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The recent advent of very high spectral resolution measurements by the Fourier Transform Spectrometer
(FTS) on board the Greenhouse gases Observing SATellite (GOSAT) platform has made possible the retrieval
of sun-induced terrestrial chlorophyll fluorescence (Fs) on a global scale. The basis for this retrieval is the
modeling of the in-filling of solar Fraunhofer lines by fluorescence. This contribution to the field of space-
based carbon cycle science presents an alternative method for the retrieval of Fs from the Fraunhofer lines re-
solved by GOSAT-FTS measurements. The method is based on a linear forward model derived by a singular
vector decomposition technique, which enables a fast and robust inversion of top-of-atmosphere radiance
spectra. Retrievals are performed in two spectral micro-windows (∼2–3 nmwidth) containing several strong
Fraunhofer lines. The statistical nature of this approach allows to avoid potential retrieval errors associated
with the modeling of the instrument line shape or with a given extraterrestrial solar irradiance data set.
The method has been tested on 22 consecutive months of global GOSAT-FTS measurements. The fundamental
basis of this Fs retrieval approach and the results from the analysis of the global Fs data set produced with it
are described in this work. Among other findings, the data analysis has shown (i) a very good comparison of
Fs intensity levels and spatial patterns with the state-of-the-art physically-based Fs retrieval approach
described in Frankenberg et al. (2011a), (ii) the overall good agreement between Fs annual and seasonal pat-
terns and other space-based vegetation parameters, (iii) the need for a biome-dependent scaling from Fs to
gross primary production, and (iv) the apparent existence of strong directional effects in the Fs emission
from forest canopies. These results reinforce the confidence in the feasibility of Fs retrievals with GOSAT-
FTS and open several points for future research in this emerging field.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

The terrestrial sun-induced chlorophyll fluorescence signal (Fs) is
emitted by the photosystem II of the chlorophyll molecules of assim-
ilating leaves: part of the energy absorbed by chlorophyll is not used
for carbon fixation, but re-emitted at longer wavelengths in the
650–800 nm spectral region (Baker, 2008; Papageorgiou, 1975). The
Fs signal originates at the cores of the photosynthetic machinery
and responds instantaneously to perturbations in the environmental
conditions such as light and water stress. This makes it a more direct
proxy to the plant photosynthetic activity than the reflectance-based
vegetation indices traditionally used in vegetation remote sensing ap-
plications (Coops et al., 2010). The very recent publication of the first
ces, Free University of Berlin,
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global maps of chlorophyll fluorescence (Frankenberg et al., 2011b;
Joiner et al., 2011) opens the door to a new, unexplored field of re-
search that couples remote sensing with vegetation and atmospheric
sciences.

The Fs retrieval methods developed by Joiner et al. (2011) and
Frankenberg, et al. (2011a) share a common fundamental basis:
the fractional depth of solar Fraunhofer lines decreases due to in-
filling by Fs. The feasibility of Fs retrieval using individual Fraunho-
fer lines had been proposed some years ago (Sioris et al ., 2003).
However, it has not been until the advent of the Greenhouse
gases Observing SATellite “IBUKI” (GOSAT), carrying the Thermal
And Near infrared Sensor for carbon Observation (TANSO) (Kuze
et al., 2009), that the first global Fs maps have been produced.
TANSO includes a Fourier Transform Spectrometer (FTS) measur-
ing with high spectral resolution in the 755–775 nm range, which
allows to resolve individual Fraunhofer lines overlapping the Fs
emission.

http://dx.doi.org/10.1016/j.rse.2012.02.006
mailto:guanter@atm.ox.ac.uk
http://dx.doi.org/10.1016/j.rse.2012.02.006
http://www.sciencedirect.com/science/journal/00344257


237L. Guanter et al. / Remote Sensing of Environment 121 (2012) 236–251
The research presented in this contribution covers a wide range of
aspects related to both the retrieval of Fs from GOSAT-FTS measure-
ments and the analysis of the Fs signal on a global basis. Key points
addressed in this work are:

(1) A new approach for Fs retrieval from GOSAT-FTS data is pro-
posed. This method is intended to simplify the implementation
and to minimize the computation time with respect to the one
proposed by Frankenberg et al. (2011a), which is taken as a
reference for the reasons described later in this paper.

(2) The global maps of Fs produced with this method are compared
to those by Frankenberg et al. (2011b) and Joiner et al. (2011)
in order to establish an agreement in the range of Fs values to
be expected for the temporal and spatial scales accessible
from GOSAT measurements.

(3) The Fs data set produced with the proposed method after the
processing of 22 months of GOSAT-FTS data is used to investi-
gate intrinsic properties of the Fs signal and the sensitivity of
the retrievals against atmospheric and instrumental factors.

(4) The potential and limitations of the retrieved Fs maps for the
assessment of the vegetation condition is further studied by
means of the comparison with other satellite-based vegetation
parameters such as vegetation indices and gross primary pro-
duction products.

The rest of this paper is organized as follows: an overview of
the state-of-the-art in Fs retrieval from GOSAT data is provided
in Section 2. The Fs retrieval approach and the data sets used in
this work are described in Section 3. Results from Fs retrieval
and the comparison with other products are presented in
Section 4. Finally, a summary of the most relevant findings is
given in Section 5.

2. Background

The main challenge in Fs retrieval from passive measurements
is to decouple the Fs signal from the solar radiation reflected by
vegetation and atmosphere, which can be about 100–150 times
more intense than Fs at the top-of-atmosphere (TOA) level
(Meroni et al., 2009). Spectrally-resolved measurements of back-
scattered sunlight in solar Fraunhofer lines (Sioris et al., 2003) or
in telluric absorption bands (Guanter et al., 2007) overlapping
the Fs emission can be used to separate the Fs-emitted signal
from the solar-reflected radiation. According to their spectral posi-
tion, the atmospheric O2-A and O2-B absorption bands in 760.5 nm
and 687.5 nm and the Fraunhofer lines around 757.5 and 770.1 nm
have potential for Fs retrieval.

In the case of Fs retrieval in atmospheric absorption bands, the
different atmospheric optical path crossed by the Fs-emitted and
solar-reflected signals provides the information required to decou-
ple those two components from the radiance measured at the TOA
level. Fs retrieval requires then a very rigorous formulation of the
surface-atmosphere radiative transfer which interposes a very
complex inversion problem (Guanter et al., 2010). As a counter-
part, the relatively coarser spectral resolution needed to resolve at-
mospheric telluric bands (∼0.1 nm, as compared to >0.05 nm for
solar Fraunhofer lines) enables instrument designs sampling a
wider spectral window. The retrieval problem is based in this
case on the multi-parameter inversion of Fs and correlated atmo-
spheric and vegetation variables. This approach based on medium
spectral resolution measurements (of the order of 0.1 nm) with a
wide spectral window (around 200–300 nm) is the basis of the in-
strument concept of the FLEX mission currently under develop-
ment phase A/B1 of the 8th ESA Earth Explorer Program. The
main advantage of this retrieval scheme is that (a) the entire fluo-
rescence broadband spectrum can be retrieved, and (b) Fs and
other vegetation parameters, such as leaf area index and
chlorophyll content, can be derived consistently from the same
TOA radiance spectrum. However, although feasible according to
simulations (Guanter et al., 2010) and ground-based measure-
ments (Meroni & Colombo, 2006), this type of wide-band Fs re-
trieval approach has not yet been demonstrated on real
spaceborne data.

