absorption lines to set the measuring and
reference channels required by the FLD technique, and can
hardly be applied to spaceborne fluorescence retrieval, as
reference targets (bare soil targets surrounding green vege-
tation surfaces) are seldom available from the satellite scale
[Guanter et al., 2007].
[6] Spectral fitting methods have been proposed as an

alternative to FLD‐like methods for the retrieval of Fs from
O2‐A and O2‐B measurements [Meroni and Colombo,

2006; Meroni et al., 2010; Mazzoni et al., 2008]. These
methods exploit high spectral resolution measurements
(considered to be of the order of 0.1 nm in this work) for the
decoupling of reflectance and fluorescence by means of
multichannel regressions. The higher amount of information
contained in high‐resolution data enables the better nor-
malization of atmospheric effects, the characterization of the
instrument spectral calibration, and to account for nonlinear
spectral variations of the background vegetation reflectance,
which are especially important in O2‐B.
[7] Vegetation chlorophyll fluorescence retrieval from

high‐resolution spectrometry in the O2‐A and O2‐B atmo-
spheric absorption features is the main objective of the
FLuorescence EXplorer (FLEX) mission concept under
development by the European Space Agency (ESA) [Drusch
and FLEX Team, 2008]. FLEX, whose core instrument is
the Fluorescence Imaging Spectrometer (FIMAS), is pres-
ently under evaluation for implementation as an in‐orbit
technology demonstrator which would fly in tandem with
the Sentinel‐3 system [Drinkwater and Rebhan, 2007] of
the Global Monitoring for Environment and Security
(GMES) program. The exploitation of Sentinel‐3 Ocean
Land Color Instrument (OLCI) and Sea and Land Surface
Temperature Radiometer (SLSTR) data for the support of
FIMAS measurements in cloud screening and the charac-
terization of atmospheric conditions is considered as base-
line for the latest FLEX concept. Sentinel‐3 OLCI and
SLSTR will continue ENVISAT’s MEdium Resolution
Imaging Spectrometer (MERIS) and Advanced Along‐
Track Scanning Radiometer (AATSR) multispectral and
multiangular measurements. If finally selected for imple-
mentation and according to the most recent instrument
concept, FIMAS would measure with a high signal‐to‐noise
ratio (SNR) in two spectral windows of width between 20
and 30 nm centered at the O2‐A and O2‐B absorption fea-
tures, with spectral sampling interval (SSI) and full width at
half maximum (FWHM) between 0.1 and 0.3 nm and
ground sampling distance (GSD) between 300 m and 1 km.
FIMAS observations would be in quasi‐nadir mode and
would cover an at‐ground area of about 100 km. A summary
of some of the most important FIMAS requirements is
presented in Table 1.
[8] Developments for operational Fs retrieval from high‐

resolution measurements in O2‐A and O2‐B performed
during the FLEX preparatory activities are presented here-
inafter in this paper. In particular, an overview of a tentative
Fs retrieval methodology implemented for FIMAS‐like type

Figure 1. Real top‐of‐canopy (TOC) chlorophyll fluores-
cence spectrum superposed to a top‐of‐atmosphere (TOA)
radiance spectrum simulated from a green vegetation target.
The O2‐A and O2‐B absorption features are marked with
rectangles. Illumination and observation zenith angles in
the simulation were 30° and 0°, respectively, and the spec-
tral resolution 1 cm−1.

Table 1. Key Specifications of the FLEX/FIMAS Instrument as of
December 2009a

O2‐A O2‐B

Spectral window [745, 775] nm (O) [672, 702] nm (O)
[750, 770] nm (T) [677, 697] nm (T)

SSI (∼FWHM) 0.1 nm (O)–0.3 nm (T) 0.1 nm (O)–0.3 nm (T)
SNR [300:1–1600:1] (O) [600:1–900:1] (O)

[150:1–800:1] (T) [200:1–400:1] (T)
Pol. Sensit. 1% (O)–2% (T) 1% (O)–2% (T)
GSD 300 m (O)–1000 m (T) 300 m (O)–1000 m (T)
Swath ∼100 km ∼100 km

a“O” and “T” labels refer to optimum and threshold values, respectively.
SNR is given at the mission reference radiance level. Pol. Sensit. stands for
sensitivity to polarization.
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Total radiance at TOA, pure Rayleigh
Fluorescence radiance at TOA, scattering optical depth=0.46
Fluorescence radiance at TOA, pure Rayleigh

If the observer is in space (satellite), the emitted 
fluorescence spectrum is re-absorbed and 
atmospheric scattering contributes to the signal within 
the absorption bands. 

Modeled total radiance and fluorescence emission in a scattering scene; note the different scale (factor 100) 
Frankenberg et al, AMT,  2012 

Re-absorption 
by oxygen 



Chlorophyll fluorescence – complication from space 
(O2 A-band only for now) 

Jacobians of the top-of-atmosphere radiance with respect to various atmospheric parameters (surface 
pressure, Albedo, aerosol optical depth, height of aerosol layer and Fluorescence signal. 
Frankenberg, Toon, Butz, GRL,  2011 
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spectral residuals in the full-physics retrieval and associated retrieval results
truth: albedo=0.4, AOD=0.15, aer. height=2km, ps = 1013hPa

retrieved: albedo (0.404)

retrieved: albedo (0.404), AOD (0.056)
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a)

b)

c)

d)

e)

f)

g)

h)

i)

j)

Jacobians not 
linearly 
independent 

Modeled 
radiance (with 
fluorescence) 
can be almost 
perfectly fitted 
without 
accounting for 
fluorescence 

Solar 
irradiance 

TOA radiance 



Chlorophyll fluorescence – complication from space 
How to tackle the problem: 1) Use of reference surfaces 

Guanter et al, GRL,  2007, JGR 2010 

fluorescence signal is feasible, as pure vegetation targets can
still be detected. At coarser spatial resolutions, the appear-
ance 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 CASI data at 13 m spatial resolution, which in turn
are intercompared with ground-based fluorescence measure-
ments acquired during the SENtinel-2 and FLuorescence
EXperiment (SEN2FLEX) ESA campaign. It was deployed
in 2005 for the observation of solar-induced fluorescence
signal over multiple agricultural and forest targets to verify
signal suitability for observations from space, as proposed
for example by the Fluorescence Explorer (FLEX) Earth
Explorer mission of the ESA Living Planet Programme.

2. Algorithm Description

[4] 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 both the fluorescence
emission and the surface reflectance are assumed to follow
the Lambert’s cosine law [Nicodemus et al., 1977], the
radiative transfer equation giving the at-sensor radiance is

LTOA ¼ L0 þ
Edirmil þ Edifð Þ rsp þ mvFs

! "

T"

1% Srs
; ð1Þ

where LTOA is the Top-of-Atmosphere (TOA) radiance;
L0 is the atmospheric path radiance; mil is the cosine of the
illumination zenith angle measured between the solar ray
and the surface normal; Edirmil and 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 from the surface); T" is the total
atmospheric transmittance (for diffuse plus direct radiation)
in the observation direction; mv is the cosine of the view
zenith angle; and rs is the surface reflectance. For the
calculation of Fs the atmospheric functions in Equation 1
(L0, Edir, Edif, T" and S) must be known. This is achieved by

an atmospheric correction method [Guanter et al., 2007b]
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) co-registered to the
images. The DEM is also employed in the calculation of the
actual illumination angle to be used for the 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 and accurate computation of the atmospheric
parameters. Once these are known, a problem of 2
unknowns, rs and Fs, and one equation must be solved.
[5] 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 near-infrared (NIR) spectral regions could be used in
order to provide the necessary information for the separation
of rs and Fs, but the low weight that 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, rs and Fs at bands 10
and 11. The system of equations is closed-up by assuming
that a linear spectral dependence holds between bands 10
and 11 in rs and Fs.

3. Results
3.1. Results From MERIS Data

[6] The method was tested on MERIS FR data acquired
over the Barrax study site (39.05!N, 2.10!W, La Mancha,
Spain) during the ESA-sponsored SPectra bARrax Cam-
paign (SPARC) and SEN2FLEX activities. The Barrax
study site offers a unique case for testing the performance
of fluorescence retrieval algorithms. Extensive green vege-
tation 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.

