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Abstract. Global satellite measurements of solar-induced
fluorescence (SIF) from chlorophyll over land and ocean
have proven useful for a number of different applications re-
lated to physiology, phenology, and productivity of plants
and phytoplankton. Terrestrial chlorophyll fluorescence is
emitted throughout the red and far-red spectrum, producing
two broad peaks near 683 and 736 nm. From ocean surfaces,
phytoplankton fluorescence emissions are entirely from the
red region (683 nm peak). Studies using satellite-derived SIF
over land have focused almost exclusively on measurements
in the far red (wavelengths > 712 nm), since those are the
most easily obtained with existing instrumentation. Here, we
examine new ways to use existing hyperspectral satellite data
sets to retrieve red SIF (wavelengths <712nm) over both
land and ocean. Red SIF is thought to provide complemen-
tary information to that from the far red for terrestrial vege-
tation. The satellite instruments that we use were designed to
make atmospheric trace-gas measurements and are therefore
not optimal for observing SIF; they have coarse spatial res-
olution and only moderate spectral resolution (0.5 nm). Nev-
ertheless, these instruments, the Global Ozone Monitoring
Instrument 2 (GOME-2) and the SCanning Imaging Absorp-
tion spectroMeter for Atmospheric CHartographY (SCIA-
MACHY), offer a unique opportunity to compare red and
far-red terrestrial SIF at regional spatial scales. Terrestrial
SIF has been estimated with ground-, aircraft-, or satellite-
based instruments by measuring the filling-in of atmospheric
and/or solar absorption spectral features by SIF. Our ap-
proach makes use of the oxygen (O;) y band that is not
affected by SIF. The SIF-free O, y band helps to estimate

absorption within the spectrally variable O, B band, which
is filled in by red SIF. SIF also fills in the spectrally stable
solar Fraunhofer lines (SFLs) at wavelengths both inside and
just outside the O, B band, which further helps to estimate
red SIF emission. Our approach is then an extension of pre-
vious approaches applied to satellite data that utilized only
the filling-in of SFLs by red SIF. We conducted retrievals
of red SIF using an extensive database of simulated radi-
ances covering a wide range of conditions. Our new algo-
rithm produces good agreement between the simulated truth
and retrievals and shows the potential of the Oy bands for
noise reduction in red SIF retrievals as compared with ap-
proaches that rely solely on SFL filling. Biases seen with
existing satellite data, most likely due to instrumental arti-
facts that vary in time, space, and with instrument, must be
addressed in order to obtain reasonable results. Our 8-year
record of red SIF observations over land with the GOME-2
allows for the first time reliable global mapping of monthly
anomalies. These anomalies are shown to have similar spa-
tiotemporal structure as those in the far red, particularly for
drought-prone regions. There is a somewhat larger percent-
age response in the red as compared with the far red for these
areas that are drought sensitive. We also demonstrate that
good-quality ocean fluorescence line height retrievals can be
achieved with GOME-2, SCIAMACHY, and similar instru-
ments by utilizing the full complement of radiance measure-
ments that span the red SIF emission feature.
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1 Introduction

Measurements of chlorophyll fluorescence over both land
and ocean are related to photosynthetic function and thus the
carbon cycle and climate feedbacks. Observations of solar-
induced fluorescence (SIF) from chlorophyll, obtained from
specialized satellites, can provide global coverage within a
few days at spatial scales relevant to global models (~ 0.5° x
0.5° grid cells). Satellite instruments that have been utilized
to measure chlorophyll SIF over land include the MEdium
Resolution Imaging Spectrometer (MERIS) (Guanter et al.,
2007), the Japanese Greenhouse gases Observing SATel-
lite (GOSAT) (Joiner et al., 2011, 2012; Frankenberg et al.,
2011b; Guanter et al., 2012), the SCanning Imaging Absorp-
tion spectroMeter for Atmospheric CHartographY (SCIA-
MACHY) (Joiner et al., 2012; Kohler et al., 2015; Wolanin
et al., 2015; Khosravi et al., 2015), the Global Ozone Mon-
itoring Experiment 2 (GOME-2) (Joiner et al., 2013), and
the Orbiting Carbon Observatory 2 (OCO-2) (Frankenberg
et al., 2014). Terrestrial SIF in the far-red emission peak
derived from these satellites has been used for studies fo-
cused on tropical dynamics (Parazoo et al., 2013; Guan
et al., 2015a), primary productivity (Guanter et al., 2014;
Parazoo et al., 2014; Zhang et al., 2014; Lee et al., 2015;
Guan et al., 2015b), the carbon uptake period (Joiner et al.,
2014; Walther et al., 2015), and responses to drought (Lee
et al., 2013; Yoshida et al., 2015; Sun et al., 2015; Wang
et al., 2016). Oceanic SIF measurements have been made
with MERIS (Gower and King, 2007), SCIAMACHY and
GOME-2 (Wolanin et al., 2015), the MODerate-resolution
Imaging Spectroradiometer (MODIS) (Abbott and Letelier,
1999), and the Korean Geostationary Ocean Color Imager
(GOCI) (O’Malley et al., 2014). MODIS has been used to
detect red tides (e.g., Hu et al., 2005) and to conduct stud-
ies related to the physiology, phenology, and productivity of
phytoplankton (e.g., Behrenfeld et al., 2009; Morrison and
Goodwin, 2010; Gower and King, 2012; McKibben et al.,
2012; Westberry et al., 2013; O’Malley et al., 2014; Gower,
2015).

In terrestrial vegetation, chlorophyll fluorescence is emit-
ted at red to far-red wavelengths with two broad peaks near
683 and 736 nm, known as the red and far-red emission fea-
tures, respectively, as shown in Fig. 1. Oceanic SIF is emit-
ted in the red emission feature. The primary method used
to measure the small terrestrial fluorescence signal from
passive ground and aircraft remote sensing instrumentation
makes use of dark features in spectra of reflected sunlight
from oxygen absorption bands in the Earth’s atmosphere
(see, e.g., Meroni et al., 2009; Rascher et al., 2009, 2015;
Damm et al., 2015, and references therein). The stronger O,
A band (~760nm) and its somewhat weaker counterpart,
the O, B band (~ 690 nm), are conveniently located near the
peaks of the far-red (but displaced ~20 nm) and red (< 5 nm)
chlorophyll fluorescence emission features, respectively (see
Fig. 1).
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Figure 1. Simulated typical terrestrial spectra (atmospheric trans-
mittance, reflectance, SIF emissions, and solar irradiance as
a function of wavelength) computed for an instrument with
FWHM = 0.3 nm.

Solar Fraunhofer lines (SFLs), shown in Fig. 1, have also
been used to measure SIF from the ground (e.g., Guan-
ter et al., 2013) and from space (Joiner et al., 2011, 2012;
Frankenberg et al., 2011b, 2014; Guanter et al., 2012; Joiner
et al., 2013; Kohler et al., 2015; Wolanin et al., 2015; Khos-
ravi et al., 2015). Use of the filling-in of SFLs for satellite
retrievals has several advantages as compared with that from
oxygen absorption features. Firstly, the spectral structure of
SFLs is not modified by clouds, aerosols, surface pressure,
surface reflectance, or temperature as is the case with atmo-
spheric oxygen absorption features (e.g., Preusker and Lind-
strot, 2009; Joiner et al., 2011; Frankenberg et al., 2011a).
Secondly, SIF emissions are partially absorbed in the atmo-
sphere as they travel towards a satellite sensor at wavelengths
where oxygen (and water vapor) are radiatively active. Satel-
lite SIF retrieval algorithms that rely mostly or exclusively
on the filling-in of SFLs tend to be less complex than those
that rely primarily on measurement of the signal in the O, A
and B bands. To effectively utilize these O, bands, both the
downward and upward transmittance through the atmosphere
must be accurately estimated. SIF studies to date that rely
primarily on these bands have either required an on-ground
non-fluorescing target as applied to aircraft- (Rascher et al.,
2009) or satellite-based data (Guanter et al., 2007) or retrieve
some or all of the parameters affecting the bands, as tested
with simulated data (Guanter et al., 2010; Sanders and de
Haan, 2013; ESA, 2015; Cogliati et al., 2015) and aircraft
observations (Rascher et al., 2015).

Nearly all scientific studies utilizing space-based terres-
trial SIF have thus far focused entirely on retrievals from
the far-red fluorescence feature. While far-red SIF has been
shown to be useful for several applications, having the com-
bination of both red and far-red SIF observations may offer
additional information. For example, the relative magnitudes
of the red and far-red peaks and their emission intensities are
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sensitive to nitrogen uptake (Corp et al., 2003, 2006, 2010;
Campbell et al., 2007, 2008; Zarco-Tejada et al., 2003) and
responses to stresses including but not limited to low tem-
perature (Agati et al., 1995, 1996, 2000; Lichtenthaler, 1987,
1988, 1996; Rinderle and Lichtenthaler, 1988; Rossini et al.,
2015). Ac et al. (2015) conducted meta-analysis of stress re-
sponses to red and far-red passively and actively sensed flu-
orescence signals for both leaf and canopy measurements.
Their results indicate, for example, a higher detectability of
water stress in the far red as compared with the red flu-
orescence, consistent with observations of Daumard et al.
(2010), Fournier et al. (2012), Middleton et al. (2015), and
references within that showed influences of canopy architec-
ture on far-red fluorescence signals. As noted, red and far-
red canopy fluorescence measurements may reflect informa-
tion from different layers of a canopy or leaf (Gitelson et
al., 1998; Porcar-Castell et al., 2014) due to higher amounts
of reabsorption at red wavelengths. This may lead to higher
sensitivity of the far-red signal to deeper layers of the canopy
(Verrelst et al., 2015). While most fluorescence is emitted
from photosystem II (PSII), a protein complex involved in
photosynthesis, Agati et al. (2000) discuss the impact of pho-
tosystem I (PSI) and temperature sensitivity on the ratio of
far-red to red fluorescence emissions. The PSI contribution
grows with wavelength and is considered to be unaffected by
biochemistry while the PSII contribution is affected by both
physiological regulation as well as leaf structure and chemi-
cal composition (Verrelst et al., 2015). In a canopy radiative
transport model, Verrelst et al. (2015) then show that the car-
boxylation capacity (V¢mo), related to photosynthetic capac-
ity, has its greatest influence in the red emission peak. They
further suggest that when trying to relate SIF to photosyn-
thetic quantities such as gross primary productivity (GPP), it
would be more beneficial to exploit the full broadband emis-
sion flux as compared with a single band in the far red.

SIF emissions must be understood and accounted for in
order to make the best possible use oxygen bands for at-
mospheric applications. For example, the O, A band has
been used to estimate cloud pressure (e.g., Kuze and Chance,
1994; Koelemeijer et al., 2001; Kokhanovsky et al., 2003;
Loyola et al., 2007) and aerosol plume height (e.g., Sanders
et al., 2015). The O, A band has also been used to as-
sess photon pathlength for trace-gas retrievals including CO;
(e.g., O’Dell et al., 2012). It is for this purpose that the A-
band spectral region is specifically observed with several at-
mospheric satellite sensors. Unfortunately for SIF retrieval,
some of these instruments, such as GOSAT and OCO-2, in-
clude only the Oy A band and not the B band. However,
GOME-2 and SCIAMACHY include both bands.

Terrestrial SIF retrievals near the red peak can have larger
errors than those near the far-red peak for several reasons.
Firstly, SFLs are not as wide and deep in the red region as
those in the far red; this makes the red SFLs less sensitive
to filling-in by SIF, particularly at the moderate spectral res-
olution (full width at half maximum (FWHM) ~ 0.5 nm) of
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current satellite sensors such as GOME-2 and SCTAMACHY
that have spectral coverage in the red region. Secondly, the
O, B band covers a fairly large section of the SIF near the
peak within the red fluorescence emission feature. Therefore,
less spectral range near the red peak is available for the SFL
retrieval approach as compared with the far red. Thirdly, the
sharp upturn of the red edge in reflectance (see Fig. 1) may
complicate retrievals. For example, it may necessitate the use
of smaller rather than larger spectral fitting windows for SFL
retrievals. Finally, at lower reflectances of the red band as
compared with the far red, instrumental artifacts such as dark
current and stray light may constitute a larger percentage of
the overall observed radiance, leading to larger systematic
errors.