On the other hand, Fs retrieval in solar Fraunhofer lines relies on
the evaluation of the in-filling of the Fraunhofer lines due to Fs.
Since the fractional depth of Fraunhofer lines is not affected by atmo-
spheric scattering and absorption in narrow spectral windows free
from telluric absorption features, the atmospheric modeling required
is much simpler than with atmospheric bands. The main shortcoming
is that a spectral resolution better than 0.05 nm is needed to resolve
the Fraunhofer lines for Fs retrieval (Frankenberg et al., 2011a). Tak-
ing advantage of GOSAT-FTS high resolution measurements, the
existing Fs retrieval methods from Joiner et al. (2011) and
Frankenberg et al. (2011a, b) exploit Fraunhofer lines as a basis for
Fs retrieval. Both methods make use of an extraterrestrial solar irradi-
ance spectrum as a reference to quantify the filling-in of the Fraunho-
fer lines and convert this into an Fs estimation. This set-up is
illustrated in Fig. 1. A real top-of-atmosphere radiance spectrummea-
sured by TANSO-FTS in band-1 is plotted together with an extrater-
restrial irradiance spectrum from Chance and Kurucz (2010) and
with a real Fs measurement. The Fs spectrum was measured with a
FieldSpec FR spectroradiometer (ASD Inc., Boulder CO, US)
(Amorós-López et al., 2008). Spectral shifts in FTS measurements
with respect to the solar irradiance data set can be observed, which
can be explained by both spectral calibration errors in the FTS and
by Doppler shifts due to both the satellite-Earth motion for off-nadir
observation geometries and the sun-Earth relative velocity, which de-
pends on the sun position. The Fs curve in this figure corresponds to
the right wing (when displayed in wavelengths) of the second peak
of a typical Fs spectrum.

The method described in Joiner et al. (2011) makes use of one
Fraunhofer line, which is the strong K I line around 770.1 nm. It em-
ploys real solar irradiance measurements from the TANSO-FTS in
order to avoid the explicit modeling of the instrument line shape
function (ILSF). In turn, the method proposed in Frankenberg et al.
(2011a) extends this single-line approach to two broader spectral
windows centered in 755 and 770 nm. This retrieval, making use of
broader spectral windows containing several Fraunhofer lines, is
expected to be less sensitive to instrumental noise than that based
on one single line, while performing the retrievals for the two sepa-
rate windows provides more independent measurements to be used
to enhance the signal-to-noise ratio of the final Fs products. Critical
steps of this method are the explicit modeling of the asymmetric
ILSF of the FTS, the use of an in-house high accuracy solar transmission
model, and the consideration of spectral shift and stretch as part of
the state vector to be inverted from FTS measurements. These charac-
teristics lead to a non-linear retrieval problem which has to be solved
iteratively. The retrieval is performed independently for 4 fitting win-
dows, which correspond to the two spectral windows in Fig. 1 and the
two polarizations the FTS is measuring (S and P). Processing the two
polarizations independently is useful to evaluate potential issues re-
lated to one or the other polarization. Retrievals from the two polar-
izations are combined in the final Fs product.

The fundamental assumption of the method proposed in this
work is that FTS measurements in the 4 fitting windows can be
expressed as a linear combination of a series of orthogonal spectral
functions, which allows a linearization of the forward model. If
valid, the forward model can be inverted by non-weighted linear
least squares. This makes unnecessary (i) the modeling of the
ILSF, (ii) the use of external extraterrestrial irradiance data sets,
and (iii) the iterations in the minimization of the cost function
required for spectral alignment as described by Frankenberg et al.
(2011a).
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Fig. 1. Normalized radiance spectrum measured by GOSAT-FTS together with reference extraterrestrial solar irradiance and top-of-canopy fluorescence spectra. The two spectral
micro-windows used for Fs retrieval in this work (770 nm on the bottom left, 755 nm on the bottom right) are magnified in the lower panels.
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3. Materials and methods

3.1. The forward model: singular vector decomposition

The underlying idea for the proposed Fs retrieval approach is that
any radiance spectrum can be modeled as a linear combination of a
Fs-free radiance spectrum plus the Fs component propagated to the
top-of-the-atmosphere. The other assumption is that the Fs-free radi-
ance spectrum can, in turn, be expressed as the linear combination of
the singular vectors describing a Fs-free set of measurements. The sin-
gular vector decomposition (SVD) technique (Press et al., 2007;
Rodgers, 2000) has been chosen to generate the basis of spectral func-
tions used to model radiance spectra in the two spectral windows.
The SVD technique, related to principal component analysis, is a pow-
erful tool for the solution of linear systems, and is widely used in sta-
tistics to analyze and reduce the dimensionality of large data sets.
This makes it also very suitable for atmospheric remote sensing appli-
cations (e.g. Hurley et al., 2009; Klüser et al., 2011).

SVD is based on the transformation of a large set of correlated var-
iables into a smaller set of uncorrelated signals called singular vec-
tors. The basis of singular vectors can be arranged so that the
amount of signal variability each vector accounts for decreases mono-
tonically. The singular vector decomposition of an m×n matrix M (in
our case, m spectra×n spectral points) is

M ¼ UΣVT ð1Þ

where U is an n×m matrix of left singular vectors, Σ is defined to be
an n×n diagonal matrix composed of the singular values, and V is
an n×n unitary matrix containing the right singular vectors in its n
columns. T is the transpose operator.

Using the concept of singular vectors, the forward model F con-
sisting of the Fs-free plus the TOA Fs contribution can be written as

F ω; Fsð Þ ¼
Xnv
i¼1

ωivi þ FTOAs I; ð2Þ

where ωi is the weight of the singular vector vi, FsTOA is the intensity in
radiance units of the fluorescence signal at the top-of-atmosphere, I is
an identity vector of size n, and nv is the number of singular vectors
used to model the input radiance spectrum. The fit coefficients are
then the nv weights ωi and Fs

TOA. Concerning nv, in view of the per-
centage of captured variance by each singular vector, a number nv of
4 and 5 singular vectors has been selected for the forward modeling
of the 755 and 770 nmwindows, respectively. This particular number
of singular vectors has been chosen with an empirical threshold of
0.05% on the percentage of the variance explained by each singular
vector (see Fig. 3). This number is a compromise between the degree
to which the input radiance can be reconstructed and a safe limit to
avoid data over-fitting.