Figure 1. MERIS-derived NDVI and Fs maps over the Barrax study site in 14 July 2004.
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the aerosol vertical profile has been assessed. FIMAS‐like
TOA radiance data have been simulated for a range of
aerosol vertical distributions, each shifted in height by steps
of 1 km. Fs retrieval is performed under the assumption of
the aerosol layer being located in the range 2–9 km. The
systematic absolute error estimated from this simulations is
shown in Figure 9. The different vertical axes for O2‐A and

O2‐B must be noted. It is observed that the impact of the
aerosol vertical profile on O2‐B retrievals is negligible,
while it is very important in the case of O2‐A for the two
retrieval methods and spectral windows. Errors in O2‐A due
to the uncertainty of the aerosol vertical profile are of up to
150% for the simulated cases.
[55] It must be remarked that the absolute errors in

Figure 8 and Figure 9 are not fully representative of the
real case, as they are referred to a pure green vegetation
reflectance pattern. It is expected that those errors increase
for mixed vegetation and soil pixels, as corresponds to the
real case. With this consideration, RMSE in O2‐A from
both the SFM and FLD‐S methods is reckoned as too large
for the subsequent exploitation of the fluorescence signal if
no Fs retrieval normalization is performed. This conclusion
reinforces the need to use of reference targets to constrain
Fs retrieval in O2‐A.

4.2. Scene‐Based Sensitivity Analysis
[56] The scene‐based simulated data set can be used to

provide more information about the feasibility of using
reference targets for Fs retrieval and about the impact of
different vegetation types and distributions.
[57] An example of scene‐based Fs retrieval in O2‐A

after normalization with reference surfaces for the Northern
Spain site #6 in Figure 5f is displayed in Figure 10. Maps
of input Fs, retrieved Fs and retrieved Fs after normaliza-
tion by reference targets are displayed. Fs is retrieved with
the FLD‐S approach, as the end‐member‐based SFM
might lead to biases in Fs retrieval due to the wrong
representation of soil spectral reflectance by the selected
vegetation end‐members. The normalization by reference
surfaces was performed by subtraction of a Fs correction
map derived from 2‐D interpolation from all the bare
soil areas in the image. These were defined as those
with 0.0 < NDVI < 0.2. An overall overestimation of fluo-
rescence of about 0.8 mW m−2 sr−1 nm−1 when no nor-
malization by reference targets is performed is observed in
Figure 10b. This error is mostly due to the uncertainty in
the input atmospheric parameters, which in this simulation
are those depicted in Figure 6, plus a constant deviation in
the aerosol model from the 50%, 20% and 30% abun-
dances of the rural, urban and maritime models, respec-
tively, to the 70%, 0% and 30% proportions used in the
retrieval step. The improvement from normalization by the
nonzero Fs retrieved over bare soils can be noticed in
Figure 10c. It can be observed that input and retrieved Fs
levels are very similar within the entire area. It must be
remarked that the area in Figure 5f can be considered the
best case scenario for the application of this normalization
method, as a number of bare soil surfaces are distributed
uniformly over the image.
[58] Results of Fs retrieval from three of the simulated

test sites in Figure 5(#1, #2, #3) and for the 30 nm
spectral window configuration are presented in Figure 11.
Fs retrieval in O2‐A is performed by the FLD‐S technique
with normalization by reference targets, while the SFM is
used for O2‐B. Different distributions of green vegetation
patterns, from very green and homogeneous vegetation
bodies to very sparse vegetation pixels, and different
AOD and SPR input error maps are present in the three
sites. RMSE and the Pearson’s correlation coefficient R2

Figure 10. Input and retrieved Fs maps in O2‐A with the
FLD‐S approach before and after the normalization by ref-
erence soil targets.
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Use of low resolution O2 A-band spectra (MERIS) and 
reference targets with no fluorescence: 
Idea: Atmospheric conditions are similar for reference 
area and vegetated areas à provides knowledge on 
atmospheric condition to disentangle Fs from scattering. 
Prerequisite: Barren surface must exist + scattering 
spatially less variable than Fs  (will work for corn-field 
like areas but not extended homogenous areas like 
large forests. 



Chlorophyll fluorescence – complication from space 
How to tackle the problem: 2) Use solar lines. 

The solar spectrum is not a pure black-body 
spectrum but exhibits absorption lines from elements 
(e.g. Fe, Mg, Na) present in colder outer layers. 
 
However, dark features are very narrow.   



Chlorophyll fluorescence – complication from space 
How to tackle the problem: 2) Use solar lines. 

Plascyk always had Fraunhofer lines in mind, never really O2 



Chlorophyll fluorescence – complication from space 
(O2 A-band only for now) 

Jacobians of the top-of-atmosphere radiance with respect to various atmospheric parameters (surface 
pressure, Albedo, aerosol optical depth, height of aerosol layer and Fluorescence signal. 
Frankenberg, Toon, Butz, GRL,  2011 
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spectral residuals in the full-physics retrieval and associated retrieval results
truth: albedo=0.4, AOD=0.15, aer. height=2km, ps = 1013hPa

retrieved: albedo (0.404)

retrieved: albedo (0.404), AOD (0.056)
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Jacobians not 
linearly 
independent 

Modeled 
radiance (with 
fluorescence) 
can be almost 
perfectly fitted 
without 
accounting for 
fluorescence 

Solar 
irradiance 

TOA radiance 

Fraunhofer lines 



•  Advantage: In the absence of inelastic scattering (e.g. rotational 
Raman scattering causing the Ring-effect in the UV/Vis!), the fractional 
depth of solar absorption features is not changed within the 
atmosphere à no reabsorption in the Earth’s atmosphere and no 
interference with atmospheric scattering. 

•  Challenge: High spectral resolution needed to resolve Fraunhofer lines: 
Tradeoff between spectral resolution (FWHM, Full width at half 
maximum) and spatial resolution! 

Chlorophyll fluorescence – complication from space 
How to tackle the problem: 2) Use solar lines. 



Chlorophyll fluorescence – complication from space 
How to tackle the problem: 2) Use solar lines. 

the expected precision error in Fs
rel as a function of SNR

and FWHM (assuming 3 spectral samples per FWHM, see
auxiliary material). Despite the lower spectral resolution of
OCO‐2, its higher SNR results in somewhat better precision
when compared to GOSAT. Errors can be assumed random
and do not exhibit any cross‐correlation with scattering prop-
erties or surface albedo. Both GOSAT (with ≈ 10 × 10 km2

ground pixels) as well as OCO‐2 (with 2 × 2 km2) therefore
enable Fs retrievals from space. Their spatial resolution and
revisit times will not yet allow for detailed local studies
but both instruments have the potential to provide an

unprecedented proxy for carbon exchange on a global scale.
In the future, high resolution spectra covering Fraunhofer lines
at the short‐wavelength side of the red‐edge (720–740 nm)
would be very advantageous since Fs is of similar magnitude
but Fs

rel substantially larger due to lower surface albedo
[Guanter et al., 2010].
[15] Instrumental effects such as stray‐light (for a grating

spectrometer such as OCO‐2) or a zero‐level offset (due to
detector signal non‐linearity [Abrams et al., 1994] in FTS
systems such as GOSAT) also potentially fill in Fraunhofer
lines and cannot be distinguished from the fluorescence
signal. Ideally, these effects should be carefully calibrated
prior to launch. Alternatively, they need to be properly
characterized after launch, otherwise they might severely
impede fluorescence retrievals from space.

