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Abstract. Remote sensing of solar-induced chlorophyll fluorescence (SIF) provides a non-
invasive, quantitative measure of plant photosynthetic activity, linking leaf-level physiology to
canopy and ecosystem behavior and the global carbon cycle. Current SIF measurements rely on
hyperspectral retrievals of the weak fluorescence signal from small changes in Fraunhofer lines or
atmospheric absorption features in plant or canopy reflectance spectra. Because this approach is
dependent on atmospheric and illumination conditions, it relies on bulky and costly instrumen-
tation, while complex retrieval algorithms demand atmospheric spectroscopy expertise. These
limitations restrict widespread proximal SIF remote sensing applications, and contribute to crit-
ical observational gaps, highlighting the need for a simplified measurement approach.

We introduce a fundamentally different approach to proximal SIF remote sensing: by mea-
suring the light intensity within a saturated atmospheric Oy line (ca. 10pm spectral width)
we implement a solar-blind radiometer (SBR) that optically isolates SIF from reflected solar
radiation. Calculations show that SBR-SIF instruments can be implemented using a Fabry-
Pérot interferometer in double-pass configuration. Plant measurements with our prototype
confirm the theoretical calculations and provide direct SIF measurements with a precision of
0.1mWm2sr 'nm~! in 3 minutes, similar or higher than conventional techniques. SBR-SIF
is independent of atmospheric and illumination conditions, requires no spectral retrieval or
reference measurement, and enables compact, field-deployable instrumentation. Consequently,
SBR-SIF enables scalable proximal SIF measurements that can advance our understanding of
physiological processes, support validation of satellite observations, and expand SIF applications
in ecosystem monitoring and precision agriculture.

Keywords: solar-induced chlorophyll fluorescence, SIF, photosynthesis, proximal remote sens-
ing, solar-blind radiometer, Fabry-Pérot interferometer, atmospheric oxygen.

Highlights

Solar blind radiometry enables the direct measurement of SIF radiance.

Solar blind radiometers can be implemented with Fabry-Pérot interferometers.

Prototype measurements validate theory and outperform hyperspectral approaches.

Simple and compact sensors enable scalable real-time measurements of SIF.

1 Introduction

Remote sensing of solar-induced chlorophyll fluorescence (SIF) provides non-invasive, in-situ in-
sight into the physiology of plants in their natural environment (Meroni et al., 2009; Frankenberg
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et al., 2012; Porcar-Castell et al., 2014; Frankenberg and Berry, 2017). Ground-based (proxi-
mal), air-, and space-borne SIF observations help scaling physiological processes from individual
leaves or plants to ecosystems and the global scale. While SIF observations have made important
contributions to studies of ecosystem behavior and atmosphere-biosphere interaction over the
past decades (Porcar-Castell et al., 2014; Mohammed et al., 2019), the difficulties of measuring
SIF have restricted observations to specific sites and/or conditions and hindered widespread
application in areas such as crop and ecosystem monitoring.

The fundamental challenge in measuring SIF is that the fluorescence signal emitted at wave-

