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[1]1 Solar-excited plant fluorescence in the red/near-infrared is known to fill Fraunhofer
lines at ground level. In this paper, it is shown that red/near-infrared fluorescence by
vegetation can fill Fraunhofer lines much more effectively than rotational Raman
scattering (RRS) by air (Ring effect) for nadir viewing from satellite altitudes. Thus,
similarly to RRS, plant fluorescence can be remotely sensed from an orbiting
spectrometer, and may impact the retrieval of atmospheric trace gases such as water vapor

by high-resolution spectroscopy over vegetated land.
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1. Introduction

[2] The simulations described in this paper were per-
formed as part of the Fluorescence Explorer (FLEX) feasi-
bility study. FLEX [Stoll et al., 1999] is a proposed nadir-
viewing satellite mission to demonstrate that natural fluo-
rescence from vegetation can be measured passively and
cost-effectively from space using the filling in of spectrally
coincident Fraunhofer lines (see Table 1).

[3] The filling in of solar and telluric absorption lines in
skylight is known as the Ring effect [Grainger and Ring,
1962]. Brinkmann [1968] established that inelastic rota-
tional Raman scattering (RRS) by O, and N, could explain
the magnitude of the observed Ring effect. At present, RRS
is considered to be the dominant filling-in mechanism for all
viewing geometries including satellite nadir [e.g., Burrows
et al., 1996; Vountas et al., 1998; Sioris and Evans, 2000].

[4] The goal of this paper is to illustrate that the
Fraunhofer filling-in effect due to plant fluorescence is
comparable under clear sky conditions to that of RRS by
air in the visible for nadir viewing from space. This finding
is expected to be of interest to the biospheric remote sensing
community, atmospheric spectroscopists mapping trace
gases with satellite-borne spectrometers in the visible and
near-IR, and Ring effect researchers.

[5] For FLEX, the removal of the RRS spectral signature
using appropriate radiative transfer models [e.g., Sioris and
Evans, 2002; Sioris et al., 2002] is one of the necessary
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steps in the atmospheric correction of the observed radiance
spectra. If the RRS signature is of the same order of
magnitude as that of the fluorescence, the accuracy of the
RRS models combined with accurate surface reflectance
and aerosol information will be sufficient to allow the
intensity of the fluorescence to be extracted [Bazalgette
Courreges-Lacoste et al., 2001].

[6] The fluorescence of green vegetation consists of the
red and far-red fluorescence (maxima at 690 and 740 nm)
arising from chlorophyll pigments and of blue-green fluo-
rescence (maxima at 440 and 520 nm). The red fluorescence
signal emitted from vegetation is directly linked to the
photosynthesis and as such may be used as an indicator
for plant functioning, stress and vitality. In fact, the decrease
of the photosynthetic activity by various types of stress
makes chlorophyll fluorescence a valuable tool for charac-
terizing the state of health of a plant [Lichtenthaler et al.,
1998]. The blue-green fluorescence is not related to photo-
synthesis, but was recently found to originate from ferulic
acid and other components of the cell’s membrane [Morales
et al., 1996; Lichtenthaler and Schweiger, 1998]. Never-
theless, the physics of blue-green fluorescence is complex
and not fully understood. A “typical” fluorescence emis-
sion spectrum of a green leaf excited with UV/visible
radiation is shown in Figure 1. However, plant fluorescence
is highly variable in its intensity and spectral characteristics.
The solar-excited fluorescence spectrum is known to vary as
a function of the time-integrated incident radiation and the
plant physiology among other predictor variables.

[7] As shown in Figure 1, plant fluorescence is spectrally
broad and smooth (devoid of Fraunhofer structure) whereas
the solar radiation scattered by the surface and the atmos-
phere contains Fraunhofer structure. In general, any back-
ground additive term to a given spectral radiance decreases
the depth of the Fraunhofer lines when expressed relative to
a reference free of this additional term. Thus when plant
fluorescence (or any broadband emission) is significantly
intense relative to other radiance sources (i.e., atmospheric
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Table 1. FWHM (nm) of Selected Fraunhofer Lines Pre- and
Post-Convolution With Required Slit Function®

FWHM Slit Effective FWHM
Line \.% nm of Line FWHM of Line
CallH 396.85 0.884 0.14 1.13
Fe G 430.8 n/a® 0.0929 0.111
HB 486.13 0.132 0.094 0.189
Ha 656.28 0.144 0.043¢ 0.1853
Fe I 685.52 0.014 0.014 0.0158

FWHM is in nm.