It must be noted that the strongest atmospheric features in the
770 nm window are removed from the inversion due to the fact
that no physical formulation of atmospheric absorption and scatter-
ing is included in the forward model. Including the explicit modeling
of atmospheric absorptions would complicate the formulation with-
out an expected improvement in the retrieval accuracy. Another
aspect to be pointed out is that the input radiance spectra are normal-
ized by their slope (divided by a straight line with the same slope) so
that the spectra used in the inversion are as spectrally-flat as possible.
The same is done with the training spectra used to calculate the sin-
gular vectors. The purpose of this normalization is to avoid retrieval
errors from spectra with spectral slopes not represented by those of
the surfaces covered by the training set. For example, snow surfaces
may present very pronounced spectral slopes within the 760 nm
spectral window. Due to this normalization, no spectral slope is as-
sumed for the Fs signal. It must be acknowledged, though, that this
normalization has generally a very small effect on the retrievals.

Eq. (2) is inverted by linear least squares without spectral weights,
as white noise can be assumed for an FTS. Under this assumption, the
retrieval error covariance Se is given by

Se ¼ σ2
m JTJ
� �−1

; ð3Þ

where Se is a matrix of (nv+1)×(nv+1), σm is the measurement
error, and J is the matrix consisting of the first nv singular vectors
and I. Following Frankenberg et al. (2011b), σm is estimated as the
standard deviation of the first and last 500 spectral samples of each
FTS band-1 spectrum. These samples are considered to be completely
out of the band pass filter and can then provide a good estimation of



239L. Guanter et al. / Remote Sensing of Environment 121 (2012) 236–251
instrumental noise. It must be noted that Eq. (3) gives only an estima-
tion of how instrumental noise propagates to Fs values. Potential error
sources such as rotational Raman scattering, residual atmospheric
contamination or radiometric offsets are not considered in Se. In par-
ticular, rotational Raman scattering and the Ring effect (Vountas et
al., 1998) are neglected following the analysis provided by Joiner et
al. (2011). Concerning atmospheric scattering, since the two fitting
micro-windows are selected so that strong atmospheric absorption
features are avoided, atmospheric extinction for the surface-to-
sensor path is expected to be small. This allows one to assume Fs

TOA

equals top-of-canopy Fs, as it is discussed in (Joiner et al., 2011).
This effect is further investigated in Section 4.2.

A training set M of non-vegetated land targets has been compiled
in order to generate the set of singular vectors V. The goal is to pro-
duce a training data set which covers the widest span of radiance
levels and atmospheric conditions. Vegetation-free spectra are select-
ed according to the following criteria: (1) land surfaces, (2) acquired
in the high-gain mode of the FTS, (3) radiance levels are in the range
[1.5−8] ⋅10−7 Wcm−2sr−1cm−1, (4) spectra are over Antarctica or
Greenland, or fulfill (R760n bR1600

n or R1600n bR2100
n ), with Rλ

n the TOA re-
flectance in the continuum of any of the three FTS bands. This latter
condition is very effective to discriminate bare soils from any other
surface (vegetation, water, cloud or snow). Snow surfaces in Antarc-
tica and Greenland are added to increase the range of radiance levels
in the data set. In order to capture the maximum variability in illumi-
nation and atmospheric conditions, spectra have been extracted from
global data in 3 days (1, 15, 30) of 4 different months (July and
December of 2009 and 2010). This has led to M consisting of a total
of 9513 spectra. The global distribution of these spectra is displayed
in Fig. 2. Large fractions of desert areas are not included in the train-
ing set because the spectra are acquired under the medium-gain
mode of the FTS (condition 2). On the other hand, Fig. 2 shows that
spectra from areas which might contain vegetation are included in
the training set. Assuming condition 4 is very strict in discriminating
bare soil surfaces from the rest of land covers, spectra from those
areas must come from a month (either in July or December) for
which no vegetation is present.

3.2. Correction of systematic errors in Fs from FTS radiometric offsets

A systematic error in Fs associated to an apparent nonlinear per-
formance of the TANSO-FTS band-1 is reported in Frankenberg et al.
(2011b). This error is easily detected over Antarctica, where a positive
bias in Fs reproduces spatial patterns of at-sensor radiance. Such an
offset might be due to a detector signal non-linearity which can
cause a zero level intensity offset in the spectrum (Abrams et al.,
1994). In fact, many FTS's have detector non-linearity problems. Lab-
oratory and simulation tests show that the TANSO-FTS band-1 non-
0 2 4 6 8 10NoFOV/cell
Fig. 2. Spatial distribution of the 9513 spectra in the training data set.
linear performance can be explained as an analog circuit non-
linearity. Frankenberg et al. (2011b) propose an empirical correction
of the resulting Fs offsets by calibrating them as a function of the av-
erage at-sensor radiance over Antarctica.

The same idea has been followed in this work for the quantifica-
tion and correction of Fs biases correlated to the average radiance in
the FTS band-1. The main difference with respect to the methodology
in Frankenberg et al. (2011b) is that not only data over Antarctica
have been used, but also any vegetation-free spectrum, which includes
ocean and cloud-contaminated spectra. In this way, the amount of data
available to generate the Fs-radiance correction curves is substantially
increased, which enables the calculation of the correction curves on a
monthly basis. This is in turn useful in the determination of possible
temporal changes in the instrument response, such as the degradation
of the radiometric performance. A similar approach has recently been
proposed by Joiner et al. (2012). The criteria for the selection of
vegetation-free spectra are in this case (1) acquired in high-gain
mode, (2) R760

n >0.5 or R760
n bR1600

n or R1600
n bR2100

n or acquisition over
ocean, (3) |Fs|b5 mWm−2sr−1nm−1, and (4) at-sensor radiance levels
in the range [1.5−8]⋅10−7 Wcm−2sr−1cm−1. The average radiance
in the FTS band-1 is calculated from the spectral window
[12936–13245]cm−1 ([755–773]nm), which is the spectral range as-
sumed to be covered by the FTS band pass filter. The average radiance
range [1.5−8]⋅10−7 Wcm−2sr−1cm−1 is divided into 500 radiance
levels into which the Fs offsets for a given radiance interval are binned.
The resulting Fs-offset versus average radiance curves are finally low-
pass filtered to reduce noise.

The filtering criteria for the selection of vegetation-free spectra are
considered strict enough to prevent the reference spectra to be affect-
ed by residual Fs contamination. Having Fs-affected spectra in the
generation of the Fs-radiance correction curves would lead to an
over-correction of the Fs errors. Results from the correction of the er-
rors in Fs due to radiometric offsets are described in an Appendix of
this paper.