Results of simulated red SIF retrievals performed for the
TROPOspheric Monitoring Instrument (TROPOMI), a hy-
perspectral grating instrument to be launched in 2016, show
that it should have the capability to retrieve red SIF using rel-
atively small spectral fitting windows (Guanter et al., 2015).
Wolanin et al. (2015) showed that a red SIF signal can be de-
tected from SCTAMACHY and GOME-2 over both land and
ocean using a spectral fitting window of 681.8—685.5 nm that
is located close to the red SIF emission peak but just outside
the O, B band. Results over land for 2 months show spatial
patterns similar to those of the Enhanced Vegetation Index
(EVI). While promising, the monthly averages show a sig-
nificant offset between GOME-2 and SCIAMACHY red SIF
magnitudes over both land and ocean (Wolanin et al., 2015).
Yearly averages of normalized fluorescence line height over
ocean from SCIAMACHY appear noisy as compared with
those from MODIS. Some of these difficulties in retrieving
red SIF should be overcome with the higher spectral reso-
lution instruments designed specifically for fluorescence re-
trievals (< 0.3nm) planned with the Fluorescence Explorer
(FLEX) mission (Drusch et al., 2016), as recently shown with
modeling studies (Cogliati et al., 2015).

Here, we develop new methodology to retrieve terrestrial
red SIF using space-based hyperspectral measurements, es-
pecially useful for implementation with moderate spectral
resolution data currently available. The approaches make
use of SFL filling and absorption in and around the O, B
(or A) bands. Absorption of sunlight in atmospheric absorp-
tion bands is complicated due to photon path modulation by
aerosol and cloud profiles, surface pressure, and surface ef-
fects such as the bi-directional reflectance distribution func-
tion. Our new methodology additionally makes use of the
relatively weak O, y-band spectral region, near 627 nm, to
estimate the amount of absorption that will be present in
the O, B (or A) bands. The O, y band occurs in a spec-
tral valley between red and blue-green fluorescence features
(e.g., Lichtenthaler and Schweiger, 1998) and so has a mini-
mal sensitivity to vegetation’s chlorophyll fluorescence. This
band also has a minor sensitivity to water vapor absorption
as is the case for the O, B band (see Fig. 1). Both bands
are affected by clouds and aerosol, in a related and pre-
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dictable way. As will be shown below, principal component
analyses (PCAs) of cloudy observations over ocean show
that a large fraction of the spectral variability in both bands
(> 99.96 %) is described by just two modes, one dominated
by O, absorption and the other by H,O absorption. There-
fore, the fluorescence-free O, y band can be used to estimate
the amount of absorption in the fluorescence-contaminated
O, B band under all-sky conditions. Reflectance in between
both bands is very similar for cloudy conditions. Over land,
there are small differences in reflectance surrounding the two
bands that may produce small errors (see, e.g., Fig. 1) when
using the O; y band to estimate B-band absorption. Fluores-
cence also produces filling-in of SFLs shown in Fig. 1 both
inside and outside the O, B band. This provides additional
information to disentangle the spectral signature of absorp-
tion from fluorescence within O, B band. Use of the O, B
band may help to reduce noise in retrievals of the very small
red fluorescence signal.

Our methodology is similar to approaches developed for
ground- and satellite-based instruments in that radiative
transfer in atmospheric absorption bands is approximated us-
ing a data-driven PCA approach (Guanter et al., 2012; Joiner
et al., 2013; Kohler et al., 2015). Similar PCA methods have
also been applied to retrievals of atmospheric trace gases (Li
et al., 2013, 2015) and have been used to identify different
phytoplankton groups with SCTAMACHY (Bracher et al.,
2009). While our approach does not require a nearby non-
fluorescing target, it does make use of a representative sam-
ple of observations over non-fluorescing scenes in order to
generate a comprehensive set of fluorescence-free principal
components (PCs). For this purpose, we use desert and snow-
or ice-covered data over land as well as cloudy observations
over ocean covering a large range of latitudes and condi-
tions. While our approach is generally applicable to either
the O, A- or B-band spectral regions, we focus here on the
B band. The Oy A band has more nonlinear absorption (satu-
rated lines) and tends to be brighter than the O, B or y bands
over vegetated land (see Fig. 1); this may lead to complex
photon path differences for the Oy A band as compared with
the B band in the presence of cloud and aerosol. In addition,
SIF can be accurately retrieved with existing satellite instru-
mentation in the far-red emission feature without need of the
O, A band by utilizing the filling-in of SFLs (Joiner et al.,
2013).

We conduct simulations to demonstrate the applicability of
our approach to current and future satellite instruments. We
then apply our technique to data from SCIAMACHY on the
European Space Agency (ESA) Environmental Satellite (En-
visat) and GOME-2 on the European Meteorological Satel-
lite (EUMETSAT) first operational MetOp-A satellite. The
primary function of these instruments was and is to make
measurements of atmospheric trace gases. While not opti-
mal for fluorescence retrievals due to their relatively large
ground footprints and moderate spectral resolution, their ex-
cellent ground sampling, large spectral coverages, and high
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signal-to-noise ratios (SNRs) enable red SIF retrievals. Near-
global coverage is provided within a few days from GOME-2
and SCIAMACHY measurements. We also show that these
sensors can be used to make high-quality measurements of
fluorescence line height over the ocean by utilizing their full
spectral content covering the range of red SIF emissions.

2 GOME-2 and SCIAMACHY satellite data

We use data from GOME-2, a nadir-viewing cross-track
scanning spectrometer that measures radiances at wave-
lengths from the ultraviolet (UV) to the near-infrared (NIR)
(240-790 nm) (Munro et al., 2006). It flies on the series of
European Meteorological Satellites (EUMETSAT) as part
of the Polar System (EPS) MetOp mission. GOME-2 mea-
sures the solar irradiance and backscattered radiance from
the Earth in four detector channels. Here, we use revision R2
level 1B data from channel 4 that covers wavelengths 590—
790 nm with a spectral resolution of approximately 0.5 nm
(Callies et al., 2000). The SNR in this channel is fairly high
(> 1000). The footprint size on the Earth’s surface at nadir
view is approximately 40 km x 80km in its nominal mode
with a swath width of 1920 km. In this mode, it takes about
1.5 days for a single GOME-2 instrument to provide cover-
age of Earth’s surface globally.

The first GOME-2 instrument was launched on the
MetOp-A satellite 19 October 2006. MetOp satellites are
in a polar orbit with an Equator crossing local time near
09:30LT. The second GOME-2 was launched 17 Septem-
ber 2012 on the MetOp-B platform that has a similar Equa-
tor crossing time but is 180° out of phase with respect to the
first flight model. Therefore, one or the other of the GOME-
2 instruments is making observations of the sunlit part of the
Earth. Near-daily global coverage is provided by the two in-
struments. Since 15 July 2013, GOME-2 onboard MetOp-B
makes observations in the nominal mode, while the MetOp-
A GOME-2 measures in a reduced swath of 960 km with a
nadir pixel size of ~40km by 40 km.

SCIAMACHY is a similar grating spectrometer that
makes measurements in both limb- and nadir-viewing ge-
ometries from UV to NIR wavelengths (212-2386nm) in
eight separate channels (Lichtenberg, 2006). It was launched
in February 2002 on Envisat and took measurements until
8 April 2012 when communication with the host satellite was
suddenly lost. Envisat flew in a sun-synchronous orbit with
a descending node Equator crossing time near 10:00 LT. Un-
like GOME-2, SCIAMACHY typically alternated between
limb and nadir observations. Here we use only nadir-mode
observations. The nadir observations are therefore not con-
tinuous over the course of an orbit but instead show a pattern
of blocks of data followed by gaps when the instrument was
making limb observations.

In this work, we use SCIAMACHY channel 4, which cov-
ers wavelengths between 595 and 812 nm at a spectral res-
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olution of 0.48 nm. The SCIAMACHY nadir ground foot-
print size is approximately 30 km by 60 km in the along- and
across-track directions, respectively, for latitudes between
60° N and 60° S. Note that for the fitting windows that have
been used to retrieve far-red SIF with SCIAMACHY, co-
adding of pixels was done on board, resulting in a degraded
spatial resolution of 240 km cross track by 30 km along track.
We use the ScialLlc command-line tool software package
(DLR, 2006) to apply all available corrections and calibra-
tions to generate level 1B data.

3 Simulated radiances and irradiances

To test the algorithm and accurately quantify retrieval errors,
we use radiance simulations over a wide range of conditions
similar to those used by Joiner et al. (2013) and Guanter
et al. (2015) but now including wavelengths in and surround-
ing the O, y band. Here, we provide a brief overview of
the simulated data. Top-of-the-atmosphere (TOA) radiances
are computed using the Matrix Operator Model (MOMO)
radiative transfer model (Fell and Fischer, 2001; Preusker
and Lindstrot, 2009) with absorption line parameters from
the high-resolution atmospheric radiance and transmittance
model code (HITRAN) 2008 data set (Rothman et al., 2009).
The monochromatic sun-normalized radiances are sampled
at 0.005 nm. They are then multiplied by a solar spectrum
sampled in the same way and finally convolved with various
instrument line shape functions and resampled. As in Joiner
et al. (2013), we use solar data from http://kurucz.harvard.
edu/sun/irradiance2005/irradthu.dat, similar to Chance and
Kurucz (2010) but more highly sampled.

Rotational Raman scattering (RRS) is not included in the
simulation. RRS is relatively small at the O, B-band wave-
lengths (Vasilkov et al., 2013). We expect that RRS will also
be small within the less deep feature of the O, y band even
though the amount of RRS will increase somewhat with the
decrease in wavelength. We also expect that with real data,
the effects of RRS may be partially accounted for within
our PCA retrieval framework discussed below as they are not
purely additive but also contain a multiplicative component.
The effects of vibrational Raman scattering (VRS) in the at-
mosphere are expected to be much smaller than those of RRS
at these wavelengths and therefore not important (Lampel et
al., 2015). Directional effects of the vegetation reflectance
and fluorescence are also not simulated, but the impact on
SIF retrievals is expected to be limited as discussed below.

Radiances are computed for a range of view and solar
zenith angles (SZAs), atmospheric temperatures, humidities,
aerosol profiles, and surface pressures as discussed in Joiner
et al. (2013). Two separate data sets are created, one with-
out fluorescence intended for principal component analy-
ses (referred to as “training”) and one containing fluores-
cence intended to examine retrieval performance (referred to
as “testing”). There are 60 possible top-of-canopy fluores-
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cence spectra from various combinations of chlorophyll con-
tent and leaf area index as shown in Joiner et al. (2013). We
used only combinations that produced fluorescence values of
<1mWm—2nm~!sr~! at 682 nm, consistent with GOME-
2 and SCIAMACHY satellite observations shown below.
There are a total of 38400 and 15 655 different samples in
the training and testing data sets, respectively.

4 Retrieval methodology

We performed several types of red SIF retrievals using both
real satellite data and simulations. The first type of retrieval
relies solely upon the filling-in of SFLs by SIF. This ap-
proach was used by Joiner et al. (2013) for far-red SIF re-
trievals and Guanter et al. (2015) for simulated TROPOMI
red SIF retrievals employing a relatively small fitting win-
dow (682—-686.5 nm). This window is similar to the one used
by Wolanin et al. (2015) in a differential optical absorption
spectroscopy (DOAS) type of retrieval applied to GOME-2
and SCIAMACHY. We refer to this approach as the SFL red
SIF retrieval.