®Wavelengths were determined by high-resolution ground-based solar
spectroscopy [Moore et al., 1966], except for Fe G which appears as a
single line only in low-resolution observations.

°Fe G is primarily the result of two narrow, fairly intense, closely spaced
Fraunhofer lines (due to Fe and Ca) that are smeared into one deep line
upon convolution.

YHa is not convolved: 0.043 nm is the spectral sampling (see text for
details).

and surface scattering), Fraunhofer line depths are reduced
relative to the continuum as compared to line depths in the
case of viewing a nonfluorescent target. In other words, the
depth of Fraunhofer lines in radiance spectra observed from
satellite nadir-viewing geometry depends on the intensity of
the plant fluorescence relative to the intensity of the
reflectance of the Earth and its atmosphere. By selecting
deep Fraunhofer lines where reflected intensities are low,
fluorescence can be remotely detected by passive means.

[8] Measurements of fluorescence using Fraunhofer line
filling in have been made for over two decades from both
ground level [e.g., MacFarlane et al., 1980] and from
aircraft, beginning with the pioneering work of Plascyk
[1975] and coworkers on the Mark II Fraunhofer Line
Discriminator. However, the detection of fluorescence from
above the atmosphere is complicated because of the follow-
ing: (1) fluorescence, much like reflectance from plants, is
attenuated as it traverses the atmosphere on the way up to
the satellite and (2) the atmosphere scatters sunlight up to
the satellite just as the surface does. Thus, there are two
sources of scattered sunlight.

[0] As a result of effect (1), fluorescence from vegetation
comprises a smaller fraction of the total signal measured by
a nadir-viewing satellite because this radiation is attenuated
due to atmospheric scattering and absorption along the line
of sight. In particular, Rayleigh scattering in the UV/blue
limits the contribution of plant fluorescence to the total
signal. Second (see effect 2), the atmosphere contributes
much of the total nadir radiance (again especially in the UV/
blue), thereby decreasing the relative contribution of fluo-
rescence and making its detection more difficult.

[10] In order to simulate the filling in, the Moderate
Resolution Transmission (MODTRAN) radiative transfer
model [Berk et al., 1999] is used to calculate the trans-
mission of the fluorescence and the nadir radiance exclud-
ing fluorescence by vegetation and RRS. The Ring effect is
subsequently added to the nadir radiance through the use of
a RRS forward model [Sioris et al., 2002].

[11] For FLEX, it is crucial that the filling in from RRS
can be taken into account, so that filling in due to fluo-
rescence can be mapped from space. The inelastic scattering
is almost entirely due to rotational Raman scattering by
atmospheric N, and O, and amounts to ~4% of Rayleigh
scattering throughout the visible. Figure 2 shows the weak
inelastic lines (due to RRS) shifted from the much stronger
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elastic (Rayleigh) line. Fraunhofer lines are filled in because
more radiation is shifted to the wavelengths of these solar
absorption features (\) than is shifted from these wave-
lengths (Figure 3). In other words, there is a significant
(e.g., >1%) net gain in radiance in the core of deep
Fraunhofer lines. Quantitatively, filling in is defined as ([
— JyIJy where [ is the spectral radiance including RRS or
fluorescence and Jy is the spectral radiance excluding both
filling-in mechanisms (RRS and fluorescence) from the
simulation. The Ring effect depends directly on the line
depth and instrument resolution. To a first approximation,
the Ring effect can be visualized as a convolution of the
solar spectrum with the Rayleigh band spectrum of air.