3.3. Production of global Fs maps

Global maps of Fs are generated from the offset-corrected Fs
retrievals by spatial and temporal averaging of all successful re-
trievals. Following Frankenberg et al. (2011b) and Joiner et al.
(2011), the Fs retrievals are binned as monthly averages in 2∘×2∘

bins. The quality filtering criteria are as follows:

(1) Average radiance ∈ [1.5−8] ⋅10−7 Wcm−2sr−1cm−1

(2) |Fs|b5 mWm−2sr−1nm−1

(3) Out-of-band signal b1%
(4) FTS high radiometric gain
(5) 100% land pixels
(6) Sun zenith angle b65∘

(7) χ2
r bχ2

r þ 0:15

where χr
2 is the reduced χ2 of the fit. These thresholds are expected

to remove all inaccurate retrievals, including spectra affected by se-

vere cloud contamination. The mean value χ2
r from all the retrievals

is used instead of 1 to discriminate bad quality retrievals because it

has been observed that fits in 755 nm have a χ2
r around 1.1 for both

polarizations, which may be explained by a systematic underestima-

tion of noise by the out-of-filter signal approach. χ2
r is around 1 for

the 770 nm window.
Error-weighted mean Fs values are calculated for each

cell following

�F s ¼
∑nf

i¼1 Fs;i=σ e;i
2

� �

∑nf

i¼1 1=σ e;i
2

� � ð4Þ
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where σe is the single-retrieval error derived from Eq. (3) and nf
refers to the number of spectra that passed the quality assurance fil-
tering criteria. The variance of the weighted mean is then given by

σ �F 2 ¼ 1

∑nf
i¼1 1=σ e;i

2
� � ; ð5Þ

which is adopted as the square of the standard error to be associated
to the mean value in each of the 2∘×2∘ bins.

In principle, retrievals from all 4 fitting windows (2 spectral micro-
windows, 2 polarizations) are to be treated as independent measures
to calculate the temporal and spatial averages used to produce the
global Fs maps. However, Fs in 755 nm is expected to be about two
times higher than in 770 nm (see Fig. 1), and the retrievals in 770 nm
might be affected by residual O2 features not considered in the forward
model. We can therefore expect that the SNR of the Fs composites
would not be improved significantly by adding the lower Fs values
from the 770 nm retrievals, which could in turn be affected by some
systematic errors as those coming from residual atmospheric scatter-
ing. For these reasons, only retrievals in 755 nm are used to generate
the final maps.

3.4. GOSAT-FTS data processed for this work

A data set consisting of level 1B GOSAT-FTS measurements in the
time period between June 2009 and March 2011 (about 2.5 TB of
data) has been processed to test the Fs retrieval algorithm described
in this work. The band-1 of the GOSAT-FTS covers the 755–775 nm
spectral window with a spectral resolution of around 0.025 nm. FTS
level 1B data are delivered as unapodized calibrated spectra in two
perpendicular polarizations, S and P. Each field-of-view covers a cir-
cular area with a diameter of about 10.5 km at ground. GOSAT-
TANSO is a joint project of the Japan Aerospace Exploration Agency
(JAXA), the Japanese National Institute for Environmental Studies
(NIES), and the Japanese Ministry of the Environment (MOE).

The complete temporal series of FTS band-1 acquisitions consists
of 4 different time periods, each one corresponding to a different ver-
sion of the FTS level 1B product, labeled as 050050, 080080, 100100
and 110110. Differences between the 4 different sub-products, most-
ly linked to changes in the Level-0 processing chain, are considered
negligible in terms of Fs retrieval, so the entire temporal series is trea-
ted as a single, continuous data set. FTS level 1B spectra are calibrated
to radiance units using the standard FTS calibration factors and the
detector degradation curves provided in the GOSAT User Interface
Gateway.1 Of the two FTS radiometric gain modes, only data acquired
under the high gain mode have been analyzed in this work, as the
medium gain mode is used only over bright desert areas.

3.5. Remote sensing-based vegetation products used in this work

The assessment of the Fs maps produced has been carried out by
comparison with other satellite-based vegetation data sets. These
comprise:

(1) Fs scaled at 755 nm derived with the approach described in
Frankenberg et al. (2011b).

(2) Gross primary production (GPP) data sets from the MODIS
MOD17A2 product (Running et al., 2004) and from the Biogeo-
chemical Model-Data Integration Group of the Max Planck
Institute for Biogeochemistry (MPI-BGC) (Jung et al., 2011).

(3) Reflectance-based vegetation indices, including the normalize
difference vegetation index and the enhanced vegetation
index (NDVI and EVI, respectively) from the MODIS
1 https://data.gosat.nies.go.jp/gateway/gateway/MenuPage/open.do.
MOD13C2 product (Huete et al., 2002), and the MERIS terres-
trial chlorophyll index (MTCI) (Dash & Curran, 2004).

As stated earlier in this paper, the physically-based Fs retrieval ap-
proach described in Frankenberg et al. (2011a) is used as a reference
Fs retrieval method for comparison in this work. Comparing the two Fs
retrieval approaches is not only intended for validating the SVD-
based approach presented here, but also for further consolidation of
global Fs values and their spatial and temporal patterns.

Concerning the GPP products, vegetation GPP represents the con-
version of chemical energy into biomass through photosynthesis, and
is therefore the parameter which has a priori the most direct relation-
ship to Fs. Both the MODIS and the MPI-BGC GPP data sets rely on
satellite-based estimates of fraction of absorbed photosynthetically
active radiation (FAPAR) for their modeling of GPP, but are funda-
mentally different. MODIS GPP is derived by the combination of tabu-
lated light use efficiency with meteorological parameters and FAPAR,
whereas the MPI-BGC GPP data set is produced by the global upscal-
ing of site measurements of carbon dioxide, water and energy fluxes.

Reflectance-based vegetation indices, widely used by the remote
sensing community, provide information about vegetation greenness
(i.e. a combination of biomass, chlorophyll content and structural ef-
fects) which can be linked to canopy light interception. In particular,
the MTCI has been designed to provide a high sensitivity to chloro-
phyll content, which should also be closely related to the chlorophyll
fluorescence signal retrieved from GOSAT data. These vegetation indi-
ces can provide a direct indication of the link between Fs and vegeta-
tion phenology.

Finally, the temporal dimension of the Fs signal has been explored
by means of the comparison of temporal series of Fs and GPP at given
biomes with different vegetation cover types. For this analysis, the
land cover classification scheme described in Frankenberg et al.
(2011b) has been adopted. This is based on the IGBP land cover
biome classification from the MODIS MCD12C1 product. Some classes
are aggregated (e.g. evergreen needleleaf forest and deciduous needle-
leaf forest into needleleaf forest), and a separation between northern
and southern hemisphere is done for some biomes. Monthly means
of Fs, GPP and EVI have been calculated for each of the resulting
classes.