The second type of retrieval, referred to as the O-band re-
trieval, is used to estimate terrestrial red SIF and expands the
spectral fitting windows of the SFL retrievals to encompass
the Oy y and B bands. The difficulty in using these absorp-
tion bands for satellite retrievals is that their depth (in the
absence of SIF filling-in) must be accurately characterized in
order to estimate the filling-in due to SIF. Their depth can be
altered by aerosols, clouds, surface pressure, and the surface
reflectance. The FLEX approach for utilizing these bands is
to perform an atmospheric correction to estimate the bottom
of atmosphere radiance using data from FLEX itself as well
as measurements from the Sentinel-3 satellite that will fly in
tandem (Cogliati et al., 2015). Here, we provide an alterna-
tive method.

We propose using the O, y band, which is not affected
by SIF filling-in, to characterize the depth of the O, B band
in the absence of SIF. As will be demonstrated below (see
Sect. 4.2), principal component analyses when computed us-
ing both bands together show that in the absence of SIF, the
depths of the O, y and B bands are highly correlated; a very
high fraction of the spectral variability of both bands can be
described by just a couple of principal components, repre-
senting absorption from both O, and H>O columns in the
atmosphere. This is aided by the fact that over land (as is the
case for clouds over ocean), the reflectance of both bands is
very similar, leading to a predictable B-band depth if that of
the y band is measured.

As will be demonstrated with simulated data (see Sect. 5.2
for details), when SIF is present, additional information on
the filling-in of the O, B band by SIF can in effect be gleaned
from the filling-in of SFLs. This is because SIF (ignoring
instrumental artifacts) is the primary source of filling-in of
these lines. Therefore, the filling-in derived from the O
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B-band part of the spectrum should be consistent with the
filling-in of SFL within a spectral fit that covers both fea-
tures. Therefore, both the y band and filling-in of SFLs can
be used to help estimate the band depth of the B band and
disentangle this from the filling-in effect of SIF. We accom-
plish this by simultaneously fitting the O, y and B bands and
the SFLs using a combination of principal components that
account for variations in spectral depth of the oxygen bands
in the absence of SIF as well as the filling-in of SFLs and the
B band by SIF.

The potential advantage of using the O, bands is that this
may offer some noise reduction as compared with what can
be achieved by using only the filling-in of SFLs. This is im-
portant for the difficult measurement of the very small red
SIF signal. As described below, both O, bands may be ad-
ditionally filled in by RRS and VRS. However, this filling-in
may be small to negligible in these bands and, even if mea-
surable, may be at least partially accounted for by our prin-
cipal component analysis approach. The fitting windows for
our O»-band retrievals are 622—-640 nm for the O, y and two
different windows for the O, B band, either 682—692 or 682—
698 nm.

Oceanic red SIF can be retrieved using the filling-in of
SFLs (Wolanin et al., 2015), the continuum red SIF emis-
sion which can be measured above the dark ocean surface
(Abbott and Letelier, 1999), or both, as will be shown here.
Here, we selected the spectral window of 660-713 nm for
ocean SIF retrievals. This window exploits the continuum
SIF emission that includes both sides of the 683 nm feature.
This emission can be cleanly detected over the relatively dark
ocean surface as proven by the use of the broadband MODIS
sensor to measure it (Hu et al., 2005). Use of the large fit-
ting window encompassing the red SIF emission feature is
not only feasible for oceanic fluorescence retrievals, owing
to the otherwise relatively dark ocean surface, but also ben-
eficial. Firstly, fitting the peak as well as both shoulders of
the red SIF emission feature allows for a clean separation of
its spectral structure with that of monotonically decreasing
or otherwise independent spectral effects such as those pro-
duced by water leaving radiance, atmospheric scattering and
absorption, RRS in the atmosphere, and VRS in the ocean.
Secondly, use of this large fitting window also reduces the
impact of instrumental noise and other artifacts such as non-
linearity effects that impact the small radiance levels typi-
cally measured over ocean. The O, y band is not needed or
used here for the oceanic SIF retrievals.

4.1 General approach

The basic idea behind our approach is similar that used by
Joiner et al. (2013). The key is to separate the spectral fea-
tures of sun-normalized TOA radiances or reflectances (o)
as a function of wavelength A related to (1) atmospheric ab-
sorption (i.e., the total irradiance transmittance 7 and the
spherical transmittance from surface to TOA, T), (2) surface
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reflectivity (ps), and (3) SIF radiance emitted at the surface.
Neglecting the effects of atmospheric Rayleigh scattering,
which was shown to be appropriate in this context (Joiner
etal.,, 2013), we have

aSIFO)T (M)

Pratd) = psWTOIT ) + Fom =g =5

(1)
where 6 is the SZA, and E (1) is the observed extr_aterrestrial
solar irradiance. Joiner et al. (2013) showed that 7 (1) could
be estimated using

?(A):exp(lnm(x)] sec(6) ) )

sec(8) + sec(fp)

where 6 is the view zenith angle, and T5(A) = 7 (A)7 (1)
is the sun-to-satellite (two-way) atmospheric transmittance.
This amounts to the assumption of the so-called geometrical
air mass factor within the DOAS formulation that is appro-
priate for a non-scattering, linearly absorbing atmosphere.
ps (L) and SIF(A) represent TOA spectral components of sur-
face reflectance and fluorescence modified by atmospheric
scattering (cloud, aerosol, and Rayleigh) that is spectrally
smooth. In other words, atmospheric scattering is implicitly
accounted for within these terms. As both Rayleigh scatter-
ing and aerosols are included in our simulation data set, we
can evaluate their impact on the retrievals. Equation (1) also
assumes a Lambertian surface. The implications of this as-
sumption are discussed below.

Here, we model the fluorescence red emission feature as
a function of wavelength as having a Gaussian shape similar
to, e.g., Subhash and Mohanan (1997) and Zarco-Tejada et al.
(2000), i.e.,

3)

Y
SIF(\) = A exp (—(k *0) )

202

where A is the SIF magnitude at the peak emission given
in radiance units. For the red fluorescence emission feature,
we use Ag = 683 nm. Over ocean, we found that a value for
the Gaussian standard deviation, o, of 9.55nm provided a
good fit to observations. Over land, we found that interfer-
ence from the far-red SIF emission feature may necessitate
the use of different values of o, depending on the size of the
spectral fitting window as discussed below.

As in Joiner et al. (2013), we assume that pg()), within
our limited spectral fitting window, is spectrally smooth and
model it as a low-order polynomial in A. While other rep-
resentations for fluorescence and reflectance have been ex-
plored (e.g., Mazzoni et al., 2010, 2012), small errors in the
assumed shape of the fluorescence emission will likely have
little impact on the estimated peak fluorescence value (Dau-
mard et al., 2010; Fournier et al., 2012; Guanter et al., 2013).
We estimate the spectral structure of 7, using PCs as de-
scribed below.
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4.2 Generation of atmospheric PCs

Here, we use a data-driven approach to estimate 7>(A) in
Eq. (2). We perform a PCA to represent 73 (1), similar to the
approach of Joiner et al. (2013) and Kohler et al. (2015), i.e.,
n
B =D aigi (W) +1, @)
i=1

where ¢; (1) are the PCs and q; are the coefficients of the
PCs. In place of laboratory-measured absorption cross sec-
tions as is typical in the DOAS approach, we are essentially
using atmospheric spectra (simulated or measured) to derive
the spectral components of atmospheric absorption. This ap-
proach has the following advantages: (1) it does not require
knowledge of the instrument response function and (2) it im-
plicitly captures instrumental artifacts such as drifts and im-
perfections in the wavelength calibration. In contrast, the PCs
may mix instrumental effects with real atmospheric phenom-
ena in the orthogonal PCs. This does not allow for a clean
analysis of instrumental artifacts or accuracy of the radiative
transfer. In addition, the approach may not work well if an
unrepresentative sample is used to generate the PCs.

For comparison, we performed PCAs with both the sim-
ulation training data and actual GOME-2 radiances. For the
GOME-2 PCA, we use spectra from a single day consist-
ing of observations over sea ice, snow/ice-covered land, the
Sahara desert, and cloudy ocean (avoiding continental coast-
lines) for pixels with 6, < 70° and geometrical air mass fac-
tors, GAMF =sec(0) + sec(8,), < 5. The precise areas used
are shown in the Supplement. We compute the reflectance at
670 nm (pe70) and use ocean observations only for pg79 > 0.7
and Sahara pixels only for pg79 > 0.52.

Joiner et al. (2013) used the logarithm of the normal-
ized radiance spectra as is typical in DOAS implementa-
tions. Here, we work with the normalized radiances rather
than the logarithm of the normalized radiance as this works
just as well. For both real and simulated data, we normal-
ize the spectra with respect to second-order polynomials fit
to wavelengths not significantly affected by atmospheric ab-
sorption (i.e., 620 < A < 625nm, 635 < A < 640nm, 680<
A < 687nm, 712 < A <713 nm). This essentially produces
atmospheric transmittance spectra. We then subtract unity
before conducting the principle component analysis to pro-
duce values of zero in the absence of atmospheric absorption.
The value of unity is then added back in the retrieval step
once the coefficients of the PCs are determined in order to
compute the two-way transmittance. In the strict implemen-
tation of PCA, a mean spectrum is computed and subtracted
from each individual spectrum. We found that this is not nec-
essary and in fact further complicates the approach. When
the mean is not subtracted, the first PC represents the mean
atmospheric transmittance.

Note that we use a slightly larger O, B-band window for
the PCA as compared with the retrieval. The larger PCA win-
dow is needed to fit the radiances not affected by strong O,
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or H>O absorption so that atmospheric transmittance may be
accurately computed. The leading principal components are
related to atmospheric absorption from oxygen and water va-
por as well as instrumental effects such as wavelength shifts
that span this full wavelength range. Testing with simulation
data confirms that using a larger fitting window for the PCA
as compared with the retrieval does not present problems. In
other words, we are able to use smaller fitting windows for
SIF retrievals that are contained within the larger one used
for the PCA.

One key difference with respect to the approach used by
Joiner et al. (2013) is that here we use two separate and dis-
connected spectral regions, encompassing the O, y and B
bands, to retrieve SIF in the red emission feature over land.
For these two fitting windows, a single PCA is performed
that covers both fitting windows. The purpose of the PCA
is to relate the absorption in the O, y and B bands in the
absence of fluorescent emissions. Then, in the retrieval step
the O, y band is used to disentangle the spectral structure
of absorption and fluorescence within the O, B band. This
is done simultaneously with the retrieval of red SIF and the
surface spectral reflectance. Equation (2) is used to estimate
how much of the SIF emission is absorbed within the atmo-
sphere as it travels towards the satellite sensor.

Figure 2 shows the leading four PCs; each PC covers the
wavelength ranges 622-640 and 680-713 nm that encompass
the O, y and B bands, respectively, and these ranges are
shown in separate panels for each PC. The PCs are com-
puted with simulated data for FWHMs of 0.5nm (similar
to GOME-2) and 0.3nm as well as with actual GOME-2
data from 1 July 2012. The spectral variance in these win-
dows is due to both oxygen and water vapor absorption. The
variances explained (with respect to the total) as well as the
cumulative variances explained are indicated. The PCs for
the simulated data are similar for the two spectral resolu-
tions with more fine-scale structure, particularly in the oxy-
gen B band, at the higher resolution. The variance explained
by the leading PCs is similar for the simulated data at the
two spectral resolutions and for GOME-2 data, with slightly
more variance explained per PC for GOME-2 data. The first
PC explains over 96 % of the spectral variance. More than
99.97 % of the variance is captured in the first four modes
for both the simulated and GOME-2 data.

The PCs for simulated and real data are not expected to
be identical. PCs from the real data may contain instrumen-
tal artifacts and processes not included in the simulated data
(e.g., RRS). In addition, the simulated data may not repre-
sent all of the conditions or the distribution of conditions that
are present in the GOME-2 data. It is nevertheless remark-
able how similar the leading PCs are in the simulated data as
compared with the GOME-2 data.
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Figure 2. Leading principal components (PCs) of simulated (Sim.) and actual GOME-2 reflectance spectra (from 1 July 2012, black) for
spectral windows encompassing the oxygen y band (left panels) and B band (right panels). Simulated data are for a GOME-like instru-
ment (red lines) with FWHM = 0.5 nm (red) and a higher spectral resolution instrument with FWHM = 0.3 nm (blue); numbers in the top
titles are the variance explained in terms of percent of the total and cumulative percent of the total with numbers for GOME-2, simulated

FWHM = 0.5 nm, and FWHM = 0.3 nm, respectively.