[12] Part of the FLEX feasibility study involved choosing
the ideal instrument. Two designs were being considered: a
grating spectrometer (moderate to high spectral resolution)
and a high-resolution (quantified below) Fabry-Perot. For
the grating spectrometer, simulations were performed for
Fraunhofer lines and instrumental spectral resolutions listed
in Table 1. Fabry-Perot (F-P) simulations were then per-
formed for the most promising Fraunhofer line in the blue-
green (i.e., HB) and the best candidate in the red (i.e., Fe I)
based on extensive fluorescence-to-noise studies for the
grating spectrometer [Bazalgette Courréges-Lacoste et al.,
2001]. Lines with similar depth to Fe I (685.5 nm) at X >
710 nm such as Fe I (~739 nm) were not considered viable
alternatives because of the dramatic increase in reflectance
by vegetation in the near-IR known as the red-edge. The 4
and B bands of O, are not considered because the absorp-
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Figure 1. Fluorescence emission spectra of the upper and
lower leaf side of a full-grown maize leaf (chlorophyll
content 33.2 pg cm ™ 2). The chlorophyll flourescence yield
is much higher for excitation at 430 nm and 633 nm than by
UV radiation (355 nm) [Lichtenthaler et al., 1998].
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Figure 2. (a) Rayleigh band spectrum of O, for an

excitation wavelength (X\) of 397 nm and temperature (7)) of
250 K. Note the log scale in the y axis. To a first
approximation, the Rayleigh scattering cross sections
exhibit a X\™* dependence. (b) Rayleigh band spectrum of
N, at X\ =397 nm, 7 = 250 K.

tion optical thickness at these wavelengths means that
fluorescence emitted from the surface cannot effectively
transmit to space (see also Carter et al. [1996]; Kebabian et
al. [1999]). The complexity of the radiative transfer and
spectroscopy (i.e., pressure-induced line shifts, Ring effect
[Sioris and Evans, 2000], pressure and temperature depend-
ent line widths, temperature dependent line intensities, etc.)
in these bands would also complicate any fluorescence
retrieval algorithm as compared to using Fraunhofer lines.
In general, for fluorescence filling in to compete with the
Ring effect in terms of magnitude, the Fraunhofer lines must
occur at wavelengths where the intensity of the fluorescence
by vegetation and the atmospheric transmission are both
high, and the Earth-atmosphere reflectance is low.

2. Choice of Model Input Parameters

[13] Since the detection of fluorescence by Fraunhofer
filling in relies on the depth of the solar absorption lines, one
of the key inputs into the radiance modeling is an accurate
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solar irradiance spectrum. Many measured solar irradiance
spectra have one or more of the following shortcomings: (1)
inadequate spectral resolution, (2) lack of absolute calibra-
tion of irradiance, and (3) telluric absorption.

[14] The requirements of the FLEX feasibility study
dictated that none of these three limitations exist for the
input solar reference spectrum. The high spectral resolution
was required for the Fabry-Perot simulations of H3 and Fe I
and the Fe I grating spectrometer simulation in order to
adequately resolve the line core for fluorescence detection.
The high spectral resolution was also of interest because the
filling in due to RRS has a direct, exponential dependence
on instrumental spectral resolution [Sioris et al., 2002],
which is stronger than the resolution dependence of fluo-
rescence filling in as will be illustrated below. Thus the
high-resolution case would provide the ultimate confirma-
tion that fluorescence can fill in Fraunhofer lines compara-
bly to RRS for nadir viewing. The absolute calibration of
the incoming solar irradiance was required only because one
of the goals for FLEX is to retrieve the absolute zenith
fluorescent radiance at ground level due to vegetation.
However, the absolute calibration is not specifically neces-
sary in this modeling experiment.

[15] The “New Kurucz” solar spectrum [Kurucz, 1995a,
1995b] in MODTRAN4 [Berk et al., 1999] does not contain
telluric features since absorbing spectral regions (i.e., O,4
band) are replaced with a synthetic solar irradiance calcu-
lated at very high resolution [Kurucz, 1992a, 1992b, and
references thereinij. The spectral irradiance is subsequently
binned in 1-cm ' increments. However, the Fe I line at
~685.5 nm has a full width at half maximum (FWHM) of
~12 pm. Thus, this narrow line will not be resolved since
1 cm ™' =47 pm at Fe I. However, MODTRAN can still be
used to calculate the radiance due to elastic scattering
assuming the fine structure in the nadir spectral radiance
at Fe I is due to solar features only. In this case, sun-
normalized MODTRAN4 nadir spectral radiances for a
variety of atmospheric scenarios have been applied to
appropriate solar irradiance spectra. For the grating spec-
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Figure 3. Spectral radiance in the vicinity of H3 (486.1
nm) profile simulated with and without inelastic scattering
(solar zenith angle of 60°, nadir viewing, no aerosols, no
gaseous absorption, no albedo (4 = 0), sampling = 0.01
cm ™' (0.0002 nm), resolution = 0.026 cm ™' (0.0006 nm),
T = 248 K and solar spectrum from Beckers et al. [1976]).