4. Results

4.1. Assessment of the singular vectors

The first 8 vi from the P polarization are plotted in Fig. 3. Very sim-
ilar sets of vectors are obtained for the S polarization. The removal of
the stronger O2 features in the 770 nm window can be seen by com-
parison with Fig. 1. The two sets of O2 features at both sides of the
strongest Fraunhofer line in 770.1 nm do not appear in the first vis, al-
though residuals can be seen in the higher order ones.

It can be noted that there is a comparable sequence of vectors for
the two spectral windows. The first vector reproduces TOA radiance,
determined mostly by surface albedo and illumination angle, whereas
the second vector carries most of the information for the spectral
alignment of FTS measurements. The third vector in 755 nm mostly
accounts for spectral slopes in the radiance continuum, whereas the
fourth one might reproduce a spectral band broadening. For
the 770 nm window, the spectral slope information appears in both
the fourth and fifth vectors, whereas the spectral broadening is in
the third vector. Concerning the spectral slope piece of information,
some residual spectral features with different sign are visible in the
fourth and fifth vectors of the 770 nm window, which is not the
case of the 755 nm window. The spectral slope information appears
in spite of the slope normalization performed on the training set spec-
tra, although it has been observed that it accounts for a smaller vari-
ance than when no slope normalization is performed. It can also be

https://data.gosat.nies.go.jp/gateway/gateway/MenuPage/open.do
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seen that radiance slopes are expected to have a higher variability in
755 than in 770 nm.

It could be argued that the spectral slope could be mistaken by Fs in
the inversion. However, this is not observed in the results. This can be
explained by the very different slope of the typical Fs emission and the
third vector in 755 nm, and by residual features in the fourth vector of
770 nm. With respect to the potential spectral broadening detected,
given that the solar nature of the Fraunhofer lines prevents them to
be affected by pressure broadening, our current best understanding is
that this is an instrumental effect: the digitization (16 bit analog-to-
digital converting) causes the spectral broadening for low input signals.
Only FTS band-1 is alternating-current sampled, and at the edge of the
interferogram the level is almost zero so information with low number
of digitization is lost. In the case of low input signals, the number of
digitization bits is not enough and it behaves like apodization. It is
then not a random but a systematic effect. It is observed that it has a
very small contribution to the total variance.

4.2. Atmospheric effects on Fs retrievals

It has been discussed in Section 3.1 that the effect of atmospheric
scattering on each single top-of-atmosphere Fs retrieval is expected to
be small. The validity of this assumption has been further investigat-
ed. The 6SV1 atmospheric radiative transfer code (Kotchenova et al.,
2006) has been used to perform a simulation of the atmospheric
transmittance between the surface and the TOA for two 2.5 nm-
wide spectral windows centered in 755 and 771 nm. This simulation
assumes a mixed Rayleigh-aerosol atmosphere, clear-sky conditions,
a continental aerosol model and the surface at the sea level. Total
and direct transmittance factors for a range of aerosol optical depth
(AOD) values and two different observation zenith angles are pre-
sented in Fig. 4. The total transmittance considering both direct and
diffuse surface-to-sensor radiation applies to green canopies which
are homogeneous within the atmosphere coupling scale, assumed to
be of some kilometers. The direct transmittance would apply to a lim-
iting case in which a fluorescent punctual source is surrounded by
non-fluorescent surfaces. Due to the relatively coarse resolution of
TANSO-FTS observations, it can be assumed that only large vegetated
areas contribute to the binned fluorescence patterns so that the total
transmittance applies. Adjacency effects and the separation between
direct and diffuse radiation should be considered for an instrument
with a higher spatial resolution instrument.

Results in Fig. 4 confirm a very small atmospheric effect on the Fs
signal estimated at the TOA for low to medium aerosol loadings and
near-nadir observations. However, assuming Fs

TOA≈Fs may lead to
non-negligible errors for the largest AODs and observation angles
(up to 30∘ in regular FTS observations). Since a random distribution
of observation angles between 0 and 30∘ can be assumed for
TANSO-FTS data, the dependence of the upward transmittance on
the observation angle would lead to increasing the random error in
the final Fs maps if this effect is not properly accounted for. In con-
trast, the existence of particularly high aerosol contents over some
areas of the planet and at given times of the year may affect the spa-
tial and temporal distribution of Fs in the final binned products. Using
global AOD data from the reanalysis product of the MACC (Monitor-
ing atmospheric composition and climate) project, it has been esti-
mated that the monthly mean of the upward transmittance can drop
up to 0.8 in for instance Equatorial regions of Africa and the Beijing
area. This factor might lead to systematic errors in the final Fs maps
over regions with persistently high aerosol contents. Moreover, addi-
tional errors can be introduced in single Fs retrievals by sudden aerosol
loading outburst events such as wildfires or desert dust intrusions over
vegetation areas, which would also lead to increasing the dispersion of
the gridded mean values.

Only a simple approach has been adopted at this point for the cor-
rection of atmospheric extinction on Fs retrievals. This is based on an
upward transmittance factor directly applied to the monthly 2∘×2∘ Fs
composites. To this end, a gap-free AOD climatology has been derived
from the MACC project2 aerosol reanalysis product. Such a correction
has been shown to have a very small impact on the final Fs maps. It

http://www.gmes-atmosphere.eu/data/
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Fig. 5. Spectral fits and fit residuals for the two spectral micro-windows and P polarization. The retrieved Fs and its uncertainty is depicted. The impact of Fs on the fit is illustrated by
the difference in the fit residuals for the forward model with and without Fs.
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can only account for the systematic errors in Fs retrievals over areas
where high aerosol loadings are expected on a monthly basis, so it
cannot reduce the noise in Fs composites due to abnormally high
AOD values or different observation angles. A per-spectrum atmo-
spheric extinction correction is left as a matter of future research.
The level-2 aerosol product from the TANSO-CAI (Cloud and Aerosol
Imager) instrument could be used for this purpose.

4.3. Forward model fits

Exemplary spectral fits for the two spectral micro-windows in the
P polarization are displayed in Fig. 5. Residuals with and without con-
sidering Fs in the forward model are plotted separately to illustrate
the expected in-filling of Fraunhofer lines by Fs. A similar performance
has been found in S polarization fits, except for the higher amplitude
of the residuals due to the lower SNR of the S polarization. It can be
observed that no apparent spectral correlation is found between the
input spectrum and the residuals, which suggests that spectral struc-
tures in the input spectra are properly modeled. The reason for the
different radiance units used is that Wcm−2sr−1cm−1 are the native
units of the FTS, whereas mWm−2sr−1 nm are units normally used in
the fluorescence literature.

4.4. Monthly Fs maps derived with the SVD-based retrieval approach

Global monthly composites of Fs are displayed in Fig. 6 for July and
December 2009. The standard deviation of the Fs weighted mean σFs
as expressed in Eq. (5) is also depicted. Those two months have
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been selected for the direct comparison with Joiner et al. (2011), who
used the same two months as study cases. As expected, high Fs levels
are detected over densely vegetated areas, such as the Amazon and
the Central Africa rainforests in both July and December, the East
coast of North America and the vegetated parts of the Far East in
July, and the South of Brazil in December. These spatial patterns cor-
respond well for both months with those shown in Joiner et al.
(2011).