lengths between ca. 600 nm and 800 nm is masked by the much brighter sunlight reflected from
vegetation. The reflected intensity exceeds that of SIF by approximately two orders of magni-
tude in the far-red (~700 - 800nm) and by one order of magnitude in the red (~600 - 700nm)
wavelength range (Fig. 1A). Moreover, the absolute intensity and the spectrum of reflected
light are highly variable and controlled by many different and independent environmental and
observational parameters, such as cloudiness, solar geometry, and viewing geometry.
The current approach to SIF measurements, i.e. the separation of SIF from the reflected light,
relies on a hyperspectral analysis that compares reflectance spectra of the plant or canopy with
a plant-free reference spectrum, i.e. a direct sky or solar spectrum. The SIF signal is quan-
tified by determining the change of optical depths of either solar Fraunhofer lines or bands of
telluric oxygen absorption lines between a leaf/canopy spectrum and a skylight spectrum (Plas-
cyk, 1975; Meroni et al., 2009; Frankenberg and Berry, 2017; Grossmann et al., 2018; Du et al.,
2019). However, this approach faces a number of challenges. Both oxygen and Fraunhofer lines,
which have spectral widths of only a few picometers, remain highly under-sampled by the cur-
rently used grating spectrographs. In the case of Fraunhofer line-based retrievals the insufficient
spectral resolution reduces the absolute optical depth of the lines by approximately one order
of magnitude. To accurately detect a SIF signal, which changes the Fraunhofer line depths
by less than 1-3% in the far-red, very high signal to noise ratio (SNR) and excellent spectral
stability of the instrument are needed (Grossmann et al., 2018; Chang et al., 2020; Trim and
Hueni, 2025). While the optical depth of telluric oxygen bands is much larger, easing the SNR
requirements, the effective optical depth of these bands exhibits a highly non-linear dependence
on atmospheric radiative transfer effects, i.e., on solar position change, surface albedo, the pres-
ence of aerosol and clouds, etc. (Chang et al., 2020; Liu and Liu, 2018). In both oxygen band
and Fraunhofer line based SIF observation techniques, leaf/canopy spectra and skylight spectra
need to be measured in sequence with the same instrument. Atmospheric state or instrumental
changes within the time gap between the two spectra can cause substantial systematic errors
(Chang et al., 2020; Marrs et al., 2021; Trim and Hueni, 2025).

Highly specialized and costly satellite instruments can provide sufficient SNR and spectral
stability to allow for Fraunhofer-line based global SIF retrievals. However, for proximal, i.e.,
ground-based SIF remote sensing, the challenges associated with the current hyperspectral ap-
proach have led to cumbersome instruments that are difficult to operate in the field (Grossmann
et al., 2018), onerous calibration procedures (Trim and Hueni, 2025), and highly complex signal
processing (Marrs et al., 2021). The cost and effort required and the level of expertise needed
to conduct state-of-the-art hyperspectral SIF measurements limit the widespread application of
proximal SIF observations in research, agriculture, and ecosystem management. As a conse-
quence, long-term, high-temporal-resolution, and location and ecosystem specific proximal SIF
data remain scarce. This scarcity of proximal SIF data contributes to persistent knowledge gaps
in the relationship between SIF measurements, plant physiology, and the global carbon cycle
(Porcar-Castell et al., 2014; Mohammed et al., 2019; Pierrat et al., 2025; Qin et al., 2026). These
knowledge gaps, the required validation of the growing body of satellite-based SIF datasets (Dr-
usch et al., 2017; Doughty et al., 2022), and the high potential of SIF observations to support
ecosystem monitoring and agriculture, highlight the urgent need for improved and scalable prox-
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imal SIF measurement techniques.

The objective of this study is to introduce a fundamentally different approach to proximal
SIF remote sensing that overcomes many of the challenges of the current hyperspectral SIF
measurements. The approach is based on the development of a compact solar-blind radiome-
ter (SBR) that optically isolates the SIF signal from the light reflected by a plant or canopy.
The SBR quantifies the SIF radiance directly, without relying on hyperspectral retrievals or
cumbersome instrumentation. We explain the principle of SBR-based SIF measurements (SBR-
SIF) and quantitatively assess the requirements for its implementation (Sect. 2). We show
that these requirements can be met by recent developments in the application of Fabry-Pérot
interferometers (FPIs), and demonstrate that the SBR-SIF can be implemented in a compact,
robust, and low-maintenance instrument (Sect. 3). Our prototype confirms the theoretical
considerations and validates the substantial advantages of SBR-SIF over current hyperspectral
methods in real-world measurements (Sect. 4). In contrast to current techniques, SBR-SIF will
facilitate the scalable and widespread application of accurate proximal SIF remote sensing mea-
surements to support studies of physiological processes on leaf, plant, canopy, and ecosystem
scales. Through scalability, SBR-SIF will also offer new opportunities for precision agricul-
ture and ecosystem management applications supporting mitigation of ongoing climate-related
environmental change.