4.3 Solving the nonlinear problem

As described in Joiner et al. (2013), we use a gradient-
expansion algorithm to solve the nonlinear estimation prob-
lem using a forward model based on Egs. (1)—(4). The obser-
vation vector for each pixel consists of sun-normalized radi-
ances in two separate windows, encompassing the O y and
B bands. In general, the state vector consists of (1) coeffi-
cients of the PCs, (2) separate sets of coefficients for sur-
face reflectance polynomials in the two windows, and (3) ei-
ther the peak value of the red fluorescence feature centered
at ~683 nm for O, band retrievals or an averaged value of
SIF over the SIF fitting window for SFL retrievals. For all
results shown in the remainder of this paper, SIF represents
a single value that refers to either the peak value or an aver-
age over the fitting window as appropriate for the red or far-
red emission features. At convergence, the partial derivatives
contained in the Jacobian K matrix may be used to compute
errors from an unconstrained linear error estimation, i.e.,

S = (K'S;'K) ", )

where S; is the retrieval error covariance matrix, and S, is the
measurement error covariance (e.g., Rodgers, 1990).
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Specifically, the state vector of the SFL red SIF terrestrial
retrievals consists of coefficients for a third-order polyno-
mial to model the surface reflectivity, coefficients for three
PCs, and a mean value of SIF across the small fitting win-
dow (i.e., the Gaussian shape for SIF emission is not needed
or used). In contrast, the state vector for the more com-
plex O terrestrial red SIF satellite retrievals includes coef-
ficients of 15 PCs, coefficients of a fourth-order polynomial
for surface reflectivity in each O, fitting region, and the peak
value of SIF at 683 nm, assuming a Gaussian shape for SIF
emissions at red wavelengths. The fitting windows used for
GOME-2 and SCIAMACHY were 622-640nm for the O,
y band region and two different fitting windows between
682 and 698 nm for the B-band region. For the O;-band re-
trievals, each PC covers both the O, y and B bands. We used
Lo =683 nm and o = 10 for the satellite retrievals. The se-
lection of these parameters will be discussed in more detail
below.

The polynomial model for surface reflectivity can account
for atmospheric scattering (Rayleigh and aerosol); the poly-
nomial coefficients represent an effective surface reflectivity
rather than the true surface reflectivity. This effective surface
reflectivity includes the spectrally smooth effects of atmo-
spheric scattering. In addition, this formulation can also ac-
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count for the effects of non-Lambertian surface reflectance.
In this case, the retrieved coefficients will produce a reflec-
tivity either higher or lower than that of a Lambertian sur-
face. The resulting interaction with atmospheric scattering
will still produce a spectrally smooth function of wavelength
that can be represented with a polynomial function. There
should be virtually no impact on the retrieved SIF in this
case. For non-Lambertian SIF, we will simply retrieve and re-
port the SIF radiance for the given geometry. This value may
be different from a retrieval obtained for a different viewing
geometry.

For oceanic retrievals, coefficients of eight PCs are re-
trieved along with those of a second-order polynomial to ac-
count for the spectral dependence of the water leaving radi-
ance. The fitting window 660713 nm spans the range of sig-
nificant red SIF emissions. We use Eq. (3) with A9 = 683 nm
and o = 9.55 for oceanic SIF emissions. By trial and error,
we found that these parameter values provide adequate fits to
the observed radiances over ocean.

4.4 Processing of GOME-2 and SCIAMACHY data

The overall processing of the satellite data follows the ap-
proach detailed in Joiner et al. (2013), which is augmented as
described in this section. Figure 3 shows a flow diagram of
the basic steps. One subset of radiance data is used to gener-
ate the PCs (chosen such that fluorescence is not present). We
perform a PCA daily using a single measured solar irradiance
spectrum per day. Similar to Joiner et al. (2013), we use pix-
els over highly cloudy ocean and snow- and ice-covered sur-
faces (p at 670 nm > 0.7 and SZA < 70°) and the Sahara for
the PCA. The derived PCs are then used for the fluorescence
retrieval. Quality assurance checks (see Sects. 4.4.2-4.4.3)
are then conducted to filter out noisy radiance data, cloudy
data, and failed retrievals (see also Joiner et al., 2013). Ad-
justments are also made to remove biases (see Sects. 4.4.1
and 4.4.4). Finally, the quality-controlled retrievals are grid-
ded at a monthly temporal and 1° (or other as noted) spatial
resolution to produce level 3 data sets.

Ideally, the last step is validation of the level 2 or 3 data
sets. There are very few opportunities for validation avail-
able. Yang et al. (2015) compared ground-based data with
far-red SIF from GOME-2 for a season over one forested lo-
cation. However, in general, it is difficult to compare ground-
based data with large pixel satellite data due to the spatial
mismatch. Aircraft-based data are extremely limited at the
current time. One of the few tools available for global vali-
dation is intercomparison of different satellite data sets as in
Joiner et al. (2013), Kohler et al. (2015), and Khosravi et al.
(2015), which is the approach undertaken here.

4.4.1 Absolute solar calibration drift

Many instrumental calibration issues cancel out when using
the ratio of the Earth radiance to the solar irradiance (i.e.,
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Figure 3. Flow diagram of the basic steps used to produce SIF data
sets.

reflectances) in Eq. (1). For example, the reflectance degra-
dation factor at the wavelengths of interest for GOME-2 SIF
retrievals is reported to be only a few percent over the course
of the MetOp-A mission (Tilstra et al., 2012). Other types
of degradation can also occur that may or may not cancel
the reflectances. Wavelength shifts and changes in the spec-
tral bandpass can change over time (Dikty et al., 2012). For
GOME-2, changes in the instrument bandpass occurred pri-
marily in the UV channels of the instrument. Even so, this
type of degradation should be handled within our algorithm
with use of the PCA. However, there are still some unex-
plained instrument behaviors for GOME-2, such as the de-
pendence of the dark signal on temperature (Dikty et al.,
2012), that may not be fully accounted for within our algo-
rithm or zero-level adjustment scheme and will lead to sys-
tematic errors in SIF retrievals. Various other instrumental
effects that may produce false signatures in SCTAMACHY
SIF retrievals are documented in Lichtenberg (2006). Their
potential impact on SIF retrievals is discussed in Joiner et al.
(2012). An approach to mitigate the resulting biases in SIF
retrievals is detailed in Sect. 4.4.4.

As compared with pure DOAS retrievals used for trace-gas
retrievals, SIF retrievals are more sensitive to the absolute
calibration of the solar irradiance data (see Eq. 1). MetOp-
A GOME-2 has encountered radiometric degradation over
its lifetime. We have made adjustments to the SIF retrievals
based on irradiance changes that occurred at 690 nm. We fit
a second-order polynomial to these irradiances as a function
of time after accounting for variations in the sun—Earth dis-
tance. These changes are of the order of 15 % and occurred
primarily over the first 6 years of the mission with stabiliza-
tion after that.
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4.4.2 Cloud filtering and quality control

As detailed in Joiner et al. (2012), we compute an effective
cloud fraction f,. Neglecting scattering, it is derived using

fc _ Robs — Ry

= —, 6
0.8 —R; ©

where Rgps is the retrieved surface reflectivity (assuming
no atmospheric scattering) at the shortest wavelength in
the fitting window, and Ry is the black-sky 16-day grid-
ded filled land-surface albedo product from Aqua MODIS
(MOD43B3) at 656 nm (Lucht et al., 2000). When comput-
ing monthly SIF averages, we eliminate data with f. > 0.3,
consistent with that used in version 26 far-red GOME-2 SIF
level 3 product provided at http://avdc.gsfc.nasa.gov. The
choice of the cloud threshold is empirical. Our selection of
0.3 is a more stringent threshold than that used by Joiner
et al. (2013) and Kohler et al. (2015) and results in some-
what noisier results due to a decrease in sampling. Kohler
et al. (2015) showed that magnitudes of gridded SIF decrease
with increases in the cloud cover threshold but that the over-
all temporal variations remain consistent.

Simulations show that a substantial fraction of the satel-
lite STF signal can still be detected even through moderately
cloudy conditions (Frankenberg et al., 2012). Use of more or
less stringent limits on cloud contamination within a moder-
ate range did not substantially alter the derived spatial and
temporal patterns of red SIF. However, placing stricter limits
decreases the number of samples included in a gridded av-
erage. This reduces coverage and increases noise in gridded
SIF averages.

In the results shown below, we include all data that passed
gross quality assurance checks on the retrieval convergence
and radiance residuals. These checks typically remove few
observations. We also eliminate all data with SZA > 70°.

4.4.3 Radiance spike removal

The South Atlantic Anomaly (SAA) increases noise in ob-
served radiances in the vicinity of South America over south-
ern Brazil and surrounding areas, particularly for GOME-2
measurements but also present in SCIAMACHY radiances
(Kohler et al., 2015; Wolanin et al., 2015). In an effort to mit-
igate the effects of this noise, the following steps are taken. A
first step PCA is conducted as outlined above. Then, for each
observation, the spectrum is reconstructed using a reduced
number of PCs. In this work, we use 20 PCs. The maximum
error for each reconstructed spectrum is then computed. Any
spectrum with maximum error > 0.5 % is discarded from the
sample. The PCA is performed again using only the spec-
tra passing this quality control check. Typically, only a very
small fraction of spectra are removed from the sample during
this process.

A radiance outlier check is also performed during the
retrieval process as follows. A first step retrieval is per-
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formed using all radiances within the specified fitting win-
dow. Following the retrieval, radiance residuals (observed
minus computed from the retrieval) are calculated. If any
radiances residuals are > 0.5 %, those wavelengths are then
given a weight of 0 in a second step retrieval. If for a given
observation, more than half of the wavelengths have radiance
residuals > 0.5 %, that observation is flagged. Again, only a
very small percentage of spectra are flagged in this process.

4.44 Zero-level adjustment

Kohler et al. (2015) found that GOME-2 and SCIAMACHY
far-red SIF retrievals exhibited biases, henceforth referred
to as zero-level offsets, in the PCA training data set (ex-
pected to have a mean near 0) of the order of several tenths
of a mWm™2nm~!sr~! with systematic dependences on
latitude. The biases were higher for GOME-2 as compared
with SCIAMACHY by a factor of 2 or more and the de-
pendences on latitude for the two instruments were different.
Joiner et al. (2012) also found zero-level offsets for SCIA-
MACHY at 866 nm. Khosravi et al. (2015) showed that for
SCIAMACHY in the far-red wavelength range, an additive
radiance signal that leads to the zero-level offsets was rela-
tively stable over time and a fairly linear function of radiance.
The bias was shown to be of the same order of magnitude as
the SIF signal. These artifacts result from unaccounted for
dark current, stray light, so-called memory effects, and other
nonlinear responses (e.g., Joiner et al., 2012). All of these
additive effects can produce a false filling-in of SFLs and
absorption lines which can have a significant impact on ter-
restrial SIF retrievals. Because the effects are additive, they
are not well captured by the leading principal components
and this leads to biases with a spatial dependence.

We developed an empirical correction scheme to miti-
gate zero-level offsets. This scheme is implemented in ver-
sion 26 GOME-2 data that are publicly available at http:
/lavdc.gsfc.nasa.gov. We use the same correction scheme to
adjust red SIF terrestrial retrievals here. The zero-level ad-
justment scheme is designed to account for instrumental non-
linear radiance behavior that appears to slightly distort the
spectra as a function of radiance. The scheme may also cor-
rect for small effects of RRS in the atmosphere. As shown
below, we find that the biases vary with time (on both daily
and monthly timescales) and instrument.