However, there is a clear mismatch in the range of Fs levels mea-
sured in this work and those shown in Joiner et al. (2011). On a global
basis, this range is between 0 and 1.8 mWm−2sr−1nm−1 for the
SVD-based approach and between −1 and 4 mWm−2sr−1nm−1 for
Joiner et al. (2011). The lack of significant negative Fs values in the
SVD-based maps is a good proof of consistency of the retrieval ap-
proach. It must be acknowledged that this is mostly due to the offset
correction step performed after Frankenberg et al. (2011b), which
compensates an Fs bias of about 0.5 mWm−2sr−1nm−1 for low sig-
nal levels (see Fig. 14). This correction was not considered in the pio-
neering work of Joiner et al. (2011), but has been accounted for in a
very recent paper (Joiner et al., 2012). On the other hand, there is a
large difference in the upper limit of the retrieved Fs. Since there is
no reference Fs data set which can be used for the quantitative valida-
tion of GOSAT retrievals, it is difficult to say what this maximum Fs
limit might actually be. Nevertheless, using the ground-based mea-
surements reported in e.g. Meroni et al. (2009), Entcheva-Campbell
et al. (2008), we can speculate that the 4 mWm−2sr−1nm−1 mea-
sured by Joiner et al. (2011) might be too high for 2∘×2∘ cells, espe-
cially considering that the retrievals are performed in 770 nm
where the signal is about half of that in 755 nm. On the other hand,
as it will be discussed in Section 4.5, the range of Fs values derived
with the SVD-based approach is very similar to those provided by
the physically-based approach by Frankenberg et al. (2011b).

Concerning the retrieval uncertainty, σFs values in Fig. 6(c)–(d)
provide an estimation of the uncertainty to be associated to the aver-
age Fs in each cell. It can be seen that σFs ranges between 0.1 and
0.4 mWm−2sr−1nm−1, which give typical relative standard errors
of 20–30% for these monthly composites. These values are directly re-
lated to the number of spectra which satisfy the quality filtering cri-
teria. For example, σFs values are particularly high for the Amazon
basin in December, when the area is mostly cloudy during the wet
season. A typical number of 25–35 spectra per cell passed the quality
filtering in the monthly averaging, but this number may go down to
0–5 for the Amazon basin in December. It must be noted that this rep-
resents an optimistic uncertainty estimation, as only instrumental
noise propagated to mean Fs values is considered by this error figure.

Information about the performance of the SVD-based Fs inversion
approach can be obtained by analyzing the independent retrievals for
each of the 4 fit combinations. Maps of Fs for July 2009 in the 4 fitting
windows are presented in Fig. 7. By looking at the four maps it can be
stated that no offset between the two polarizations in the 755 nm
window is apparent, whereas a slight overestimation is found in
770 nm in the S polarization with respect to the P polarization. It is
also clear that Fs in 755 nm is systematically higher than in 770 nm.
This is a good proof of performance for the retrieval. The Fs ratio be-
tween 755 and 770 nm is roughly about 1.6 for most of the vegetated
surfaces, which is somewhat lower than the 1.8–1.9 estimated from
real measurements over crops (e.g. Amorós-López et al., 2008). A
small retrieval offset in either 755 or 770 nm could account for this
difference. A spectrally dependent re-absorption of fluorescence
within the canopy up to the top-of-canopy level might also lead to
changes of the slope of the Fs spectrum. This would depend on canopy
structure effects. It must be underlined that available reference Fs
spectra are usually acquired at the leaf-level and might therefore
not represent complex canopies.

The global distribution of the singular vector weights ωi obtained
from the inversion of the forward model is also informative of the re-
trieval performance. The monthly composite of the weights of the
first 4 singular vectors in 755 nm and the P polarization for July
2009 are shown in Fig. 8. Different scaling factors have been applied
for visualization. These first 4 vectors are the ones in the state vector
of the 755 nm micro-window, whereas a fifth one is used for 770 nm.
As expected, the first weight ω1 is directly correlated to the TOA radi-
ance in 755 nm (not displayed). Vectors 2 and 4 roughly represent
spectral alignment and band broadening, respectively. In both cases
the dependence on the orbit and the scan angle can be observed
(e.g. southern Africa for v2 and northern Europe for v4, respectively).
Spatial patterns and correlations with the TOA signal given by v1 are
also visible, which suggests that the two vectors are also affected by
background changes and not only by the instrument spectral perfor-
mance. This is expected for v4, as the band broadening is known to
correlate with signal levels (see Section 4.1).

v3 is the one with the most difficult interpretation: as shown in
Fig. 4, it represents a spectral slope similar to that of Fs, and for this
reason there might be some degree of linear dependency between
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the two. It has been discussed previously that v3 in 755 nm can be as-
sociated to spectral radiance slopes, which are in turn strongly corre-
lated with the particular background reflectance for a given area. For
example, the reflectance of green vegetation canopies normally in-
creases with wavelength around 755 nm due to chlorophyll absorp-
tion (Dash & Curran, 2004). Despite the spectral slope normalization
performed on both the input spectra and the training set, clear back-
ground patterns are observed in v3, which demonstrates the spectral
normalization by a straight line is not able to remove spectral slopes
completely. From the Fs retrieval point of view, it is important to
note the strong signal coming from vegetated areas such as the East
coast of North America or China. As said, vegetation with high chloro-
phyll content (naturally correlated to Fs) is present in those areas,
which can then explain high ω3 values without leading to a conclu-
sion of whether ω3 and Fs are linearly dependent in the retrieval or
not. However, there are other areas like the semi-arid regions in cen-
tral Asia where ω3 is also high without higher levels of Fs being mea-
sured. The same is true for Greenland, but the correction of Fs biases
due to radiometric offsets, which has a strong effect over the brightest
surfaces, causes that we cannot make a solid statement about the
linear independence of Fs and v3.

4.5. Comparison of annual Fs retrievals with other remote sensing-based
vegetation data sets

As described in Section 3.5, Fs maps derived with the SVD ap-
proach have been compared with the physically-based approach by
Frankenberg et al. (2011a) and with two GPP products. Annual aver-
age maps (June 2009 to May 2010) for the two Fs data sets and the
two GPP data sets are presented in Fig. 9. The Fs maps from the
physically-based approach are generated by aggregating only S polar-
ization retrievals from the two spectral micro-windows, with the
770 nm retrievals being scaled by 1.8 as described in Frankenberg et
al. (2011b) in order to account for the decrease of Fs with wavelength
in this part of the spectrum. Only 755 nm retrievals but in the two po-
larizations are used for the SVD approach for the reasons discussed in
Section 3.3. A very good agreement between the two Fs data sets can
be observed. The only noticeable difference between them seems to
be in central Europe, where the physically-based approach gives
higher Fs values in the annual average. These higher Fs levels do not
seem to appear in the GPP data sets. In any case, the fact that the
range of Fs values is almost the same for these two relatively different
approaches gives confidence on the Fs intensity levels found earlier by
Frankenberg et al. (2011b), which are in turn very different from
those reported by Joiner et al. (2011). Fs maps also compare well
with the GPP products over most of the globe, as it was already
reported in Frankenberg et al. (2011b).