3-4
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Figure 4. Transmission spectrum near H3 (481.0—492.0
nm) from the photosphere to 2.8 km above Earth’s surface
(at Sacramento Peak, New Mexico) with a spectral
resolution of 0.026 cm™' or 0.0006 nm at H3 [Beckers et
al., 1975].

trometer simulations of Ha, HB, Fe G, Ca II H, the solar
irradiance spectrum in MODTRAN4 is adequate.

[16] Rocket and satellite-borne spectrometers have yet to
measure the visible spectral region at the resolution required
for the F-P simulations. Measured solar spectra from the
ground [e.g., Beckers et al., 1976] and from balloons can
provide the necessary resolution, but inevitably include
telluric absorption. Beckers et al. [1976] recorded a disk-
integrated high-resolution solar irradiance spectrum (see
Figure 4), and then removed broadband features from the
spectrum (Rayleigh and Mie scattering, broadband absorp-
tion, and the solar Planck function). This normalized
irradiance spectrum was converted to an absolutely cali-
brated irradiance scale by dividing the entire spectrum by
the irradiance at the wavelength of minimum absorption to
obtain a % transmission through the solar atmosphere.
Then, this transmittance spectrum is multiplied by a Planck
curve (at ~5800 K) to yield an approximation of the solar
irradiance spectrum adequate for modeling of radiance
including fluorescence and RRS filling in.

[17] Water vapor polyads lead to telluric features in the
vicinity of the Fe line (685.5 nm) in the Beckers et al.
spectrum. This absorption signature is extremely weak and
fortunately does not overlap the Fe I line even when pressure
broadening of these H,O lines by air at 1 atm is considered.
For the inelastic scattering calculations, even absorption
lines in the vicinity of the Fraunhofer line will reduce the
accuracy of the calculation as radiation is shifted from the
nearby continuum into the line. This is particularly important
for Fe I because of the proximity of the B band of O, (~687
nm). The erroneous presence of this strong telluric band in
the solar spectrum slightly reduces the magnitude of the
simulated Ring effect. The magnitude of this error was
quantified for the Fabry-Perot by linearly interpolating over
the B band to remove this feature (and underlying
Fraunhofer lines). Then, the radiance (including RRS) was
recalculated at Fe I. The net gain in radiance due to the
inelastic scattering averaged over the FW of the instrumental
transmission function increased by 21% (i.e., the Ring effect
was 1.21 times greater than prior to interpolating over the B
band). Further details are given below.

[18] The solar irradiance spectrum is just one of the inputs
to the radiative transfer modeling. Other important parame-
ters such as instrumental spectral resolution are discussed
hereafter. For the grating spectrometer simulations, the
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minimum resolution (FWHM of the instrument function)
required is the FWHM of the Fraunhofer line as determined
from a high-resolution solar atlas [e.g., Beckers et al., 1976]
for all selected lines except for Ha, where the minimum
resolution appropriate for FLEX is 0.06 nm [Stoll et al.,
1999]. A boxcar function was used for the instrumental
profile, except for Ca Il H where a triangular slit function
was used and Ha, where the spectrum is at ultrahigh
resolution but binned in 1-cm ™' increments (not convolved).
After convolution with the slit function, the apparent FWHM
of a Fraunhofer line increases. The extent of the increase in
FWHM of the line due to the convolution depends directly
on the FWHM of the slit function (see Table 1). The radiance
is calculated over the apparent FWHM of each line.

[19] For the F-P simulations, the radiance including RRS
is calculated for spectral bandpasses of 4.1 and 50 pm at the
line centers of Fe I and HB, respectively.

[20] To investigate the impact of atmospheric haze, two
aerosol models were initially chosen for the lower atmos-
phere and two for the stratosphere (upper atmosphere). The
two stratospheric aerosol models were (1) background
stratospheric profile and extinction and (2) moderate vol-
canic profile, background stratospheric extinction.