The zero-level adjustment scheme has the following steps.
(1) It provides a training data set of retrievals in which SIF
should be O (over all areas of the ocean passing all quality
control checks except the cloud filtering check for a single
day). (2) Within a given latitude range, using a least squares
approach, it determines coefficients (A through H) to the fol-
lowing regression model:

€a/cos(Bp) = A+B 6y +C 63+ D 6]
+EL+F 4G I?+H lat, (7
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where ¢, is the additive radiance component not due to SIF,
I is the radiance at a wavelength not impacted by strong
O, absorption (e.g., 682.5nm), lat is latitude, and €, has
been normalized by cos(fp) to remove its dependence upon
the top-of-atmosphere solar irradiance. We found empiri-
cally that this model accounts for much of the variabil-
ity in the bias. (3) It computes the normalized zero-level
bias, €,/ cos(8p), using the derived regression coefficients (A
through H) for each pixel over land, subtracted from the sim-
ilarly normalized SIF retrieval, then multiplied by cos(8p) to
obtain the corrected estimate of SIF. The regression is not
extrapolated beyond the range of /] and 6y values found in
the training sample data set. The regression coefficients are
generated separately for different latitude bins. For GOME-2
v26 far-red SIF retrievals, we use latitude bins bounded by
90, 45°S and 0, 45, 90° N. For SCIAMACHY red SIF re-
trievals, we use latitudes bins bounded by 90° S and 0, 90° N
and for GOME-2 red SIF retrievals 90, 40° S and 40, 90° N.
The ranges were chosen empirically (by trial and error) for
each instrument and retrieval type to minimize discontinu-
ities at the boundaries and to maximize the ability to remove
zero-level offsets.

The Supplement shows examples of how biases over ocean
vary as a function of latitude, 6, and radiance (/) for 2 ran-
domly selected days in July 2007. Also shown are the biases
after the correction scheme is applied. Results are shown for
SCIAMACHY SFL and O;-band retrievals as well as O;-
band retrievals from GOME-2. The biases are shown to vary
with day and instrument as well as the parameters in the cor-
rection scheme. The bias correction works well in most cases
but may not be effective at high radiance values that can be
scarce over ocean in certain latitude bins and thus do not re-
ceive much overall weight in the least squares fitting.

The zero-level adjustment scheme essentially uses ocean
data with the assumption of negligible SIF emissions. While
this is a good assumption for far-red SIF, there is significant
SIF emission in the red SIF region in some areas over ocean
as shown below. We did not make any attempt to avoid these
areas for the zero-level adjustment scheme. Our regression
model assumes that the zero-level adjustment is a smooth
function of radiance. As radiance increases from the clear-
sky dark to cloudy skies, the ocean SIF signal becomes more
shielded. Note that reflectances over land tend to be higher
than those over the dark ocean at red wavelengths, so that
adjustments over land will typically be made using cloudy
ocean data.

We found that after applying the derived regression model
over ocean, the spatial patterns of oceanic SIF are still
present; this indicates that our regression model has not com-
pletely removed these signals. However, there may be a slight
overcorrection in our approach for the red SIF zero-level ad-
justment. Figure S10 of the Supplement shows an example
of red SIF retrievals for May 2007 with and without zero-
level adjustment over both land and ocean. For comparison,
we also show oceanic SIF obtained with the full band re-
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trievals that are less susceptible to zero-level offsets. In fact,
we did not find a significant zero-level offset in the ocean
SIF retrievals as we did with the terrestrial retrievals. This
is because the ocean retrievals rely more on the broadband
emission rather than filling-in of SFLs; this filling-in is more
sensitive to false filling-in by effects such as stray light, dark
current, and Raman scattering (oceanic or atmospheric). We
therefore do not apply any zero-level adjustment over ocean.
For future versions of the zero-level offset scheme, we in-
tend to explore a two-step regression approach whereby we
first remove the oceanic SIF signal using full-band ocean
retrievals before computing regression coefficients. We also
have not added barren land to the regression scheme in the
present version in order to test how well the scheme works
using only cloudy ocean data; the addition of barren land
data can easily be accomplished in a future version. As will
be shown below, exclusion of barren land data from the bias
adjustment parameter determination may lead to biases over
very bright land surfaces, particularly over the Sahara where
radiance levels are high. These high radiance values may not
be well represented in the ocean data samples in a given lati-
tude bin during certain months when convection is not preva-
lent within the bin.

5 Sensitivity analysis for terrestrial red SIF

In this section, we retrieve terrestrial red SIF using the radi-
ances that were computed from the simulation testing data set
that contains 15 655 different sets of conditions. This set of
conditions includes the so-called “true” SIF that serves as the
benchmark for the retrieved SIF. Instrument noise is added to
the simulated radiances as indicated, where the noise is un-
correlated between channels and follows a Gaussian distri-
bution. The nominal SNR (referred to as “nom.” in Table 1),
specified as a function of radiance, is similar to that used by
Guanter et al. (2015) for GOME-2 with SNR values of 673
and 4053 at radiances of 10 and 240 mW m~—2 nm~! sr™ !, re-
spectively. Table 1 provides statistics on the differences be-
tween the retrievals and the true states for several scenarios
described below. To compare true and retrieved SIF, we aver-
age SIF over the wavelength range of the red spectral fitting
window.

We checked that the addition of a constant value to the
simulated radiances in order to produce a zero-level offset
results in a retrieved bias of the same amount. We note below
that the derived zero-level offset with real satellite data is not
a constant, but in fact has complex dependences on time, lat-
itude, geometry, and radiance. We did not attempt to add this
complexity to the simulations. This constant zero-level off-
set would be detected and corrected by our bias adjustment
scheme.
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Table 1. Statistical comparison of retrieved versus “true” values of SIF obtained with the simulated testing data set for different experiments
(Exp); all fluorescence radiance units (indicated by *) are mW m~2nm~! sr!. Retrievals are performed for an instrument with a given full-
width at half-maximum (FWHM) line shape function, signal-to-noise ratio (SNR), number of principal components (no. PCs), and fitting
window from starting wavelength A to ending wavelength A,. Statistics given are the root-mean-square difference (RMS diff.), correlation
coefficient (r), mean difference (bias) of retrieved minus truth, standard deviation (o), and slope (B) and intercept (A) of a linear fit (retrieved
fluorescence = A + B- truth) (last two columns, respectively). Under the SNR heading, “nom.” refers to the nominal model described in the
text.

Exp FWHM SNR No.PCs X A y band RMS diff. r bias o slope intercept

(nm) (nm)  (nm)  incl. * * * *
1 0.5 nom. 5 6820 6920 Yes 0.71 068 —0.39 059 0.76 —0.03
2 0.5 nom. 10 682.0 6920 Yes 0.63 071 —0.06 0.62 0.90 0.08
3 0.5 nom. 15 6820 692.0 Yes 0.73 066 —0.02 073 092 0.09
4 0.5 nom. 10 682.0 698.0 Yes 0.48 075 —0.13 046 0.87 0.03
5 0.5 nom. 10 682.0 6920 No 0.88 0.60 —0.04 0.88 0.94 0.05
6 0.5 no noise 10 6820 692.0 Yes 0.11 1.00 —0.06 0.09 0.90 0.08
7 0.5 no noise 10 6820 698.0 Yes 0.17 099 -0.13 0.11 0.87 0.03
8 0.5 nom 10 6820 692.0 Yes? 1.46 040 —-034 142 0.88 -0.17
9 0.5 no noise 10 6820 692.0 No 0.06 1.00 —-0.02 0.06 0.95 0.05
10 0.5 2X nom. 10 682.0 692.0 Yes 1.24 045 —0.06 124 091 0.07
11 0.3 nom. 10 682.0 6920 Yes 0.37 0.87 —0.11 035 0.87 0.08
12 0.3 nom. 10 6820 698.0 Yes 0.31 089 —0.15 027 084 0.05
13 0.1 nom. 3 682.0 6865 No 0.19 097 —-0.08 0.17 095 0.00
14 0.2 nom. 3 682.0 6865 No 0.38 090 —0.10 037 094 —0.01
15 0.3 nom. 3 6820 6865 No 0.57 080 —0.12 056 095 —0.03
16 0.5 nom. 3 6820 6865 No 1.22 051 —-0.22 120 093 —0.10
17 0.3b nom. 3 6820 6865 No 0.74 071 —0.13 072 094 —0.03
18 0.3 nom.® 3 6820 6865 No 0.74 071 —-0.09 0.73 094 0.01
19 0.5 nom.© 3 682.0 6865 No 1.41 047 —0.08 141 0.96 —0.01
20 0.5 nom. 3 681.8 6855 No 1.55 059 —0.15 154 094 —0.02

@ Used a flat solar spectrum. b Sampling of 0.2 nm instead of 0.1 nm. © Wavelength jitter of 0.01 nm simulated.

the case in our simulated data) as in Joiner et al. (2013).
However, the linear estimation does not account for errors
that may result from using an imperfect model for the SIF
spectral emissions or an imperfect forward model (e.g., that
does not account explicitly for atmospheric scattering). Here,
we have assumed a Gaussian shape for SIF emissions as in
Eq. (3). However, interference from far-red emissions in our
spectral fitting range slightly distorts the Gaussian shape. We
found that it was important to apply some constraint to the
SIF emissions spectral shape in order to obtain accurate re-
trievals, and the Gaussian function provides a reasonable ap-
proximation. To accurately evaluate errors resulting from this
approach, we show results from the full end-to-end simula-
tion in this work rather than from the linear estimation.

5.1 Sensitivity to number of PCs used

Here, we focus on O,-band red SIF retrievals with an O, B-
band fitting window between 682 and 692 nm and for an in-
strument with FWHM = 0.5 nm and sampling rate of 0.2 nm.
The y band fitting window was 622—640 nm. We use fourth-
order polynomials to model the surface reflectivity for each
fitting window. Use of a higher-order polynomial order does
not significantly improve the results, while use of a lower-
order polynomial degrades results.

The first three lines of Table 1 show results for retrievals
that use 5, 10, and 15 PCs. There are small biases in all cases
with biases generally decreasing with increasing numbers of
PCs. The improvement in both accuracy and precision is no-
ticeable when increasing from 5 to 10 PCs and starts to level

out with subsequent increases. There is virtually no change
in the results when we further increase the number of PCs
(not shown). There is a slight bias obtained with both the 10
and 15 PC results as also evidenced by the deviation of the
fitted slope from unity. This bias is further discussed below.
We may also compute fluorescence errors using the lin-
ear estimation method (Eq. 5) by assuming random and un-
correlated wavelength-independent radiance errors (as was
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5.2 Sensitivity to the fitting window and instrumental
noise

In line 4 of Table 1, we use a larger O, B-band fitting win-
dow (682-698 nm) than for results shown in lines 1-3. With
this larger fitting window, we specified o = 10 in Eq. (3) as
compared with o = 7.5 that was used for the smaller fitting
window. With this configuration biases increased (results are

www.atmos-meas-tech.net/9/3939/2016/



J. Joiner et al.: O, B-band chlorophyll fluorescence retrievals

further from the 1 : 1 line). This is likely because the assumed
Gaussian shape for red SIF emissions is more applicable to
the smaller fitting window. However, as expected, the use of
a smaller fitting window decreases retrieval precision (o in-
creases).

Line 5 shows results with the same O, B-band fitting win-
dow but now without the benefit of the O, y band. Removal
of the y band decreases precision and increases bias. How-
ever, results with no instrument noise (lines 7 and 9) show
that precision improves when the y band is not used. Also
in contrast to the results with noisy data, lines 6 and 7 show
that precisions are improved with the smaller O, B-band fit-
ting window when noise is absent and the y band is included.
We may therefore infer that the primary benefit of the larger
fitting window in the O, B band as well as the addition of the
y band is to beat down the effects of instrumental noise.