4. Conclusions

[16] We analyzed the effect of solar‐induced chlorophyll
fluorescence on space‐based nadir high resolution spectra of
reflected sunlight in the O2 A‐band region. We showed that
the effect of fluorescence on the shape of O2 absorption lines
cannot be unambiguously discriminated from the impact of
atmospheric scattering properties as well as surface pressure
and surface albedo. In fact, the neglect of fluorescence can
cause substantial errors in the retrieval of scattering prop-
erties and vice versa, requiring an accurate independent prior
estimate on one of those properties to avoid error cross‐
correlations in O2 A‐band retrievals.
[17] For an accurate retrieval of fluorescence from space,

we proposed a computationally fast non‐linear least squares
algorithm exploiting strong Fraunhofer lines outside the O2
A‐band, decoupling fluorescence from scattering properties.
We showed that with typical GOSAT and OCO‐2 instru-
mental characteristics, the fluorescence signal can be
retrieved with a single‐measurement precision (1s) of about
0.2–1% of the continuum level radiance. Both satellites
were initially solely designed to gain, from a top‐down per-
spective, deeper insight into the carbon budget by retrieving
the global atmospheric CO2 concentration. The additional
retrieval of fluorescence is a) necessary in order to avoid
retrieval biases in scattering properties and b) a unique
additional proxy for photosynthetic activity, hence com-
plementing information on the carbon budget from a bottom‐
up viewpoint.

[18] Acknowledgments. We thank O. Hasekamp and J. Landgraf
from the SRON‐Netherlands Institute for Space Research for kindly pro-
viding their radiative transfer code used in this study. The research
described in this paper was carried out by the Jet Propulsion Laboratory,
California Institute of Technology, under a contract with the National
Aeronautics and Space Administration.
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Use full spectral fitting routines to 
quantify the in-filling of Fraunhofer 
lines due to Fluorescence. 
 
GOSAT (and OCO-2 in the future) are 
the first instruments to provide high 
resolution spectra in the O2 A-band 
(but not covering the full Fs emission 
spectrum)  
 
Fractional depth of solar lines 
(difference to continuum radiance 
within the line in log(radiance) space) 
only changed by Fs: 
 
 
 
 
No radiative transfer modeling 
necessary if Fraunhofer lines only are 
concerned! 
 
 

Frankenberg, Toon, Butz, GRL,  2011 

lines (not to be confused with O2 absorption lines). We use
an empirical model of the disk‐integrated solar transmission
spectrum (continuum normalized to unity) to calculate the
depths and shapes of the Fraunhofer absorption lines at full
spectral resolution (see auxiliary material).1

[9] To evaluate the impact of fluorescence on O2 A‐band
retrievals, we perform a full‐physics retrieval similar to Butz
et al. [2009] with different choices of fitting parameters
(aerosols, aerosol height, surface pressure, albedo). We use
a linearized vector radiative transfer model [Hasekamp and
Landgraf, 2002, 2005; Hasekamp and Butz, 2008] to effi-
ciently compute radiances and Jacobians. Rotational Raman
Scattering [Grainger and Ring, 1962; Chance and Spurr,
1997] is not considered in this study since at low solar
zenith angles and relatively high surface albedos, the impact
of Raman scattering is negligible [Sioris and Evans, 2000;
Sioris et al., 2003]. Similar considerations hold for inelastic
scattering by particles [Montagna and Dusi, 1995;Montagna,
2008] but retrieval tests over regions with negligible fluo-
rescence (e.g., deserts, fully cloudy pixels, ice/snow and
ocean deserts) should be performed with real data to evaluate
any impact of inelastic scattering processes.
[10] Figures 1b–1g show a simulated radiance and Jacobians

at TOA for a typical atmospheric scenario at GOSAT spectral
resolution (≈0.02 nm). It is obvious that the Jacobian with
respect to fluorescence exhibits strong similarities with the
other Jacobians in the O2 lines but not in the Fraunhofer
lines (e.g., at 758.8 or 770.1 nm).
[11] Figures 1h–1j show the effect of the neglect of

an added wavelength‐dependent fluorescence signal (see
auxiliary material for details of the sensitivity study) on full‐
physics retrievals of scattering and surface properties. As
expected from the shape of the Jacobians, fitting surface
albedo, AOD and the height of the aerosol layer effectively
mimics the impact of fluorescence in the O2 lines, yielding
spectral residuals well below typical measurement noise
levels. Only the reduced fractional depths of Fraunhofer
lines cannot be reproduced by the full‐physics forward model,
resulting in systematic residuals slightly above the noise level.
If based only on O2 lines, the Jacobians with respect to scat-
tering properties and fluorescence are not linearly independent.
A neglect of fluorescence thus leads to substantial systematic
errors in other retrieved parameters without deteriorating the
goodness of the least‐squares fit. Fitting various combina-
tions of atmospheric parameters, we find that neglecting Fs
(on the order of 1–2%) causes substantial biases in surface
albedo (DAlb. ≈ 1%), AOD (Dt ≈ 0.1), aerosol layer height
(Dh ≈ 5 km) and surface pressure (Dps ≈ 10 hPa). This effect
is non‐trivial and strongly depends on the assumed scenario,
forbidding a general statement of potential biases. As those
errors will also propagate into greenhouse gas retrievals from
space, when using the O2 A‐band to account for scattering,
fluorescence must not be neglected.

3. Fraunhofer Line Fluorescence Retrieval
Method

[12] Isolated Fraunhofer lines are affected only by fluores-
cence (not scattering) and allow for an unambiguous retrieval
[Plascyk and Gabriel, 1975; Corp et al., 2006]. Away from

O2 absorption lines, there is no significant attenuation of
the fluorescence signal emanating from the surface (in
clear scenes) and we can greatly simplify the retrieval prob-
lem. A simple forward model ~f for both continuum level
variation (due to scattering and albedo variations) and frac-
tional depth of Fraunhofer lines (changed only by fluores-
cence) reads

~f Frel
s ; a

! "
¼ log <~I0 þ Frel

s >
! "

þ
Xn

i¼0

ai # !i; ð2Þ

where~I0 is the high‐resolution solar transmission spectrum,
Fs
rel the relative fluorescence signal, the summation term

an n’th order polynomial describing the continuum radi-
ance (similar to Frankenberg et al. [2005]). h i applies the
convolution with the instrumental line‐shape as well as
the mapping of the high resolution model grid to the
lower resolution spectrometer grid (see auxiliary material
for details). As atmospheric scattering and surface albedo
only affect the low‐frequency behavior of the reflectance
in the absence of telluric O2 absorption lines, they can be
efficiently characterized by the polynomial term, avoiding
the need to run computationally expensive multiple‐scattering
radiative transfer calculations. Since we propose fairly small
retrieval windows (a few nanometers wide), Fs

rel is assumed
to be wavelength‐independent, hence a scalar. A non‐
linear weighted least‐squares algorithm provides the solu-
tions for (Fs

rel,a) that minimize the Euclidian norm of the
measurements‐model difference vector (spectral residuals)
inversely weighted by the respective 1s noise estimates:

arg minkS&1=2
" ~y&~f Frel

s ; a
! "# $

k2; ð3Þ

with ~y being the measurement vector (= log(R(~!))) and S"
the strictly diagonal measurement error covariance matrix.
In this setup (if I0 is defined as transmission spectrum), Fs

rel is
unit‐less and the retrieved fluorescence flux Fs in radiance
units can be approximated by Fs = Fs

rel/(1 + Fs
rel) · Rcont.

[13] Focussing on spectral regions provided by GOSAT
and OCO‐2, there are two potential retrieval windows with
sufficiently strong Fraunhofer lines. One is located at the
short‐wavelength side of the O2 A‐band around 757.5 nm,
devoid of any telluric lines but covering 4 strong Fraunhofer
lines (the strongest one at 758.81 nm with 44% transmission
at full spectral resolution). The second window slightly over-
laps weaker O2 lines and ranges between 769.5 and 775 nm,
covering the very strong potassium (K) I Fraunhofer line at
770.1 nm with slightly less than 20% transmission at full
spectral resolution. Joiner et al. [2010] use this line for initial
retrievals using GOSAT. In this latter window, O2 absorp-
tion lines would have to be modeled as well, otherwise the
unapodized sinc‐type instrument function can cause retrieval
interferences with O2 lines. This can be done efficiently
with, e.g., the IMAP‐DOAS approach [Frankenberg et al.,
2005]. For the sake of simplicity, we focus on a retrieval
sensitivity test using simulated noisy spectra in the former
retrieval window (which is also closer to the fluorescence
peak at 740 nm).
[14] Figure 2a shows a retrieval fitting a simulated spectrum

with a 2.5% fluorescence signal and a SNR of 300 (Gaussian
noise added). Small differences in spectral residuals (with/
without fluorescence terms) are discernible. Figure 2b shows

1Auxiliary materials are available in the HTML. doi:10.1029/
2010GL045896.