A deeper look into these comparisons is provided by the scatter
plots displayed in Fig. 10. The same Fs annual average from
June 2009 to May 2010 gridded in 2∘×2∘ cells is plotted against
equivalent annual means of other parameters. Cells with σFs>0.07 -
mWm− 2sr− 1nm− 1 in either the physically-based or the SVD Fs
products have been filtered out to remove outliers. The first conclu-
sion to be extracted from this comparison is the very high agree-
ment between the two Fs retrieval approaches, which show no
bias and an almost identical range of values for these annual
means. This very good comparison reinforces the confidence in
the use of Fraunhofer lines to retrieve Fs as well as in the use of
GOSAT data for this purpose, which is one of the most important
findings of this work.

Concerning the comparison between Fs and the other vegetation
products, the same qualitative conclusions reached in Frankenberg
et al. (2011b) are found here: the best correlation with Fs is achieved
by the MPI-BGC GPP product (r2=0.85), followed by the MODIS GPP
product (r2=0.82). Worse correlations are found with the three veg-
etation indices, which seem to deviate from a linear relationshipwith Fs
for high Fs levels (indicating high canopy chlorophyll content). This non-
linearity is apparent for NDVI and MTCI, which seem to present some
saturation. These effects are widely seen in vegetation index-GPP rela-
tionships (e.g. Phillips et al., 2008). Other relevant comparisons not dis-
played in Fig. 10 are the slightly worse correlations between the Fs
physically-based approach and the MPI-BGC and MODIS GPP products
(r2 of 0.82 and 0.77, respectively), and the higher correlations of
r2=0.92 between the twoGPP products and between eachGPP product
andEVI (0.89 and0.88 forMPI-BGC andMODIS, respectively). In this lat-
ter case, nonlinear trends are again observed for high EVI values, which
suggest that the relationship between GPP and vegetation indices is less
linear than the one between Fs andGPP. The higher r2 can then be partly
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explained by the lower noise in EVI with respect to the gridded Fs
retrievals.

It must be stated that this kind of comparison is not intended to
represent any sort of validation of the Fs product. Fundamental differ-
ences can be expected between Fs and both GPP and vegetation indi-
ces. In the first case, GPP is a step further from electron transport and
photosynthesis, which are the processes to which Fs is directly linked.
Although the good correspondence between Fs and GPP can be pre-
dicted, it is also expected that the linear relationship between Fs and
GPP breaks down under certain conditions such as strong water and
temperature stresses. Besides, both the MPI-BGC and the MODIS
GPP data sets are derived from a mixture of different data sources
and modeling approaches with their own limitations. With respect
to the vegetation indices, these are expected to provide a more static
view of vegetation activity than Fs, as their sensitivity to environmen-
tal factors is just as much as that of top-of-canopy reflectance. For
these reasons, no perfect comparison can a priori be expected from
this comparison between Fs and the other vegetation products, but
only an overall good correspondence. No reference data set is cur-
rently available for the actual validation of Fs retrievals at the spatial
and temporal resolutions of the GOSAT product.
4.6. Temporal patterns in Fs and GPP

Scatter plots between Fs andMPI-BGC GPP, MODIS GPP and EVI are
shown in Fig. 11. MPI-BGC GPP data cover the time period between 6/
2009 and 9/2010, MODIS GPP the time period between 6/2009 and
12/2010, and MODIS EVI the time period between 6/2009 and 3/
2011. For the comparison with EVI, Fs retrievals have been scaled by
the cosine of the illumination angle in order to minimize the direct
impact of changing illumination along the year. The first conclusion
to be extracted is that Fs generally shows a high linear correlation
with each of the data sets also in the temporal domain (the correla-
tion in the spatial domain is already demonstrated by the scatter
plots from the annual means in Fig. 10). This can in principle be
explained by phenology and growth cycles being the first driver of
Fs at a monthly scale. However, it is also observed that (a) the rela-
tionship between Fs and GPP has a very strong dependence on the
biome, and (b) both the slope and the correlation between Fs and
GPP are different for the two GPP data sets.
The fact that the relationship between GPP and Fs depends on
the vegetation type could be expected a priori, but it is nonetheless
very important to state that Fs alone cannot give a direct estimation
of GPP, but some further modeling involving the particular photo-
chemical and canopy structure properties of the different biomes
is necessary for the most accurate use of Fs. Concerning the differ-
ences between Fs and the MPI-BGC and the MODIS GPP products,
the most important discrepancies are in the cropland, the ever-
green broadleaf forest and the savanna classes. For the first two of
these biomes, the comparison between Fs and the MODIS GPP prod-
uct shows low correlations, which is in principle surprising given
that the MODIS EVI product shows good comparisons for the same
data sets. It is difficult to determine where the main reason for
these deviations might be due to the differences in the fundamental
basis of each model (upscaling of flux tower data in the case of MPI-
BGC, look-up table of light use efficiency driven by biome and me-
teorology for MODIS). It can be speculated that the different slopes
in the Fs-GPP relationships for the two different GPP products may
come from the particular implementation of the light use efficiency
dependence on temperature and vegetation type in the MODIS
product, which is not explicitly done for the MPI-BGC data set. Con-
cerning the low correlation between Fs and GPP MODIS for some bi-
omes, it can again be speculated that the MODIS product may suffer
from some problem in highly cloudy areas, as reported in Zhao et al.
(2005). An accurate analysis of these issues is considered to be out
of the scope of this work.

A different view of those temporal series is provided in Fig. 12.
Temporal series of Fs and GPP are plotted for four selected biomes.
Some of the trends observed in Fig. 11 are confirmed. The bad com-
parison between the MODIS GPP product and Fs is observed in the
evergreen broadleaf forest biome, that in this case covers mostly
the tropical rainforest in the Amazon basin and Central Africa.
Both GPP MPI-BGC and Fs show the same seasonal patterns, which
are very different to those shown by MODIS GPP. A very good com-
parison is found for the deciduous broadleaf forest biome, but the
comparison between the two GPP products is again different for
the cropland and savanna-north biomes. In the first case, the two
GPP products give similar seasonal cycles but a very different ampli-
tude, whereas the MODIS GPP product shows an unexpected tempo-
ral pattern for the savanna-north biome, which covers most of the
vegetated areas between 0∘ and 30∘ latitude in Africa. It must be
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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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SVD-based method has some fundamental similarities with the
state-of-the-art approach described in Frankenberg et al. (2011a,
b) (same two spectral micro-windows, two polarizations processed
separately, empirical correction of radiometric offsets), this meth-
od may have some advantageous features such as a simple imple-
mentation and a higher efficiency.