In order to assess how much of an impact the SFL filling
has on the results, we conducted simulations using a flat so-
lar spectrum and no instrumental noise. In other words, with
simulated data we can remove the effect of SFL line filling by
providing a flat solar spectrum. We cannot do this with real
data. Results shown in line 8 of Table 1 indicate that there is
a substantial stabilizing effect of the SFL filling for the O;-
band retrievals; compared with line 2 results, both precision
and accuracy of SIF retrievals degrade significantly when the
filling-in effect of SFLs is not present. Note that SFL fill-
ing occurs both inside and outside the O, B band. An addi-
tional experiment with a flat solar spectrum and without the
y band included in the fitting resulted in poor performance
with many nonconvergent retrievals.

To summarize, SIF retrieval degradation occurs when ei-
ther SFLs or the O; y band are removed from the radiances
used for the spectral fit. The removal of SFLs degrades the
retrievals more than the removal of the O, y band. Removal
of both SFLs and the O, y band results in nonconvergent
or poor retrievals. These results show that filling-in of SFLs
is critical in order to effectively use the O, B band for SIF
retrievals at a spectral resolution of 0.5 nm.

Line 10 shows results for a simulation with 2 times the
nominal noise for the larger B-band fitting window. Precision
decreased by approximately a factor of 2.

5.3 Sensitivity to spectral resolution, sampling, and
wavelength jitter

We performed simulations for O»-band red SIF retrievals at a
resampled higher spectral resolution (FWHM = 0.3 nm, sam-
pling of 0.1 nm) than in the previous simulations. Lines 11—
12 of Table 1 show retrieval statistics at the higher spectral
resolution with the nominal noise model for fitting windows
of 682—692 nm and 682-698 nm, respectively. The precision
significantly improves as compared with FWHM = 0.5 nm
retrievals. This improvement results from (1) more spectral
samples within the fitting window and (2) a larger filling-in
signal from SIF in the deepest part of the O, B band as well
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as within the SFLs. This is consistent with the simulations of
expected FLEX performance for the red SIF (Cogliati et al.,
2015).

We also performed simulations for SFL red SIF retrievals
using a single small spectral fitting window that contains only
SFLs, similar to that used by Guanter et al. (2015) (682—
686.5 nm, lines 13—16 of Table 1). Here we used the nom-
inal noise model with FWHMs of 0.1, 0.2, 0.3, and 0.5 nm
with sampling rates of 0.03, 0.075, 0.1, and 0.2 nm, respec-
tively. When using only SFLs for the retrieval, a significant
improvement is obtained at higher spectral resolutions for the
same reasons given above for the O,-band retrievals. Note
that good performance can be achieved with a smaller num-
ber of PCs for this limited fitting window. The results ob-
tained at FWHM values of 0.5 and 0.3 nm show that signif-
icant improvements are achieved when instrumental noise is
simulated and the oxygen B band and y band are included
in the spectral fitting as compared with the use of the more
limited fitting window that contains only SFLs.

We performed an additional experiment at 0.3 nm spec-
tral resolution in which we resampled the spectra at the same
spacing as used for 0.5 nm spectral resolution (sampling rate
of 0.2nm). As expected, owing to enhanced sensitivity, im-
provement is obtained at the higher spectral resolution with
identical spectral sampling (line 17 of Table 1). This demon-
strates the benefits of higher spectral resolution.

Additionally, we simulated a random wavelength jitter
with a normal distribution and standard deviation of 0.01 nm
in both training and testing data sets at 0.3 and 0.5 nm spec-
tral resolutions. Such a jitter may be expected due to changes
in the instrument response function with inhomogeneous
scenes (e.g., partial clouds). While there is a small degra-
dation in the results, overall the impact of such jitter with
our approach is relatively small (lines 18—19 of Table 1 com-
pared with lines 15-16). The effects of the wavelength jitter
should be at least partially accounted for by the use of prin-
cipal components.

Finally, in line 20 we used the same fitting window in our
simulations as that used by Wolanin et al. (2015) for SCIA-
MACHY and GOME-2 retrievals (681.8—685.5 nm); this is a
bit more narrow than that used in lines 13—19. Results should
be compared directly with line 16 that uses our fitting win-
dow that is 0.8 nm wider. While bias is reduced by about
0.07mW m~2nm~! sr~! and the correlation increased from
0.51 to 0.59 with the smaller fitting window, the standard de-
viation and root-mean-square (RMS) error both increased by
more than 0.3mW m~2nm~! s~ !

5.4 Radiance residuals from simulated data

Figure 4 shows the RMS of the radiance residuals (ob-
served minus calculated radiance) for an instrument with
FWHM = 0.5 nm, with nominal noise, and for O,-band re-
trievals using the B-band fitting window of 682-698 nm
when red SIF is versus is not retrieved. The displayed val-
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Figure 4. Root mean square (RMS) of simulated radiance residu-
als (observed minus computed, in % of radiance) at wavelengths in
and around the Oy y band (left) and B band (right) from the test-
ing data set with FWHM = 0.5 nm and nominal noise model when
fluorescence (SIF) is fit/retrieved (red) and when it is not (black).

ues represent the RMS of the residual at each wavelength
averaged over all conditions in the simulation testing data
as a percentage of the observed radiance. Reductions in the
residuals are shown on average when fluorescence is re-
trieved, as expected. The RMS reductions are not apparent
within the O y band portion of the fitting window where
fluorescence is not present. Reductions are shown in the O,
B-band portion of the fitting window, both inside and out-
side the band. Residuals are substantially reduced outside
the B band (A < 686.5 nm) where SFL filling from SIF oc-
curs. Smaller, more subtle RMS reductions also occur inside
the O, B band, particularly at wavelengths between 687 and
693 nm. When SIF is fitted, the radiance residuals are rela-
tively constant with wavelength at a level of around 0.1 % or
less, consistent with the noise levels in the simulation.

5.5 Discussion of simulation results

Figure 5 shows results for O,-band (smaller fitting window)
and SFL retrievals with FWHM = 0.5 nm and nominal noise.
This figure shows that negative biases are more prevalent for
the O,-band retrievals for certain simulation configurations.
However, the improvement in terms of precision obtained
with the O»-band retrievals as compared with the SFL ap-
proach is also apparent.

Our retrieval approach relies on several simplifying as-
sumptions, such as that the geometrical air mass factor is an
appropriate approximation and that the spectral structures of
SIF and ps can be modeled reasonably well with a few pa-
rameters. The simulated data do not contain these assump-
tions; the radiances are generated monochromatically with
atmospheric scattering before being convolved with the in-
strument response function, and the spectral dependences of
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SIF and pg are based on model and spectral libraries. There-
fore, our simulation results should accurately reflect errors
produced by our assumptions. As can be seen, the biases
and errors produced by these simplifications are relatively
small. Our simulation results provide confidence that our
method can be used to successfully retrieve red SIF with
satellite measurements from GOME-2 and SCIAMACHY
provided that the instruments are performing in a linear and
expected manner and that remaining biases can be effectively
removed.

6 Results from GOME-2 and SCIAMACHY data

For GOME-2 and SCIAMACHY O3 red SIF retrievals, we
use a fitting window of 682-692nm and 15 PCs. Although
we obtain good results using simulated data that include
wavelengths impacted by H>O (vapor) absorption (692 <
A < 713nm), we found unrealistic month-to-month varia-
tions in both far-red and red SIF magnitudes with real satel-
lite data when using wavelengths impacted by H,O absorp-
tion. These unphysical variations were drastically reduced
when we restricted the retrievals to wavelengths with min-
imal H,O absorption. Use of the 682—-692 nm window was
chosen to maximize wavelength range in order to minimize
the impact of instrumental random noise while minimizing
the impact of HyO absorption. Similarly, in version 26 of far-
red GOME-2 SIF retrievals we restricted the fitting window
to 734-758 nm, a reduction as compared with that used in
Joiner et al. (2013). This also reduced unrealistic month-to-
month variations that were present in earlier versions. For
SFL red SIF retrievals, we use a window of 682—-686.5 nm
with three PCs. This is slightly larger than the fitting window
used by Wolanin et al. (2015) (681.8—-685.5 nm).

6.1 Radiance residuals from GOME-2 for terrestrial
retrievals

Figure 6 shows a sample spectral fit for an observation over
the southeastern USA. Improvements in the fit are visible
only when the spectral range is reduced to limit the y axis
range. The reflectance residuals show that reductions over
the entire spectral range are subtle due to the small values
of red SIF; the overall reduction in the RMS of the residuals
is approximately 7 %. A relatively high SNR is necessary to
retrieve the small red SIF signal.

Figure 7 is similar to Fig. 4 but shows the spectral RMS of
GOME-2 radiance residuals, obtained with and without fit-
ting SIF. The residuals shown here were obtained on a single
day (1 July 2007) and are averaged for each wavelength over
all observations with SZA <70° and the reflectance-based
Normalized Difference Vegetation Index (NDVI) > 0.5 (i.e.,
moderately to highly vegetated green pixels) that passed
quality control and cloud filtering checks. Reductions in the
residuals are modest and of roughly similar magnitude to
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Figure 5. Fluorescence retrievals from simulated data (y axis) using wavelengths between 682 and 692 nm along with wavelengths sur-
rounding the O, y band (left) and using wavelengths between 682 and 686.5 nm (right) for an instrument with FWHM = 0.5 nm and with the
nominal noise model. Fluorescence is averaged over the fitting window used in the retrieval (different for left and right panels) and compared
with the “truth” (x axis) averaged in the same way. Standard deviations are shown with vertical bars. Different symbols are shown for the
various values of chlorophyll content (5, 10, 20, 40 ug cm™2) and different colors are for the different values of leaf area index (0.5, 1).
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Figure 6. A sample GOME-2 observation made on 1 July 2012
at location specified in (a); observation and spectral fits of top-of-
atmosphere (TOA) reflectance with and without SIF for the O, band
retrieval in (b) and (c). (c) is a spectral zoom of (b), and residual
of the reflectance spectral fit in (d). The retrieved SIF at reference
wavelength 682nm was 2.25mW m~2nm~!sr=!. RMS of the
residual spectrum is 9.35 x 10> when SIF is fit and 1.01 x 10™4
when SIF is not fit.

those obtained using the simulated data in Fig. 4. RMS resid-
uals are reduced on average 1% in the wavelength range
682-692 nm for the GOME-2 data used here and about 2 %
in the simulated data set. The largest reductions are in the
SFLs near 684 nm and within the deepest part of O, B band
around 687-690 nm. Overall, RMS residuals have similar or
slightly smaller magnitudes as compared with those shown in
Fig. 4 for simulated data. This indicates that the noise model
used in our simulations is appropriate for GOME-2. We note
somewhat better performance of GOME-2 in the O, y-band
spectral region as compared with that near the B band.
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Figure 7. Similar to Fig. 4 for actual GOME-2 radiance residuals
(RMS) for pixels with moderate to high amounts of green vegetation
(NDVI > 0.5) for a single day (1 July 2007).

6.2 Comparison of GOME-2 and SCIAMACHY
terrestrial red SIF

Global composites of red SIF derived from SCIAMACHY
and GOME-2 for July and December 2009 are displayed in
Fig. 8. For comparison, these are the same months displayed
in Wolanin et al. (2015). Quality-filtered retrievals have been
averaged in 1° latitude—longitude grid boxes in all cases. The
filtering uses data only for SZA < 70°, where RRS effects
should be relatively small (Joiner et al., 2012). A zero-level
adjustment is made as described above for all cases. No other
explicit account of RRS is made.

The top panels show retrievals obtained using the SFL ap-
proach with a fitting window of 682—-686.5 nm for SCIA-
MACHY. The fitting window is similar to that used by
Wolanin et al. (2015). The main difference of our approach as
compared with that used by Wolanin et al. (2015) here is that
we use the PCA approach to account for H,O absorption and
our zero-level offset adjustment may account for the effects
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Figure 8. Global composites of red SIF from SCTAMACHY and GOME-2 binned in 1° cell boxes with zero-level adjustment.(a) SCIA-
MACHY solar Fraunhofer line (SFL) red SIF retrievals in mW m~2nm~! ! using fitting window 682-686.5 nm for July (left) and
December (right) 2009. (b) Similar to (a) for SCTAMACHY but using fitting windows in Oy y (622-640 nm) and B (682—-692 nm) bands.