FRANKENBERG ET AL.: REMOTE SENSING OF CHLOROPHYLL FLUORESCENCE L03801L03801

3 of 5

lines (not to be confused with O2 absorption lines). We use
an empirical model of the disk‐integrated solar transmission
spectrum (continuum normalized to unity) to calculate the
depths and shapes of the Fraunhofer absorption lines at full
spectral resolution (see auxiliary material).1

[9] To evaluate the impact of fluorescence on O2 A‐band
retrievals, we perform a full‐physics retrieval similar to Butz
et al. [2009] with different choices of fitting parameters
(aerosols, aerosol height, surface pressure, albedo). We use
a linearized vector radiative transfer model [Hasekamp and
Landgraf, 2002, 2005; Hasekamp and Butz, 2008] to effi-
ciently compute radiances and Jacobians. Rotational Raman
Scattering [Grainger and Ring, 1962; Chance and Spurr,
1997] is not considered in this study since at low solar
zenith angles and relatively high surface albedos, the impact
of Raman scattering is negligible [Sioris and Evans, 2000;
Sioris et al., 2003]. Similar considerations hold for inelastic
scattering by particles [Montagna and Dusi, 1995;Montagna,
2008] but retrieval tests over regions with negligible fluo-
rescence (e.g., deserts, fully cloudy pixels, ice/snow and
ocean deserts) should be performed with real data to evaluate
any impact of inelastic scattering processes.
[10] Figures 1b–1g show a simulated radiance and Jacobians

at TOA for a typical atmospheric scenario at GOSAT spectral
resolution (≈0.02 nm). It is obvious that the Jacobian with
respect to fluorescence exhibits strong similarities with the
other Jacobians in the O2 lines but not in the Fraunhofer
lines (e.g., at 758.8 or 770.1 nm).
[11] Figures 1h–1j show the effect of the neglect of

an added wavelength‐dependent fluorescence signal (see
auxiliary material for details of the sensitivity study) on full‐
physics retrievals of scattering and surface properties. As
expected from the shape of the Jacobians, fitting surface
albedo, AOD and the height of the aerosol layer effectively
mimics the impact of fluorescence in the O2 lines, yielding
spectral residuals well below typical measurement noise
levels. Only the reduced fractional depths of Fraunhofer
lines cannot be reproduced by the full‐physics forward model,
resulting in systematic residuals slightly above the noise level.
If based only on O2 lines, the Jacobians with respect to scat-
tering properties and fluorescence are not linearly independent.
A neglect of fluorescence thus leads to substantial systematic
errors in other retrieved parameters without deteriorating the
goodness of the least‐squares fit. Fitting various combina-
tions of atmospheric parameters, we find that neglecting Fs
(on the order of 1–2%) causes substantial biases in surface
albedo (DAlb. ≈ 1%), AOD (Dt ≈ 0.1), aerosol layer height
(Dh ≈ 5 km) and surface pressure (Dps ≈ 10 hPa). This effect
is non‐trivial and strongly depends on the assumed scenario,
forbidding a general statement of potential biases. As those
errors will also propagate into greenhouse gas retrievals from
space, when using the O2 A‐band to account for scattering,
fluorescence must not be neglected.

3. Fraunhofer Line Fluorescence Retrieval
Method

[12] Isolated Fraunhofer lines are affected only by fluores-
cence (not scattering) and allow for an unambiguous retrieval
[Plascyk and Gabriel, 1975; Corp et al., 2006]. Away from

O2 absorption lines, there is no significant attenuation of
the fluorescence signal emanating from the surface (in
clear scenes) and we can greatly simplify the retrieval prob-
lem. A simple forward model ~f for both continuum level
variation (due to scattering and albedo variations) and frac-
tional depth of Fraunhofer lines (changed only by fluores-
cence) reads

~f Frel
s ; a

! "
¼ log <~I0 þ Frel

s >
! "

þ
Xn

i¼0

ai # !i; ð2Þ

where~I0 is the high‐resolution solar transmission spectrum,
Fs
rel the relative fluorescence signal, the summation term

an n’th order polynomial describing the continuum radi-
ance (similar to Frankenberg et al. [2005]). h i applies the
convolution with the instrumental line‐shape as well as
the mapping of the high resolution model grid to the
lower resolution spectrometer grid (see auxiliary material
for details). As atmospheric scattering and surface albedo
only affect the low‐frequency behavior of the reflectance
in the absence of telluric O2 absorption lines, they can be
efficiently characterized by the polynomial term, avoiding
the need to run computationally expensive multiple‐scattering
radiative transfer calculations. Since we propose fairly small
retrieval windows (a few nanometers wide), Fs

rel is assumed
to be wavelength‐independent, hence a scalar. A non‐
linear weighted least‐squares algorithm provides the solu-
tions for (Fs

rel,a) that minimize the Euclidian norm of the
measurements‐model difference vector (spectral residuals)
inversely weighted by the respective 1s noise estimates:

arg minkS&1=2
" ~y&~f Frel

s ; a
! "# $

k2; ð3Þ

with ~y being the measurement vector (= log(R(~!))) and S"
the strictly diagonal measurement error covariance matrix.
In this setup (if I0 is defined as transmission spectrum), Fs

rel is
unit‐less and the retrieved fluorescence flux Fs in radiance
units can be approximated by Fs = Fs

rel/(1 + Fs
rel) · Rcont.

[13] Focussing on spectral regions provided by GOSAT
and OCO‐2, there are two potential retrieval windows with
sufficiently strong Fraunhofer lines. One is located at the
short‐wavelength side of the O2 A‐band around 757.5 nm,
devoid of any telluric lines but covering 4 strong Fraunhofer
lines (the strongest one at 758.81 nm with 44% transmission
at full spectral resolution). The second window slightly over-
laps weaker O2 lines and ranges between 769.5 and 775 nm,
covering the very strong potassium (K) I Fraunhofer line at
770.1 nm with slightly less than 20% transmission at full
spectral resolution. Joiner et al. [2010] use this line for initial
retrievals using GOSAT. In this latter window, O2 absorp-
tion lines would have to be modeled as well, otherwise the
unapodized sinc‐type instrument function can cause retrieval
interferences with O2 lines. This can be done efficiently
with, e.g., the IMAP‐DOAS approach [Frankenberg et al.,
2005]. For the sake of simplicity, we focus on a retrieval
sensitivity test using simulated noisy spectra in the former
retrieval window (which is also closer to the fluorescence
peak at 740 nm).
[14] Figure 2a shows a retrieval fitting a simulated spectrum

with a 2.5% fluorescence signal and a SNR of 300 (Gaussian
noise added). Small differences in spectral residuals (with/
without fluorescence terms) are discernible. Figure 2b shows

1Auxiliary materials are available in the HTML. doi:10.1029/
2010GL045896.
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Main disadvantage: High single measurement noise 



Chlorophyll fluorescence – complication from space 
How to tackle the problem: 2) Use solar lines. 

C. Frankenberg, C. O'Dell, L. Guanter, and J. McDuffie, AMT,  2012 

Leverage from OCO-2 efforts: Implementing propagation of fluorescence into 
the orbit simulator, simulating complex realistic radiances in scattering 
atmospheres.  
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Chlorophyll fluorescence – complication from space 
How to tackle the problem: 2) Use solar lines. 