[21] The latter acrosol model would help determine the
feasibility of FLEX in the aftermath of a volcano. It was
quickly realized after the first few simulations that the
decreased transmission of fluorescence and increased back-
scattering due to an increase in stratospheric aerosol loading
(i.e., a couple of years after a major volcano) would not
significantly reduce the top-of-the-atmosphere nadir fluo-
rescence. Thus, all subsequent simulations included back-
ground stratospheric aerosol concentrations.

[22] For the lower atmosphere, where most of the aerosol
burden is located, two aerosol models were selected: (1)
boundary layer aerosol typical of a rural setting (visibility =
23 km) and (2) a clean boundary layer (visibility = 50 km).

[23] Aerosol phase functions are computed from Mie
scattering theory and a two-stream approximation is used.

[24] The model atmosphere was the 1976 U.S. Standard.
No clouds were included. The surface was considered to be at
sea level.

[25] For radiance simulations, two additional parameters
are required: surface spectral albedo (A) and solar zenith
angle (SZA). Two SZAs were chosen: 30° and 60°. Differ-
ent surfaces were chosen so as to investigate the impact of
brighter and darker types of vegetation. Some examples are
black spruce [Sampson et al., 1998], young corn [Suits and
Safir, 1972], and cottonwood [Henderson-Sellers and Rob-
inson, 1994]. Lambertian surface reflectance is assumed.

[26] A detailed description of the Raman scattering model
is available elsewhere [Sioris et al., 2002] and recently
updated spectroscopic parameters [Sioris and Evans, 2000]
have been included. For the grating spectrometer simula-
tions, the spectral radiance is interpolated onto a 1-cm™'
grid and all Raman shifts are executed to the nearest cm ™',
except for Fe I, for which a 0.01-cm ™' grid is required and,
consequently, the Raman line positions are rounded to the
nearest hundredth of a wave number. For the Fabry-Perot
simulations, a 0.01-cm ™' grid was also used. An isothermal
atmosphere at 248 K was assumed for the calculation of the
RRS cross sections. Collisional broadening of the RRS lines
[Burrows et al., 1996] and Brillouin scattering by air is
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Figure 5. Fluorescence (abbreviated “fluor” in the
legend) and RRS as% of total radiance averaged over
FWHM of Fraunhofer line (for grating) and over FW of
instrumental transmission function (for F-P) (SZA = 60°,
1976 U.S. Standard atmosphere, 0.02 < 4 < 0.05, where 4
is the surface albedo and is assumed to be Lambertian). The
numbers in the legend are the visibilities in kilometers.
Simulations are for a grating spectrometer unless indicated
otherwise. Uncertainties are discussed in the text.

neglected since the half widths at half maximum of these
phenomena are about an order of magnitude narrower than
even the narrowest Fraunhofer line (i.e., Fe I) and thus
neither of these would change the filling in significantly.
Brillouin and Rayleigh wing scattering by vegetation are not
included although they represent additional filling-in mech-
anisms at high resolution for backscattering geometries and
require experimental investigation. Vibrational Raman scat-
tering by plants or water contained in the plants is at least
six orders of magnitude weaker than fluorescence and need
not be considered [Schrader et al., 1999].

[27] The exoatmospheric fluorescence radiance is the
canopy-level fluorescence irradiance divided by = and
multiplied by the atmospheric transmittance. Fluorescence
irradiance values are based on estimates of fluorescence
with solar excitation [Goulas, 1992].

3. Results, Conclusions and Future Work

[28] The filling-in simulations (Figure 5) use the spectral
albedo for cottonwood tree (Populus deltoides) [Henderson-
Sellers and Robinson, 1994] except for Fe G, where an
albedo of 0.02 was assumed, appropriate for young corn
[Suits and Safir, 1972]. The filling in due to fluorescence is
of the same order of magnitude as the filling in due to RRS
for FLEX geometry (nadir-viewing) and lines in the visible
except Fe I. At Fe I, the filling in by fluorescence is
approximately one order of magnitude larger than that by
RRS for both the Fabry-Perot and grating spectrometer.