(c) Similar to (b) but using GOME-2 (622-640 and 682—692 nm).

of RRS as well as other instrumental artifacts. Magnitudes
are similar but perhaps slightly higher than those shown in
Wolanin et al. (2015). Here, we display results over all land
areas that meet our filtering criteria. Note that retrievals in
many areas such as deserts and the Himalayan plateau were
not shown in Wolanin et al. (2015), so we are unable to com-
pare results there.

Unrealistically high biases are seen over the Sahara and
Arabian peninsula in July and to a lesser extent in Decem-
ber. These are cases of high surface reflectance and small
amounts of vegetation. A simple filter for high reflectivities
(> 0.35) can remove these cases or alternatively they could
be used in the training data set for the zero-level offset ad-
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justment scheme. However, to examine potential instrumen-
tal effects and our ability to remove them, we have not fil-
tered the data or included them in the zero-level offset re-
gression training. Similar biases in SCTAMACHY data at the
deep Ca II line at 866 nm were also discussed in Joiner et al.
(2012). Zero-level adjustments are typically of the order of a
few tenths of a mW m~2nm~" sr~!. The adjustments do not
completely remove biases at high radiance levels as shown
here.

The middle and bottom panels show red SIF retrievals ob-
tained using the O;-band retrievals with SCIAMACHY and
GOME-2, respectively. A generally good agreement of the
SIF magnitudes and spatial patterns is observed between the
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Figure 9. Global maps of red SIF retrieval statistical parameters in 1° grid cells for July 2007. (a) Grid cell standard deviation (left)
and standard error (right) for SCIAMACHY SFL red SIF retrievals in mW m2nm~ ! gr! (682-686.5 nm). (b) Similar to (a) but for
SCIAMACHY O5-band red SIF retrievals (622—-640 and 682—692 nm). (¢) Similar to (b) but for GOME-2 red SIF retrievals using 622—640

and 682-692 nm.

satellite retrievals obtained with different instruments and fit-
ting windows. Relatively higher red SIF values are observed
over vegetated areas, while low (or sometimes negative) val-
ues are obtained over deserts and sparsely vegetated areas.
Spatial patterns of active regions are similar to those of far-
red SIF retrievals (734-770 nm) obtained by GOME-2 and
GOSAT. Values of red SIF are generally lower than those ob-
tained in the far red consistent with previous canopy-level
ground-based measurements (Daumard et al., 2010; Cheng
et al., 2013; Fournier et al., 2012).

Positive biases over bright desert areas are less prevalent in
the O;-band retrievals, particularly for SCTAMACHY. How-
ever, some biases are seen in the GOME-2 retrievals in De-
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cember. Again, these can be removed with a simple high re-
flectance filter. We also note that there are larger negative bi-
ases over non-vegetated areas obtained with SCTAMACHY
as compared with GOME-2. The fact that similar results are
obtained over vegetated areas suggests that the instruments
are behaving differently over high reflectivity scenes. There
are other differences between the retrievals even in vege-
tated areas. In the case where identical algorithms are ap-
plied, these differences are likely instrument related and will
be explored in more detail below.

We note that biases (both before and after zero-level ad-
justment) vary over time. Figure S9 shows similar results
obtained in 2007. The unphysical high biases over the Sa-
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Figure 10. Global maps of the zero-level adjustment July (left) and December (right) 2007. (a) Zero-level adjustment for July (left) and
December (right) 2007 for SCTAMACHY SFL red SIF retrievals in mW m~Znm 1 gr! (682—-686.5 nm). (b) Similar to (a) but for SCIA-
MACHY O;-band red SIF retrievals (622-640 and 682—-692 nm). (¢) Similar to (b) but for GOME-2 retrievals (622—-640 and 682-692 nm).

hara are much reduced for the SFL retrievals in July 2007 as
compared with July 2009 and similarly for the GOME-2 O,-
band retrievals in December 2007 as compared with 2009.
It should be noted again that these red SIF retrievals are de-
rived using instruments that were not designed or optimized
for such measurements.

6.3 Variability, biases, and estimated errors in
GOME-2 and SCIAMACHY terrestrial red SIF
retrievals

Standard deviations of the July 2007 red SIF retrievals in the
left panels of Fig. 9 show the variability of the retrieved red

Atmos. Meas. Tech., 9, 3939-3967, 2016

SIF in 1° x 1° grid boxes for the three different retrievals
in Fig. 8. SCIAMACHY retrievals show less variability in
general as compared with GOME-2, particularly in the area
impacted by the SAA (high variability over parts of South
America). This indicates a better performance per pixel of the
SCIAMACHY instrument in the red spectral region. Lower
variability is shown for the SCITAMACHY O retrievals than
the SFL retrievals as may be expected from the use of a larger
spectral range. Additional variability affecting all retrievals
results from natural variability in vegetation activity within
the month, the effects of different illumination and viewing
geometries, and the different footprints from the satellite or-
bits. Clouds and aerosols can affect both types of retrievals
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Figure 11. (a) Map showing boxes where SIF time series will be examined. (b) Time series of monthly red (red, right axes) and far-red SIF
(black, left axes) in mW m2nm~! sr~! from GOME-2 for eight boxes shown in (a).

by a blocking effect but can additionally affect O, retrievals
by altering the depth of the O, absorption features. There
does not appear to be additional noise resulting from these
cloud effects on the O, retrievals.

In general for both instruments, higher standard deviations
occur over brighter scenes (e.g., over Greenland and deserts),
consistent with the higher noise expected at higher radiance
levels. Interestingly, vegetation patterns are not obvious in
the standard deviation maps, indicating that there is not much
additional variability contributed by vegetation as compared
with that from instrumental noise. This was not the case for
far-red retrievals from GOME-2 and SCIAMACHY (Joiner
et al., 2013; Kohler et al., 2015). Variability due to noise
(in radiance units) in sparsely vegetated areas is higher for
GOME-2 in the red as compared with the far red shown in

www.atmos-meas-tech.net/9/3939/2016/

Joiner et al. (2013). Variability in vegetated areas is similar
for both red and far-red SIF.

The right panels of Fig. 9 show computed standard errors
of the monthly mean (grid box standard deviations divided
by the square root of the number of retrievals). Despite lower
variability in the SCTAMACHY SFL red SIF retrievals, the
GOME-2 retrievals show lower standard errors than SCIA-
MACHY SFL retrievals in all but a few areas due to more
observations per month. The SCTAMACHY O;-band red SIF
retrievals provide slightly lower standard errors in most ar-
eas as compared with those of GOME-2. However, there is
some block-like structure in the SCTAMACHY standard er-
rors. The block-like structure results from alternating blocks
of nadir and limb retrievals that were performed by SCIA-
MACHY. GOME-2 operates exclusively in the nadir mode,
which leads to a better spatial coverage.

Atmos. Meas. Tech., 9, 3939-3967, 2016
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Figure 12. Global SIF anomaly maps (in terms of fractional differences from monthly climatological values computed as averages over the
years 2007-2014) for August 2010, 2011, and 2012 (top to bottom) for GOME-2 far-red (left) and red (right) retrievals. (a) SIF anomalies
(monthly mean subtracted from observed value at each grid box and then divided by the mean value to provide an anomaly in terms of
fractional amount of a climatological value) for August 2010 for far-red (left) and red (right) GOME2 SIF retrievals. (b) Similar to (a) but

for August 2011. (¢) Similar to (b) but for August 2012.

Figure 10 shows monthly mean zero-level offset adjust-
ments for July and December 2007 for the three red SIF
retrievals. Both SCIAMACHY retrievals show positive and
negative adjustments, while GOME-2 shows mostly nega-
tive adjustments. SCIAMACHY adjustments for the O,-band
red SIF retrievals show alternating blocky spatial patterns;
this results from day-to-day variation in the estimated zero-
level adjustments. Adjustments for the two SCIAMACHY
retrievals vary because they are using different retrieval ap-
proaches and fitting windows. The O, B band is a deeper
feature than the SFLs and may therefore behave differently.

Atmos. Meas. Tech., 9, 3939-3967, 2016

RRS increases rapidly with SZA at high SZAs (Joiner et al.,
2012). The zero-level adjustments do not clearly or consis-
tently show this effect.

As can be seen, the zero-level adjustments are substan-
tial in many areas. Uncertainties in the zero-level adjust-
ment likely dominate the retrieval errors. The day-to-day and
even at times orbit-to-orbit variation in the SCTAMACHY
offsets lead to larger uncertainties than for GOME-2. Note
that there are some discontinuities at the latitudes where the
boundaries for the adjustments are defined. However, they
are not very pronounced in the figures. Based on the magni-
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Figure 13. Similar to Fig. 11b but showing time series of red and far-red SIF monthly anomalies (in mW m~2nm~! sr~1) from GOME-2

for eight boxes shown in Fig. 11a.

tude and stability of the adjustments, we estimate that uncer-
tainties in monthly mean red SIF retrievals are in the range
0.1-0.3mW m~2 nm~! sr~! for SCTAMACHY data and 0.1-
0.2mW m~2nm~! sr~! for GOME-2 O-band retrievals.

6.4 Time series and mapped anomalies for terrestrial
retrievals

We display time series of red and far-red SIF from GOME-2
for the boxes shown in Fig. 11a. We focus on GOME-2 so
that we may compare the long time series of red SIF with
the GOME-2 far-red SIF data set. The boxed areas were se-
lected because they display significant interannual variability
(IAV). Each box is an average over an area of 3° latitude by
3° longitude. This resolution was selected in order to reduce
the effects of instrumental noise to focus on the interannual
variations.

Figure 11b shows that both red and far-red SIF display
similar seasonality. Many of the boxes shown also display a
fair amount of IAV. The IAV is similar for red and far-red SIF
and in the areas shown is driven primarily by water avail-
ability. Yoshida et al. (2015) and Sun et al. (2015) showed
that drought-related negative SIF anomalies (e.g., the 2011
low values shown for Box 1 in the Texas drought area) are
driven by decreases in the fraction of absorbed photosynthet-
ically active radiation (fPAR) as well as decreases in fluo-
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rescence efficiency that is related to electron transport rate
within leaves. There is a somewhat earlier autumn or dry sea-
son decline in the far-red SIF as compared with the red in
some of the boxes (1 and 2). The seasonality of far-red SIF
has been shown to closely match that of GPP derived from
flux tower eddy covariance measurements while greenness
vegetation indices that are related to fPAR tended to decline
later in autumn (Joiner et al., 2014).

To further assess the GOME-2 red SIF data set, we com-
pute monthly mean anomalies and compare them with those
from the far red. We should expect to see some similarities
in the anomalies, particularly those driven by moisture stress
(e.g., Daumard et al., 2010; Ac et al., 2015; Middleton et al.,
2015). Showing consistency (or not) in the anomalies demon-
strates the ability to resolve small signals and therefore pro-
vides a check on the estimated errors and sensitivities.