C. Frankenberg, C. O'Dell, L. Guanter, and J. McDuffie, AMT,  2012 
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Chlorophyll fluorescence – complication from space 
How to tackle the problem: 3) Use entire emission spectrum (FLEX) 

the two peaks of the fluorescence emission, and O2 is a well‐
mixed gas in the atmosphere. Fraunhofer lines in the solar
spectrum were also proposed for fluorescence retrieval in the
past [Sioris et al., 2003], but are now discarded because of
their low spectral overlap with the most intense emission in
the chlorophyll a fluorescence spectrum; water vapor features
are also discarded because of the high variability of water
vapor in both the temporal and the spatial dimension. The
suitability of the O2 absorption features for fluorescence
retrieval is illustrated in Figure 1. A real top‐of‐canopy
fluorescence spectrum is superposed to a TOA radiance
spectrum simulated for a green vegetation target. The location
of the O2‐A and O2‐B absorption features is depicted.
[5] As reported in Meroni et al. [2009], most of the

methods in the literature for Fs detection from either
ground‐based, airborne, or spaceborne instruments are
based on the simplistic Fraunhofer Line Depth (FLD)
principle [Plascyk, 1975] applied to the O2‐A absorption
feature. The FLD method is a suite of 2 or 3 band differ-
ential absorption technique in which the in‐filling of the
absorption feature by fluorescence is used to decouple the
fluorescence and reflectance signals. A nonfluorescent tar-
get, either a reference panel or a bare soil surface, is used for
the normalization of the nonmodeled atmospheric effects
[Moya et al., 2004; Pérez‐Priego et al., 2005; Alonso et al.,
2008]. However, FLD‐like approaches cannot be applied for
Fs estimation in the O2‐B feature, which does not present
deep and broad absorption lines to set the measuring and
reference channels required by the FLD technique, and can
hardly be applied to spaceborne fluorescence retrieval, as
reference targets (bare soil targets surrounding green vege-
tation surfaces) are seldom available from the satellite scale
[Guanter et al., 2007].
[6] Spectral fitting methods have been proposed as an

alternative to FLD‐like methods for the retrieval of Fs from
O2‐A and O2‐B measurements [Meroni and Colombo,

2006; Meroni et al., 2010; Mazzoni et al., 2008]. These
methods exploit high spectral resolution measurements
(considered to be of the order of 0.1 nm in this work) for the
decoupling of reflectance and fluorescence by means of
multichannel regressions. The higher amount of information
contained in high‐resolution data enables the better nor-
malization of atmospheric effects, the characterization of the
instrument spectral calibration, and to account for nonlinear
spectral variations of the background vegetation reflectance,
which are especially important in O2‐B.
[7] Vegetation chlorophyll fluorescence retrieval from

high‐resolution spectrometry in the O2‐A and O2‐B atmo-
spheric absorption features is the main objective of the
FLuorescence EXplorer (FLEX) mission concept under
development by the European Space Agency (ESA) [Drusch
and FLEX Team, 2008]. FLEX, whose core instrument is
the Fluorescence Imaging Spectrometer (FIMAS), is pres-
ently under evaluation for implementation as an in‐orbit
technology demonstrator which would fly in tandem with
the Sentinel‐3 system [Drinkwater and Rebhan, 2007] of
the Global Monitoring for Environment and Security
(GMES) program. The exploitation of Sentinel‐3 Ocean
Land Color Instrument (OLCI) and Sea and Land Surface
Temperature Radiometer (SLSTR) data for the support of
FIMAS measurements in cloud screening and the charac-
terization of atmospheric conditions is considered as base-
line for the latest FLEX concept. Sentinel‐3 OLCI and
SLSTR will continue ENVISAT’s MEdium Resolution
Imaging Spectrometer (MERIS) and Advanced Along‐
Track Scanning Radiometer (AATSR) multispectral and
multiangular measurements. If finally selected for imple-
mentation and according to the most recent instrument
concept, FIMAS would measure with a high signal‐to‐noise
ratio (SNR) in two spectral windows of width between 20
and 30 nm centered at the O2‐A and O2‐B absorption fea-
tures, with spectral sampling interval (SSI) and full width at
half maximum (FWHM) between 0.1 and 0.3 nm and
ground sampling distance (GSD) between 300 m and 1 km.
FIMAS observations would be in quasi‐nadir mode and
would cover an at‐ground area of about 100 km. A summary
of some of the most important FIMAS requirements is
presented in Table 1.
[8] Developments for operational Fs retrieval from high‐

resolution measurements in O2‐A and O2‐B performed
during the FLEX preparatory activities are presented here-
inafter in this paper. In particular, an overview of a tentative
Fs retrieval methodology implemented for FIMAS‐like type

Figure 1. Real top‐of‐canopy (TOC) chlorophyll fluores-
cence spectrum superposed to a top‐of‐atmosphere (TOA)
radiance spectrum simulated from a green vegetation target.
The O2‐A and O2‐B absorption features are marked with
rectangles. Illumination and observation zenith angles in
the simulation were 30° and 0°, respectively, and the spec-
tral resolution 1 cm−1.

Table 1. Key Specifications of the FLEX/FIMAS Instrument as of
December 2009a

O2‐A O2‐B

Spectral window [745, 775] nm (O) [672, 702] nm (O)
[750, 770] nm (T) [677, 697] nm (T)

SSI (∼FWHM) 0.1 nm (O)–0.3 nm (T) 0.1 nm (O)–0.3 nm (T)
SNR [300:1–1600:1] (O) [600:1–900:1] (O)

[150:1–800:1] (T) [200:1–400:1] (T)
Pol. Sensit. 1% (O)–2% (T) 1% (O)–2% (T)
GSD 300 m (O)–1000 m (T) 300 m (O)–1000 m (T)
Swath ∼100 km ∼100 km

a“O” and “T” labels refer to optimum and threshold values, respectively.
SNR is given at the mission reference radiance level. Pol. Sensit. stands for
sensitivity to polarization.
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Reflectance and Fluorescence emission spectrum 
Guanter et al, JGR, 2010 While Fs retrievals using the O2 A-

band alone (without Fraunhofer 
lines) is ill-posed, the use of the 
full spectral range may alleviate 
the problem (e.g. fractional 
contribution of Fs is much higher 
at shorter wavelengths. 
 
Biggest advantages: Covering the 
red-edge will allow LAI/FAPAR/
chl. content retrievals in addition 
+ Fs ratios at different 
wavelengths are also powerful 
indicators for photosynthetic 
activity. 
 
Best of both worlds (personal 
opinion): Have high spectral 
resolution to sample Fraunhofer 
lines AND extend the wavelength 
range to cover the short 
wavelength Fs peak. 

main text. In addition to those cases, we allow for simultaneously retrieving albedo r and surface pressure p (Fig.
S1 panel h) and additionally aerosol optical density (Fig. S1 panel i).

These exercises reveal that fluorescence emission amounting to 1.5% of the backscattered radiance can induce
substantial errors in retrieved surface pressure (error ⇠10 hPa) and aerosol optical density (error ⇠0.1) as well as
errors in aerosol layer height and surface albedo. Thus, fluorescence emission is not negligible when aiming at
retrieving surface and aerosol parameters from the O

2

A-band. Further, the spectral fitting residuals illustrate that
surface and scattering parameters can e�ciently mask the fluorescence signal. Given a signal-to-noise of 300, all
retrieval exercises tried here - with exception of the albedo-only retrieval (Fig. S1 panel e) - reduce the spectral
fluorescence signal below the noise level in the O

2

absorption lines. In particular, a simultaneous retrieval of albedo,
aerosol optical density, and aerosol layer height yields virtually vanishing residual fluorescence features in the O

2

absorption lines. In reverse, a retrieval of the fluorescence signal using the filling-in of O
2

absorption lines would
require highly accurate a priori knowledge of surface and scattering properties which is typically not available.
Although the O

2

features can be fitted nicely using a forward model that neglects Fs, it is impossible to fit the
solar Fraunhofer lines.

Solar model

An empirical model of the solar transmission spectrum is used to calculate the depths and shapes of the Fraunhofer
absorption lines. This uses a solar linelist containing the positions, strengths and widths of the absorption lines,
together with a subroutine encoding the assumed functional form of the lineshape. As preparatory work for the
OCO mission, the solar spectrum in the A-band region was carefully tested and the linelist generated from high
resolution spectra acquired by the Kitt peak FTS, both disk-center and disk-integrated. The solar model was
validated in the A-band region using high resolution solar occultation spectra measured from balloons (courtesy
of Sebastian Payan and Claude Camy-Peyret, CNRS, Paris, and Ron Blatherwick and Frank Murcray, Denver
University). Since the isolated solar lines used in this study are also isolated from telluric lines in Kitt peak spectra,
their depth and shape is especially well known. This solar model has been widely used for analysis of ground-based
FTS spectra (e.g., TCCON).
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Figure S2: Solar transmission spectra at full spectral resolution for the whole wavelength region where fluorescence
occurs (top panel) as well as a zoom on the fluorescence peak region around 680 and 750 nm in the lower two panels.