[29] The large error bars on the simulated fluorescence
filling in are almost entirely due to the uncertainty of the
fluorescence irradiance estimates. This is to be expected to
due the intrinsic variability and complexity of this phenom-
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enon. A crude estimate of the variability of blue-green
fluorescence by green vegetation is a factor of 20 [Goulas,
1992]. The fluorescence at Ha varies by roughly two orders
of magnitude due to stress alone [Watson et al., 1973]. The
value conservatively assumed in our simulation was 0.2
mW/m?/nm [Goulas, 1992], but as high as 6 mW/m?/nm
has been observed elsewhere [Carter et al., 1990]). The
variability is partly explained by the spectral gradient in the
fluorescence at 656 nm (see Figure 1). The uncertainties are
considerably smaller at Fe I (685.5 nm), which lies near the
peak of the RF. Values between 1.2 and 3 mW/m?nm
[Kebabian et al., 1999] were observed at the O,B band a
few nanometers long of Fe I. This range encompasses the
value assumed for Fe I in this study: 2 mW/m?nm [Goulas,
1992]. The error on the filling in due to RRS is much
smaller and is dominated by approximations in the atmos-
pheric radiative transfer as the measured [e.g., Penney et al.,
1974] and modeled RRS cross sections (Figure 2) of N, and
O, agree to 0.4% and 2%, respectively, and the line
positions are known to 0.002 cm™' [e.g., Rothman et al.,
1998]. The agreement between the conservative Raman
scattering model used here [Sioris et al., 2002] and SCIA-
TRAN (formerly GOMETRAN-RRS) [Vountas et al., 1998]
was 2% for a nadir clear-sky case [de Beek et al., 2001] with
a visibility of 50 km, A = 0.05 (ocean), and SZA = 32° at Ca
II K and GOME-FM resolution while SCIATRAN and
GOME-FM Ring effect measurements consistently agree
to +7% for most clear sky cases.

[30] Assuming these fluorescence irradiance estimates are
realistic, only models that include both filling-in phenomena
can simulate the magnitude of the filling in for these types
of cases. The simulations also show that the fraction of the
total radiance due to fluorescence decreases more sharply
with increasing boundary layer aerosol loading than the
RRS contribution to the radiance (Figure 5). RRS also
dominates over fluorescence for deeper lines (or higher
spectral resolutions) and toward shorter wavelengths.

[31] Because the filling in due to fluorescence has a
different dependence on line depth than that due to RRS,
the spectral structure introduced by these two mechanisms
is not completely correlated. Thus, fitting a Ring spectrum
[e.g., Vountas et al., 1998] will not completely remove the
fluorescence signature and may impact retrieval of NO,
from the 450-nm region. Furthermore, if the NO, fitting
region is wide enough, the different wavelength depend-
ences of the two effects will also complicate the removal of
the filling in by a single Ring spectrum. Nevertheless, the
pseudo-absorber approach to the Ring effect correction will
actually work quite well simply because of the partial
correlation between RRS and fluorescence filling in.

[32] However, alternative approaches which do not let the
Ring correction be freely scalable in magnitude, such as the
backward Ring effect correction model [Sioris et al., 2002],
will not remove any the filling in of Fraunhofer lines due to
plant fluorescence. Completely neglecting the Ring effect
can result in an overestimation of the vertical column
density of NO, for GOME by 8.5% at SZA = 30° using
the 420- to 460-nm fitting window [Vountas et al., 1998].
Thus, similar errors would be expected for neglecting
fluorescence in the same spectral region. The RF overlaps
with a fitting window previously used for retrieval of water
vapor [Noél et al., 1999].
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[33] It would be interesting to see if the filling in of H3
over vegetated land is greater than over other surfaces with
similar reflectivity by analyzing GOME data. GOME only
has a spectral resolution of ~0.3 nm in the visible [Aben et
al., 1997] and filling-in observations in the visible over land
by this or any other nadir-viewing exoatmospheric spec-
trometer have yet to be quantitatively analyzed.

[34] In conclusion, the need for further measurements of
solar-excited plant fluorescence irradiance spectra, particu-
larly in the blue-green, is clear.

[35] Acknowledgments. The authors would like to acknowledge I.
Moya (Université de Paris-Sud) for providing the fluorescence irradiance
data from the Goulas thesis and C. Buschmann for providing Figure 1 and
for valuable discussions regarding fluorescence by vegetation.
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