Figure 12 shows mapped gridded monthly anomalies for
far-red and red SIF from GOME-2 for August 2010, 2011,
and 2012. These months highlight the impact of droughts
where SIF satellite observations have been studied previ-
ously (Yoshida et al., 2015; Sun et al., 2015; Lee et al.,
2013). To generate the anomalies, monthly mean climatolog-
ical maps averaged over the years between 2007 and 2014
are subtracted from the monthly means. The anomalies are
then shown as a fraction of the climatological grid box value
for a particular month. Far-red SIF anomalies are gridded at

Atmos. Meas. Tech., 9, 3939-3967, 2016
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Figure 14. Monthly mean (simplified) normalized fluorescence line
height (nFLH) from SCIAMACHY (top), GOME-2 (middle), and
Terra MODIS (bottom) in mW/mZ/st/nm for May 2007. SCIA-
MACHY and GOME-2 are gridded to spatial resolutions of 0.5
and 1°, respectively. MODIS data were obtained at a 9 km spa-
tial resolution but regridded to the same resolution as GOME-
2/SCIAMACHY. No zero-level adjustments are made to the re-
trievals. (a) SCIAMACHY simplified nFLH as described in text.
(b) Similar to (a) but for GOME-2. (¢c) MODIS nFLH.

a resolution of 0.5° resolution; this is the standard resolution
used for publicly available level 3 gridded data set. To reduce
the impact of retrieval noise, red SIF anomalies are shown at
a lower resolution of 1°. Data are shown for grid boxes where
the climatological NDVI from GOME-2 > 0.2.
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Negative anomalies due to the Russian drought of 2010
are clearly shown in both red and far-red SIF anomaly maps
while at the same time positive anomalies are shown in
the western USA and northeastern Mexico. Smaller nega-
tive anomalies are also shown in southern Amazonia in 2010
and may be the result of the drought conditions (Lewis et al.,
2011; Lee et al., 2013). Shown in terms of a percent of the
monthly mean climatological values, the anomalies appear to
be somewhat larger in the red SIF as compared with the far
red. However, the differences may be within the uncertainties
of the zero-level adjustment scheme.

Negative SIF anomalies due to the Texas drought of 2011
are also shown in both red and far-red SIF in Texas and north-
ern Mexico, while mostly positive anomalies are shown in
the Russian grain belt during this year. Similarly, negative
far-red and red SIF anomalies are shown in the region of the
2012 US Great Plains drought in the western USA. Spatial
patterns of red and far-red anomalies are consistent elsewhere
such as just to the south of the Sahara and to the east of the
Gobi desert.

Figure 13 shows time series of monthly anomalies (abso-
lute magnitudes in radiance units, not fractional values) for
boxes from Fig. 11a. Overall, the temporal dependence of
the anomalies is very similar, at least to within the uncertain-
ties of the measurements. The deseasonalization performed
here allows us to demonstrate that the ability of the GOME-2
monthly red SIF at the box resolution to resolve signals is of
the order of 0.1 mW m~2 nm~! sr~!. Expected future work
includes a closer examination of the anomalies.

6.5 Oceanic SIF retrievals

Here, we retrieve oceanic fluorescence line height (FLH)
with GOME-2 and SCIAMACHY using the method dis-
cussed above. Normalized FLH (nFLH) from SCTAMACHY
and GOME-2 is shown in Fig. 14 along with results from
the simpler three broadband channel approach applied to the
Terra MODIS. Aqua MODIS results, not shown, were simi-
lar, but we show Terra data here as the local overpass times
are more similar to those of Envisat and MetOp). MODIS
data, provided at a spatial resolution of 9km, were down-
loaded from http://oceandata.sci.gsfc.nasa.gov.

Here, we apply a very simple adjustment to provide nor-
malized fluorescence line height (nFLH, normalized with re-
spect to incoming solar irradiance) to facilitate comparisons
with MODIS nFLH. Our approach accounts only for cos(6p)
(i.e., it does not account for the effects of atmospheric scatter-
ing and absorption or changes in the sun—Earth distance). We
note that our results are referenced to 683 nm while MODIS
uses slightly different wavelengths, so our magnitudes are
expected to be somewhat higher as is generally shown.

Finally, it should be noted that a more liberal cloud filter
is applied to the GOME-2 and SCIAMACHY retrievals as
compared with that used for MODIS, particularly consider-
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Figure 15. Monthly mean (simplified) normalized fluorescence line height (nFLH) differences between SCIAMACHY and MODIS (a), and
GOME-2 and MODIS (b) for May 2007 in terms of absolute difference (left) and fractional difference with respect to MODIS (right) for
grid boxes where MODIS nFLH > 0.05. MODIS values on the right have been scaled up by 1.5 to produce fractional differences near 0 in
the Pacific low latitudes in (b) below to show that differences are not a simple scale factor.

ing that MODIS has a much smaller footprint (of the order
of 1 km?).

The reader is reminded that GOME-2 provides superior
surface sampling as compared with SCIAMACHY as it oper-
ates in nadir mode exclusively. In Fig. 14 we display GOME-
2 data gridded at a 0.5° spatial resolution. SCIAMACHY,
which alternated between limb and nadir-mode observations,
is gridded at a resolution of 1° so as not to show too many
gaps between grid boxes. MODIS data were regridded to
the same resolution as GOME-2. Our monthly means from
GOME-2, using the full wavelength range between 660 and
713 nm, appear to be less noisy (patchy) than a GOME-2
yearly mean shown by Wolanin et al. (2015) that was ob-
tained with a smaller fitting window that included only SFLs.

Figure 15 shows maps of absolute and fractional differ-
ences in nFLH between SCIAMACHY and MODIS as well
as GOME-2 and MODIS. For the fractional difference, we
scale MODIS by a factor of 1.5 to show that the difference is
not a simple scale factor (this factor brings the differences to
near O in the Pacific where nFLH values are generally larger
than 0). Larger fractional differences are seen in the Northern
Hemisphere and off the west coast of Africa. This may be re-
lated to the presence of absorbing aerosols that are common

www.atmos-meas-tech.net/9/3939/2016/

in these regions (i.e., smoke, dust, and industrial aerosols)
that may affect the MODIS and GOME-2/SCIAMACHY re-
trievals differently. The spatial patterns of the difference in
absolute amount of nFLH with respect to MODIS are simi-
lar for GOME-2 and SCIAMACHY. MODIS nFLH is higher
than both GOME-2 and SCIAMACHY over large portions
of the less productive ocean regions in the Southern Hemi-
sphere. It appears that MODIS has a zero-level offset in the
Southern Hemisphere as low values appear to have slightly
positive values as compared with the Northern Hemisphere
where values are closer to 0. GOME-2 and SCTAMACHY
nFLH values are higher than those from MODIS in the up-
welling coastal areas where nFLH has high values.

Figure 16 shows a sample GOME-2 spectrum and fit off
the Mexican coast. Improvement in the fit results from fit-
ting the broad spectral feature of SIF emission, particularly
at wavelengths 660-685 nm. The overall reduction in RMS
of the reflectance residual is about 30 %.

Figure 17 shows the mean spectral residuals with and with-
out fitting ocean fluorescence for GOME-2 on 1 July 2007
averaged over all pixels with FLH >0.4 mW m~2nm~! sr!.
The spectral structure of the reduction in residuals further
supports the conclusion that most of the information in fit-

Atmos. Meas. Tech., 9, 3939-3967, 2016
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Figure 16. Similar to Fig. 6 but showing a GOME-2 observation
on 1 July 2012 and spectral fits for an ocean pixel with retrieved
FLH of 0.57 mW m~2 nm~! sr—1. RMS of the residual spectrum is
1.04 x 10~# when SIF is fit and 1.35 x 10~% when SIF is not fit.

ting for ocean FLH is coming from the broad SIF continuum
emission as opposed to filling-in of telluric absorption fea-
tures or SFLs. We note that some of the remaining fine struc-
ture in the residuals may be due to residual filling-in from at-
mospheric rotational or oceanic VRS or instrumental effects
that we did not attempt to account for in this work.

7 Conclusions

We have developed new approaches to retrieve SIF at red
wavelengths over land from moderate spectral resolution
satellite instruments. We also showed for the first time that
red SIF can be retrieved over ocean with good fidelity with
the same instruments by utilizing the full wavelength range
of the SIF emission in this spectral range. Similar to previ-
ous works, we use a PCA approach to estimate the spectral
structure of atmospheric absorption. Our PCA approach as
applied to land retrievals utilizes the O, y band, which is
relatively free of SIF, as well as the filling-in of SFLs to esti-
mate absorption within the O, B band that is used to increase
the precision of SIF retrievals. A simplified radiative transfer
model based on the geometrical air mass factor approxima-
tion is used to determine how much of the emitted surface
SIF signal is absorbed in the atmosphere.

We used simulated data computed with a full radiative
transfer model for thousands of different scenarios to demon-
strate that good-quality red SIF retrievals may be obtained
using satellite instrumentation with a relatively high SNR
and moderate spectral resolution similar to GOME-2 and
SCIAMACHY, provided that unmodelled effects, such as
complex instrumental artifacts and Raman scattering, do not
severely impact the retrievals. Retrieval errors depend upon
the instrument SNR, the spectral fitting window used, and
spectral resolution. Our simulations suggest that use of the
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Figure 17. Similar to Fig. 7 but showing the mean of the resid-
uals within the full band algorithm fitting window for ocean
pixels with moderate to high amounts of ocean fluorescence
(FLH > 0.4 mW m—2nm~! sr_l) for a single day (1 July 2007).

O, y and B bands can increase red SIF retrieval precision
over land as compared with approaches that utilize a smaller
fitting window confined to regions outside the O, B band
where the SIF signal is obtained solely by filling-in of SFLs.

We applied our new approach to satellite measurements
from GOME-2 and SCIAMACHY. The GOME-2 and SCIA-
MACHY retrievals that use the O y and B bands compare
well with those from SCIAMACHY that use the less com-
plex and also less sensitive SFL filling narrow window ap-
proach. Our long time series of red SIF from GOME-2 al-
lows for the calculation of globally mapped monthly mean
anomalies. These first maps of red SIF anomalies show sim-
ilar temporal and spatial patterns as compared with far-red
SIF anomalies with somewhat larger fractional values.

Several satellite instruments with red spectral coverage
and various spectral and spatial resolutions have flown, are
currently flying, or are planned for launch in the next few
years. The approach outlined here can potentially be ap-
plied to these instruments. The original GOME instrument,
launched in 1995 on the ESA European Remote Sensing
satellite 2 (ERS-2), can also be used for red SIF measure-
ments, but with a larger pixel size (40km x 320km) in its
nominal operating mode. GOME has the unique ability to
extend the record of SIF measurements back to 1995.

In the future, the approach developed here may be ap-
plied to the US National Aeronautics and Space Adminis-
tration (NASA) Earth Ventures 1 Tropospheric Emissions:
Monitoring of Pollution (TEMPO) (Zoogman et al., 2016),
a geostationary instrument designed primarily for air qual-
ity measurements planned for launched near the end of
the decade. TEMPO should provide the first hourly terres-
trial red SIF measurements throughout the day with cov-
erage over much of the populated areas of North Amer-
ica as well as hourly oceanic SIF over surrounding coast-
lines. With nearly continuous spectral coverage from the UV
through approximately 740 nm and a spectral resolution of
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~ (0.6 nm, it should obtain time-resolved far-red as well as
red SIF retrievals at a substantially higher spatial resolution
(native ground pixel of 2 km by 4.5 km at the center of the
field of regard) than GOME-2 or SCTAMACHY. As men-
tioned above, TROPOMI will have the capability to mea-
sure both red and far-red SIF. It will be in an early after-
noon orbit and will have a ground resolution of ~ 7 x 7 km?
(Guanter et al., 2015). FLEX (Drusch et al., 2016), a se-
lected ESA Earth Explorer 8 mission, plans to utilize the
O, A and B bands as well as available SFLs for SIF re-
trievals (Guanter et al., 2010; Cogliati et al., 2015) and other
bio-spectral information across the visible/NIR spectrum in-
cluding the full chlorophyll fluorescence spectrum (650-
780 nm). FLEX will provide measurements at an even higher
spatial resolution (~300m) at approximately a monthly
timescale.

8 Data availability

GOME-2 far-red SIF level 3 data sets are publicly avail-
able from http://avdc.gsfc.nasa.gov/index.php?site=
1353468771 &i1d=75&go=list&path=/MetOp-A/level3
(Joiner et al., 2013). GOME-2 red SIF level 3 data sets are
publicly available at http://avdc.gsfc.nasa.gov/index.php?
site=1353468771&id=75&go=list&path=/MetOp-A_Red/
level3.

The Supplement related to this article is available online
at doi:10.5194/amt-9-3939-2016-supplement.
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