The proposed Fs retrieval method has been tested on 22 months of
GOSAT TANSO-FTS level 1B data. Some of the most relevant findings
from the analysis of the resulting Fs data set are:
(1) A simple linear model can be used to estimate Fs from GOSAT
data on a global basis. Thanks to the statistical approach chosen
there is no need for an accurate solar irradiance data set and for
the modeling of the instrument ILSF, while the linear nature of
the forward model makes it more efficient in terms of compu-
tation time.

(2) The very good comparison with the retrievals from Frankenberg
et al. (2011b) in both Fs intensity levels and geographical pat-
terns gives confidence in the consistent performance of both
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methods. It also enables the consolidation of the range of Fs
values to be expected at the temporal and spatial scales sampled
by GOSAT-based retrievals.

(3) Also similar results to Frankenberg et al. (2011b) have been
reached in terms of the comparison of annual means of Fs
with satellite-based GPP and vegetation indices: the best corre-
lation is found between Fs and the MPI-BGC GPP dataset, fol-
lowed by the MODIS GPP data set. The comparison with
vegetation indices has shown the relationship with Fs is not lin-
ear for the higher Fs levels.

(4) Concerning Fs temporal patterns for different biomes, a very
high linear correlation between Fs and MPI-BGC GPP has been
found, although the slope of this linear correlation shows a
strong dependence on the biome under consideration. This
confirms that, even though Fs is expected to be a direct proxy
to electron transport and photosynthesis, some modeling ac-
counting for biome-related aspects such as the photosynthetic
pathways or the canopy structure must be taken into account
for the proper upscaling of Fs to GPP.

(5) The same Fs-GPP comparison is worse for the GPP MODIS prod-
uct, which has shown lower linear correlations than the MPI-
BGC data set, and also substantially different slopes between
GPP and Fs for some of the biomes. The comparison of the
MODIS GPP data set with both Fs and the MPI-BGC GPP is par-
ticularly bad for some of the biomes investigated.

(6) A strong directionality in the Fs emission has been observed for
two densely vegetated Equatorial forest areas. This is opposed
to the traditional isotropic assumption for fluorescence. These
directional effects might required modeling for the most accu-
rate exploitation of the Fs signal.

Near-future research will be devoted to the systematic analysis of
this Fs data set, putting the emphasis on the investigation of the fluo-
rescence signal itself, the impact of different plant functional types in
the Fs-GPP relationship, and the environmental controls driving the
spatial and temporal patterns. Both statistical and theoretical ap-
proaches are expected to help us to understand the potential and lim-
itations of this new parameter for the remote observation of
vegetation functioning.
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Fig. 12. Temporal series of Fs and GPP for 4 different biomes. The scaling of the vertical axes of all four plots differs.
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Appendix A. Assessment of time-dependent Fs biases from
radiometric offsets

Time-dependent Fs offsets have been estimated over vegetation-
free surfaces following the method described in Section 3.2. Fig. 14
displays Fs offsets for the 2 polarizations and the 2 micro-windows
as a function of the average radiance in the 755–773 nm spectral win-
dow and for July 2009 and July 2010. These curves compare well to
those shown in Frankenberg et al. (2011b), which were generated
from relative Fs instead of from absolute Fs. It can be stated that the
two polarizations follow different patterns, and that the curves are
highly nonlinear in medium signal levels. These offsets correct for Fs
biases of around 0.5 mWm−2sr−1nm−1 at low radiance levels,
whereas they have a relatively low impact for the medium radiance
levels around 5.5⋅10−7–6.5⋅10−7 Wcm−2sr−1cm−1 which typi-
cally correspond to tropical and mid-latitude vegetation covers.

On the other hand, a strong temporal dependence in the radio-
metric offsets is detected from the comparison of July 2009 and July
2010. In principle, these changes can only be explained by
instrument-related causes, as the Fs-free data set used to generate
the curves is expected to be statistically invariant for the same
month of the year. An insight into this effect is given in Fig. 15. The
complete temporal series of Fs offsets and radiance spectral slopes
for a radiance level of 6⋅10−7 Wcm−2sr−1cm−1 are plotted. It can
be seen that Fs offsets change with time in a similar fashion for the
two spectral windows irrespective of the polarization, which does
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not agree with the apparent stability of the S polarization reported by
Frankenberg et al. (2011b). It must also be observed that there is a
clear seasonal trend in the estimated offsets, especially in 770 nm.
The reason for such a seasonal pattern might be in either a
seasonal-dependence in the instrument temperature (confirmed by
in-flight calibration devices), which would affect the zero-level off-
sets, or in the type of surfaces dominating the monthly data sets
used to estimate the offsets. A similar temporal dependence of radio-
metric offsets in the FTS band-1 have been recently reported by Joiner
et al. (2012).

Concerning the spectral component of the temporal evolution of
the Fs offsets, it is unexpected that the temporal changes in the
755 nm Fs offsets are different from those in 770 nm, as shown in
Fig. 15. A temporal degradation of the FTS detector response reported
in Kuze et al. (2011) could partially explain the decrease of the
755 nm offsets. However, no spectral component is in principle to
be associated to this degradation, so it must be the same for 755
and770 nm. Moreover, the magnitude of the detector degradation
rate reported in Kuze et al. (2011) seems to be insufficient to account
for the strong offset change in 755 nm along the entire time period.

In order to gain more information on this issue, it has been inves-
tigated whether these temporal patterns may come from any effect
affecting the two spectral micro-windows in 755 and 770 nm differ-
ently. Fig. 15 also displays the temporal evolution of the spectral
slope of the TOA radiance spectra for the 4 fitting windows. It can
be observed that there is a noticeable temporal pattern in the radi-
ance slopes in the 755 nm window, which suggests that there might
be a spectral component associated to the evolution of the instrument
performance. On-going laboratory analyses have shown that the pos-
sibility of the detector degradation is very low, as the FTS band-1 de-
tector is a very simple Si diode whose characteristics are not expected
to change. Optical efficiency degradation (FTS modulation efficiency
or contamination on the optics) and an analog circuit seasonal change
are more likely explanations.
ution of Fs offsets
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ting windows and a radiance level of 6 10−7 Wcm−2sr−1cm−1. Diamonds depict the
the offsets for each average radiance level. Fs offsets in 770 nm have been shifted by
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In any case, the similarity between the temporal trends in both Fs-
offsets and the radiance spectral slopes enable the hypothesis that ei-
ther the Fs retrieval algorithm is sensitive to radiance spectral slopes,
or the same instrumental issue making the spectral slopes to change
is somehow affecting the fractional depth of the Fraunhofer lines
with a different sign for the two spectral windows.
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