Fig. S2 shows the solar transmission spectrum for the entire wavelength range, where chlorophyl fluoresces. The
lower panels depict zooms on the regions of peak fluorescence emission. There is a tremendous wealth of Fraunhofer
lines in the entire spectrum and a retrieval based on Fraunhofer lines only should be feasible in the entire range
when recorded with high spectral resolution (and su�cient SNR). In general, the precision error of the least-squares
fit largely decreases with a) the strength (depth) of the Fraunhofer lines and b) the amount of lines within a retrieval
window. Since the relative fluorescence signal F rel

s in the 680 nm region is far higher than in the O
2

A-band, high

3
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Crisp�Fig.�4Fig. 4. Synthetic (red) and measured (black) spectra for a con-
verged retrieval of a sounding acquired at 41.2� N, �95.8� E on
22 July 2010, just north of the Lamont Oklahoma TCCON sta-
tion. This was a relatively bright sounding, collected at a solar
zenith angle of 25.2� and an observation zenith 20.8�, yielding
signal to noise ratios of 176, 218, and 138 in the ABO2, WCO2,
and SCO2 bands, respectively. The retrieved XCO2 , surface pres-
sure, and aerosol optical depth at 0.755 µm for this sounding were
388.7 ppm, 975.8 hPa, and 0.11, respectively.

Recent advances in the laboratory measurements and anal-
ysis techniques have produced substantial improvements in
our understanding of the CO2 absorption cross sections
in both the WCO2 and SCO2 bands. Improved labora-
tory techniques include more precise measurements of pres-
sures (±0.01 Torr), temperatures (±0.1K), isotopic content
of the samples (±0.05%), and optical path lengths (0.1%)
of the absorption cells, as well as higher SNR (2000:1),
and reduced uncertainty in the instrument line shape. These
methods allow the detection and quantification of line po-
sitions, strengths, widths, pressure shifts, and tempera-
ture dependence with unprecedented accuracy (Toth et al.,
2006a, b, 2007a, b, 2008a, b). The laboratory data are be-
ing analyzed with advanced multi-spectrum analysis tech-
niques that fit dozens of spectra simultaneously, providing a
self-consistent description of the line parameters (positions,
strengths, widths, shifts, and temperature dependence) in the
presence of line mixing for a speed-dependent Voigt line
shape (Devi et al., 2007; Benner et al., 2009; Long et al.,
2011). These line parameters produce CO2 absorption cross
sections that yield much smaller residuals in fits to laboratory
spectra (Fig. 5a). Their use in the ACOS/OCO-2 algorithm
produces somewhat smaller reductions fitting residuals in fits
to GOSAT spectra (Fig. 5b). Some of the remaining residu-
als have been traced to poorly fit solar lines and inadequately
fit water vapor lines. The remaining residuals that are well
correlated with the CO2 absorption may be associated with
inadequacies in the treatment of line mixing or the far wings
of CO2 lines, or other atmospheric absorption processes not
present in the laboratory measurements, and neglected here,
such as water vapor continuum absorption.
A comparison of the O2 A-band residuals for a Lamont

TCCON spectrum and an average of nearby ACOS GOSAT
retrievals is shown in Fig. 6. For the weakest lines at the short
wavenumber end of this band (<13 050 cm�1), the largest
residuals occur near line centers. These errors might be as-
sociated with the use of a Voigt line shape in the O2 A-
band absorption coefficient calculations rather than a more
appropriate, collision-narrowed line shape. Ritter and Wilk-
erson (1987) found that line parameters derived using the
Galatry line shapes reduced the residuals in laboratory mea-
surements by up to a factor of 10 when compared to those
obtained using the Voigt line shape. Beyond 13 050 cm�1,
where the lines become progressively more saturated, the
largest residuals are in the near wings and just beyond the
band head. These residuals are likely to be due to subtle er-
rors in the line mixing formulation adopted here (Tran and
Hartmann, 2008). We do not yet have self-consistent esti-
mates of line parameters (positions, strengths, widths, and
pressure shifts) and line mixing coupling matrices for ab-
sorption lines that include collisional-narrowing as well as
Doppler and collisional broadening effects. This work is
proceeding rapidly and new absorption coefficients will be
implemented as they become available.

Atmos. Meas. Tech., 5, 687–707, 2012 www.atmos-meas-tech.net/5/687/2012/
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Do not forget: GOSAT is NOT a mapper as intended to measure long-lived trace 
gases, not surface properties! 

Footprint locations 

  9 ACOSACOSACOSACOS ACOS Final Report  

The OCO / GOSAT Collaboration 

• The objectives of this partnership were to: 
– Accelerate understanding of this new data source 
– Facilitate combining GOSAT and OCO results in flux inversion models   

• The approach included two major components: 
– Cross calibrate OCO and GOSAT instrument radiometric standards 
– Cross validate OCO and GOSAT XCO2 retrievals against a common 

standard: the Total Carbon Column Observing Network (TCCON) 

 Uniform sampling with 
3-day repeat cycle 

 Continuous high resolution 
measurements along track 

GOSAT OCO 

 Validation against 
TCCON observations 

 Cross calibration of 
radiometric standards 

prior to launch. 



Fluorescence from GOSAT 
(retrieval paper and first real retrievals) 



Fluorescence from GOSAT 
(three different retrievals groups) J. Joiner et al.: Filling-in of near-IR solar lines 819

Fig. 8. Derived monthly averages for July (left panels) and December (right panels) 2009; first(second) row: fluorescence scaled by cos(SZA)
(scaled-F) (unitless) from GOSAT 758 (770) nm; Third row: scaled-F from SCIAMACHY 866 nm; bottom row: Aqua MODIS enhanced
vegetation index (EVI)

from AquaMODIS (August 2002–July 2011 at the same spa-
tial resolution) for comparison. An animated version of the
SCIAMACHY scaled-F climatology is available in the sup-
plemental material. The general spatial and temporal patterns
from SCIAMACHY scaled-F are similar to EVI and consis-
tent with fluorescence related to vegetation. Note that we
show scaled-F here for solar zenith angles up to 80�. In the
winter hemisphere at the highest latitudes shown, scaled-F
originating from a terrestrial source is likely to be overesti-
mated owing to atmospheric RRS that is not fully accounted
for.
Some interesting differences between scaled-F and EVI

are shown here as well as in Fig. 8. For example, we

see moderate values of EVI over parts of the northeast and
southeast US, Europe, and southeast Asia in the late autumn
through early spring while scaled-F is close to zero. The val-
ues of scaled-F are more distinctly lower over parts of east
and northeast Brazil from May through November as com-
pared with the EVI. These differences are further explored in
the next subsection.
Scaled-F is shown to be loosely correlated with radiance

in vegetated areas. This would be expected if the additive
signal at the Ca II line has a vegetation source. However,
there are also areas of high radiance with low F such as over
the Sahara and parts of the Saudi Arabian peninsula. This
demonstrates that the additive signal is not entirely related

www.atmos-meas-tech.net/5/809/2012/ Atmos. Meas. Tech., 5, 809–829, 2012

noted that the MODIS EVI product (not shown) shows the same sea-
sonality as Fs and the GPP MPI-BGC data sets, so that the unexpected
seasonality may again be given to some particularity of the MODIS
GPP model.

4.7. Directional effects in Fs retrievals

The last experiment that has been performed with the Fs data set
produced with the SVD approach has been the assessment of direc-
tional effect on the Fs emission. Despite the fact that the Fs emission
has traditionally been considered isotropic, it can be argued that
some directionality can be expected by analogy with the thermal
emission by vegetation covers (e.g. Timmermans et al., 2009). Indeed,
Van der Tol et al. (2009) explored directional effects in vegetation
fluorescence (685 nm) using the SCOPE model and found them to
be quite pronounced. Their simulations suggest a broadly similar
form to near infrared bidirectional reflectance distribution function
(BRDF), particularly in the backscatter direction, with a pronounced
retro-reflectance (hot spot) and angular variations of greater than a
factor of 2 in Fs for a mature canopy.

For this experiment with GOSAT-derived Fs, all Fs retrievals over
two densely vegetated areas around the Equator, one in America
and one in Africa, have been grouped in five different scan angle
bins of 8∘ width and centered in −30∘, −15∘, −2∘, +15∘ and +30∘,
which roughly reproduce the distribution of scan angles in the obser-
vations. The sign of these angles refers to which side of the orbit the
instrument is pointing at. This sign can be associated to azimuth an-
gles with respect to North by considering the inclination of the
orbit. The two areas have been selected to be at the Equator in
order to minimize changes in the illumination zenith angle, which is
in both cases around (20±5)∘ during the entire year. Only observa-
tions between June 2009 and May 2010 have been used in order to
avoid the switch from 5 to 3 scan angles in TANSO-FTS observations
which occurred in August 2010.

Results are plotted in Fig. 13. Fs and TOA reflectance are plotted
as a function of scan angle for those two sites. Even though this
can only be considered a preliminary assessment of the direction-
ality of the Fs emission from space, very clear directional trends

are visible. The signal is reduced by up to a 20% for the largest ob-
servation angles around 30∘, and a maximum Fs is measured for
the +15∘ observation angle, which seems to be the closest one
to the hot-spot configuration according to the equivalent TOA re-
flectance patterns.

The primary physical mechanism for this is likely to be the varying
amounts of sunlit leaf that are viewed at different angles. In the sim-
ulations of Van der Tol et al. (2009), Fs appears to show a broad “dark
spot” in the anti-solar direction, and generally less pronounced for-
ward emission than seen in near infrared BRDF which is consistent
with this idea. Multiple scattering effects, that are generally large
for vegetation reflectance in the near infrared, are likely small for Fs
in the Fraunhofer lines. From such arguments, we might suppose di-
rectional fluorescence would broadly follow the form of visible reflec-
tance (high leaf absorptance, so low multiple scattering) when
bounded by an absorbing lower boundary (i.e. no fluorescence from
the soil). This suggests the possibility that relatively simple BRDF
models, such as those used for describing angular variations in reflec-
tance for albedo estimation (e.g. Wanner et al., 1997) might be suit-
able for describing and normalizing such effects, as has already
shown to be the case for describing directional emissivity at thermal
wavelengths (Snyder & Wan, 1998). A more detailed analysis of this
effect and its implications in the modeling of the signal will be carried
out in future activities.

5. Summary and conclusions

A new method for the retrieval of chlorophyll fluorescence from
GOSAT-FTS spaceborne measurements has been presented in this
work. This method makes use of the Fraunhofer lines located in
two spectral windows of 2–3 nm centered in 755 and 770 nm to
disentangle Fs from the solar radiation reflected by the surface-
atmosphere system. The inversion of TOA radiances is achieved by
means of a linear forward model consisting of a basis of orthogonal
vectors to reproduce Fs-free spectral patterns plus the fluorescence
contribution. The basis of singular vectors has been derived with
the singular vector decomposition of a training set of vegetation-
free spectra for the two spectral micro-windows. Whereas this
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(b) Fs , physically-based approach
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Fig. 9. Global maps of Fs and gross primary production (GPP) for the time period 6/2009–5/2010. Fs maps from both the SVD and the Frankenberg et al. (2011) (physically-based)
retrieval approaches are displayed. GPP data are from the MPI-BGC and MODIS MOD17A2 data sets. The non-data mask from the MPI-BGC GPP product has been used for all 4 data
sets.
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à Despite differences in the techniques, methods agree well 
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1 Introduction

Fluorescence from terrestrial vegetation has been measured
in the laboratory and with ground- and aircraft-based instru-
ments for several decades (see e.g., the review of Meroni et
al., 2009, and the many references therein). More recently, it
has been demonstrated that fluorescence information can also
be derived from satellite passive sensors measuring backscat-
tered sunlight at wavelengths near the O2-A band absorption
feature. It is important to quantify the impact of fluores-
cence on atmospheric absorption bands, such as the O2-A
band, that are used for cloud- and aerosol-characterization
for other trace-gas retrievals, including CO2 (e.g., Franken-
berg et al., 2011a). These fluorescence measurements, par-
ticularly with global coverage from satellites, are of inter-
est in their own right because the signal originates from the
core complexes of the photosynthetic machinery where en-
ergy conversion of absorbed photosynthetically active radia-
tion (PAR) occurs. Chlorophyll fluorescence measurements
therefore may provide a means to estimate global instanta-
neous vegetation carbon-related processes, such as those im-
portant to precision farming, forest management, and assess-
ment of the terrestrial carbon budget including gross primary
productivity (GPP) (e.g., Campbell et al., 2008; Damm et al.,
2010; Frankenberg et al., 2011b).
Fluorescence in vegetation occurs because a portion of the

sunlight absorbed by chlorophyll cannot be used for carbon
fixation. While most of this unused energy is given off as
heat, a small fraction is re-emitted as fluorescence at longer
wavelengths (lower energy) with respect to the excitation
wavelength. The far-red and red fluorescence generally oc-
curs as a convolution of broad band emission with two peaks
at 685 and 740 nm, respectively, as shown in Fig. 1 (e.g.,
Meroni et al., 2009; Corp et al., 2003, 2006). Many stud-
ies have shown that in high light conditions (i.e., in the late
morning and early afternoon when many satellite measure-
ments are made) and when plants are under stress, fluores-
cence is correlated with photosynthesis and light use effi-
ciency (LUE) (e.g., Flexas et al., 2002; Louis et al., 2005;
Meroni et al., 2008; van der Tol et al., 2009; Zarco-Tejada
et al., 2009; Daumard et al., 2010; Amoros–Lopez et al.,
2008). Other research has indicated that chlorophyll fluo-
rescence supplies information content about photosynthetic
function that is complementary to reflectance-based spectral
vegetation indices including the Normalized Difference Veg-
etation Index (NDVI) and the Enhanced Vegetation Index
(EVI), linked to chlorophyll content, and the Photochemical
Reflectance Index (PRI), related to changes in xanthophyll
cycle pigments (Meroni and Colombo, 2006; Middleton et
al., 2008, 2009; Rascher et al., 2009; Meroni et al., 2008;
Daumard et al., 2010; Guanter et al., 2007; Zarco-Tejada
et al., 2009; Joiner et al., 2011; Frankenberg et al., 2011b;
Guanter et al., 2012).
Space-based measurement of solar-induced chlorophyll

fluorescence is challenging, because its signal (typically

Fig. 1. Measured fluorescence spectra of excised corn leaves (Zea
Mays L.) in the laboratory, with simulated solar illumination at full
mid-day sun intensity as measured below a long-pass filter blocking
wavelengths longer than 665 nm, showing maximum fluorescence
(Fmax) after 5min. of dark adaptation, steady state fluorescence
(Fs, achieved in less than 0.5min after illumination), and a sample
solar spectrum from Thuillier et al. (2003, 2004).

1–5% at red and far-red wavelengths) is small as compared
with the much larger reflectance signal. Ground- and aircraft-
based approaches have made use of the dark and spectrally-
wide O2-A (⇠760 nm) and O2-B (⇠690 nm) atmospheric
features to detect the weak fluorescence signal (see e.g.,
Meroni et al., 2009). Deep solar Fraunhofer lines have also
been used to detect fluorescence from vegetation using air-
borne and ground-based sensors. Initial studies (e.g., Plas-
cyk and Gabriel, 1975; McFarlane et al., 1980;Watson, 1981;
Sioris et al., 2003) focused on lines shortward of the red edge
(⇠700 nm) where the terrestrial surface reflectivity is rela-
tively low. More recently, Joiner et al. (2011), Frankenberg
et al. (2011b), and Guanter et al. (2012) focused on longer-
wavelength solar Fraunhofer lines that can be observed with
space-based instruments such as the currently operational
GOSAT. They showed that fluorescence can be detected us-
ing Fraunhofer lines off the far-red chlorophyll a fluores-
cence peak even when the surface is relatively bright.
Here we build on that work by examining the possibil-

ity of making fluorescence measurements from space with
lower spectral resolution instrumentation as compared with
the GOSAT interferometer or similar instruments. If this can
be demonstrated, then low cost instrumentation can poten-
tially be used for space- and air-borne measurements with a
relatively simple retrieval algorithm, i.e., one that does not
require complex atmospheric correction. Of the wide and
deep solar lines shown in Fig. 1, we focus on the 866 nmCa II
solar Fraunhofer line. This is the only line with negligible
contamination from atmospheric water vapor capable of de-
tecting fluorescence at spectral resolutions of about 0.5 nm.
We first examine laboratory measurements of fluorescence at
the long-wavelength tail of the 740 nm feature near 866 nm.

Atmos. Meas. Tech., 5, 809–829, 2012 www.atmos-meas-tech.net/5/809/2012/

Spectral resolution too low to sample fine 
Fraunhofer lines near 750nm but sufficient 
to use the wide Ca II line at 866.5 nm 
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Fig. 8. Derived monthly averages for July (left panels) and December (right panels) 2009; first(second) row: fluorescence scaled by cos(SZA)
(scaled-F) (unitless) from GOSAT 758 (770) nm; Third row: scaled-F from SCIAMACHY 866 nm; bottom row: Aqua MODIS enhanced
vegetation index (EVI)

from AquaMODIS (August 2002–July 2011 at the same spa-
tial resolution) for comparison. An animated version of the
SCIAMACHY scaled-F climatology is available in the sup-
plemental material. The general spatial and temporal patterns
from SCIAMACHY scaled-F are similar to EVI and consis-
tent with fluorescence related to vegetation. Note that we
show scaled-F here for solar zenith angles up to 80�. In the
winter hemisphere at the highest latitudes shown, scaled-F
originating from a terrestrial source is likely to be overesti-
mated owing to atmospheric RRS that is not fully accounted
for.
Some interesting differences between scaled-F and EVI

are shown here as well as in Fig. 8. For example, we

see moderate values of EVI over parts of the northeast and
southeast US, Europe, and southeast Asia in the late autumn
through early spring while scaled-F is close to zero. The val-
ues of scaled-F are more distinctly lower over parts of east
and northeast Brazil from May through November as com-
pared with the EVI. These differences are further explored in
the next subsection.
Scaled-F is shown to be loosely correlated with radiance

in vegetated areas. This would be expected if the additive
signal at the Ca II line has a vegetation source. However,
there are also areas of high radiance with low F such as over
the Sahara and parts of the Saudi Arabian peninsula. This
demonstrates that the additive signal is not entirely related

www.atmos-meas-tech.net/5/809/2012/ Atmos. Meas. Tech., 5, 809–829, 2012
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Facing reality:  
Detection of a zero level offset in the GOSAT FTS 

From now on, focus on 
JPL efforts (please note 
work by Joiner and 
Guanter though!). 
 
•  Initial GOSAT Fs 

retrievals caused 
headache as high Fs 
was retrieved over 
Antarctica 

•  Signal could be 
traced down to an 
FTS zero-level offset 

•  Empirical correction 
now in place (from all 
retrieval groups) 

•  à beware of zero 
level offset in FTS 
systems and spectral 
straylight in gratings 
spectrometers 



771nm

771nm

755nm

755nm

P-pol 

S-pol 

P-pol 

S-pol 

-0.200 0.525 1.250 1.975 2.700 -0.200 0.188 0.575 0.963 1.350

Fs
rel / % Fs

rel / %

before correction after correctionImpact of zero-level offset correction on annual average 

Impact of the offset on the retrieval 



Global fluorescence retrieval from GOSAT, annual average 

C. Frankenberg, Fisher e al, GRL,  2011 



GOSAT Fluorescence and MPI-BGC GPP 

GOSAT Chlorophyll Fluorescence at 757nm  



GOSAT Fluorescence and MPI-BGC GPP 

Gross Primary Production (GPP), MPI-BGC (Beer et al, Science, Jung et al, JGR) 



Frankenberg, Fisher, et al.: GRL 

Results: Fs - GPP 



GOSAT – 
MPI-BGC 

relationship 
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Frankenberg, Fisher, et al.: GRL 

Results 



Frankenberg, Fisher, et al.: GRL 

Results 



Comparison with GPP, two year average 

Fs 

GPP 
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July 2009 

  74 ACOSACOSACOSACOS ACOS Final Report  

ACOS GOSAT B2.10 XCO2 Retrievals 
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August 2009 

  74 ACOSACOSACOSACOS ACOS Final Report  

ACOS GOSAT B2.10 XCO2 Retrievals 
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ACOS GOSAT B2.10 XCO2 Retrievals 
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September 2009 

  74 ACOSACOSACOSACOS ACOS Final Report  

ACOS GOSAT B2.10 XCO2 Retrievals 
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October 2009 

  74 ACOSACOSACOSACOS ACOS Final Report  
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395 

375 

  74 ACOSACOSACOSACOS ACOS Final Report  

ACOS GOSAT B2.10 XCO2 Retrievals 

395 

375 

ACOS XCO2 

Fs 

GPP 



November 2009 
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December 2009 
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January 2010 

  74 ACOSACOSACOSACOS ACOS Final Report  

ACOS GOSAT B2.10 XCO2 Retrievals 
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February 2010 

  74 ACOSACOSACOSACOS ACOS Final Report  

ACOS GOSAT B2.10 XCO2 Retrievals 
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395 

375 

ACOS XCO2 

Fs 

GPP 



March 2010 

  74 ACOSACOSACOSACOS ACOS Final Report  

ACOS GOSAT B2.10 XCO2 Retrievals 
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ACOS GOSAT B2.10 XCO2 Retrievals 
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April 2010 

  74 ACOSACOSACOSACOS ACOS Final Report  

ACOS GOSAT B2.10 XCO2 Retrievals 
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May 2010 

  74 ACOSACOSACOSACOS ACOS Final Report  

ACOS GOSAT B2.10 XCO2 Retrievals 

395 

375 

  74 ACOSACOSACOSACOS ACOS Final Report  

ACOS GOSAT B2.10 XCO2 Retrievals 
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June 2010 

  74 ACOSACOSACOSACOS ACOS Final Report  

ACOS GOSAT B2.10 XCO2 Retrievals 

395 

375 
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ACOS GOSAT B2.10 XCO2 Retrievals 
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July 2010 

Fs 

GPP 



August 2010 

Fs 

GPP 



September 2010 

Fs 

GPP 



October 2010 

Fs 

GPP 



November 2010 

Fs 

GPP 



December 2010 

Fs 

GPP 



•  While GOSAT provides unique new data, the application of Fs is still 
hampered by high single measurement noise and incomplete (and 
infrequent) sampling. 

•  OCO-2 will partially alleviate the first problem as it will provide 50 times 
more data, beating down standard errors and having <2x2km2 ground 
pixels. However, it will also NOT be a mapper, covering <2-3% of the 
Earth’s surface (both instruments are designed to measure trace 
gases, not surface properties) 

•  The Fraunhofer line retrieval method is very robust, embarrassingly 
simple and now proven. More dedicated missions (such as FLEX) 
using high spectral resolution covering both Fluorescence peaks would 
greatly improve both Fs retrievals and allow for LAI/chlorophyll 
retrievals at the same time.  

Honest assessment 



Simple steps that could be done… 
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C. Frankenberg, C. O'Dell, L. Guanter, and J. McDuffie, AMT,  2012 

Enlarge the spectral range Improve SNR and FWHM 

Factor 2 difference in precision  
(like having 4 times more samples)! 



•  The retrieval of chlorophyll fluorescence from space IS feasible, now 
proven with real data (and method validated on ground). 

•  The Fraunhofer line retrieval method is simple, fast and robust. Most 
importantly, it is VERY insensitive to atmospheric scattering, being able 
to sense Fs through thin clouds.  

•  The raw Fs retrieval, without the application of a single ancillary dataset 
or model assumption, has more predictive skill in estimating GPP than 
any other current remote sensing measurement.  

•  Chlorophyll fluorescence retrievals from GOSAT and OCO-2 in 
conjunction with their global atmospheric CO2 measurements will 
provide an exceptional combination of a vegetation and atmospheric 
perspective on the global carbon budget, constraining our model 
predictions for future atmospheric CO2 abundances.  

CONCLUSIONS 