2 Solar-blind radiometry in the (far-)red: A novel approach to
quantifying SIF

2.1 The world inside a strong saturated oxygen line

Sunlight traverses the solar atmosphere and Earth’s atmosphere before it reaches the surface.
Along the way, molecules and atoms absorb a fraction of this light causing structured and
species-specific imprints (absorption lines) in the solar spectrum. Aside from Fraunhofer lines,
which originate from absorption in the sun’s photosphere, atmospheric oxygen absorption in the
O2A (~ 762nm) and O2B (~ 690nm) bands is among the most prominent features in sunlight
spectra at the Earth’s surface. Many of the individual absorption lines forming the OsA and
0O9B bands are saturated, which means that, in their center, they absorb all sunlight before it
can reach the surface. This includes the strong Os lines of the O2A band that overlap with the
chlorophyll emission spectrum (Fig. 1A), which are the focus of our study.

Sunlight reaching a plant canopy is either reflected or absorbed. The reflectivity of plants/canopies
is smooth on the spectral scale of individual Og absorption lines and conserves the incoming light
energy, i.e., its wavelength remains unchanged during reflection. Consequently, the narrow-band
spectral features, such as Oy absorption lines, are conserved in the spectrum of sunlight reflected
by vegetation (Fig. 1A). Light absorbed by chlorophyll in leaves leads to photosynthesis and the
emission of SIF. Because the energy between absorbed and emitted radiation in a fluorescence
process changes and energy dissipation follows a statistical process, the emitted SIF spectrum
is smooth (Fig. 1A,B). Consequently, the outgoing radiance from a plant I,jane is the sum of
the reflected radiance I,ef., conserving the narrow-band spectral features in the incoming solar
radiation, and the smooth SIF radiance Igip. In particular, SIF is emitted at wavelengths at
which strong saturated atmospheric O lines absorb all sunlight and, thus, no light is reflected
from the plant or other nearby surfaces (Fig. 1B). In other words, narrow spectral regions A\,
around saturated Os line centers are "solar-blind".

To build intuition for this concept, it is instructive to imagine the solar-blind world inside
a strong saturated atmospheric Og line of the OsA-band at Earth’s surface, which differs sub-
stantially from our everyday experience (Fig. 1C): Even during daytime hours it would be dark,
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Figure 1: The radiance of reflected sunlight (black) are considerably larger than SIF (red) above a leaf or
canopy in most of the (far-)red spectral range (A). Individual strong O lines (B) within the atmospheric
O2A-band reduce the reflected radiance far below the SIF radiance. Consequently, under most conditions,
SIF is the only light source within the solar-blind narrow wavelength ranges §Ag, covered by saturated
O5 lines. The 'world’ (panel C) inside a strong Os line is visualized conceptually in panel D.
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because all sunlight, moonlight, and starlight is fully absorbed by the atmosphere. The only
sources of light are (1) artificial light sources, which are often turned off during the day, (2)
natural thermal sources, such as fires, and (3) fluorescence, which at these wavelengths is dom-
inated by chlorophyll. Consequently, the world inside a saturated atmospheric Os line would
be dark with shimmering plants as the main source of light. The strong Oy absorption further-
more limits the visibility to about 50 - 100m, thus only nearby vegetation can be seen. These
considerations demonstrate the feasibility of directly quantifying SIF from nearby plants with a
simple intensity measurement inside a saturated Oo absorption line.

In the following, we further assess the underlying principles of an instrument designed to
measure the light intensity within an individual saturated atmospheric Og, i.e. implementing
SBR-SIF. First, we will characterize the properties of saturated atmospheric Oy lines in more
detail.

2.2 Width of a saturated atmospheric oxygen line

In order to measure the light intensity within the narrow spectral interval Ay, inside an individ-
ual strong Os absorption line, we first need a quantitative understanding of the spectral width
of these lines. The spectral width of an Oz line in the absorption cross section o () is controlled
by pressure and Doppler broadening. For oxygen at standard temperature and pressure this
width is ca. 6-7pm (Rothman et al., 2013). Atmospheric temperature and pressure variations
impact this width by at most a few percent.

However, if the optical depth of the O3 line is large and the intensity around the line center is
essentially zero, i.e. the line is saturated, the effective spectral width of the line in the inten-
sity spectrum becomes dependent on the optical depth. To determine the width of saturated
atmospheric Os lines in solar spectra at the ground, we therefore need to calculate how the Os
absorption changes the intensity spectrum of direct sunlight from the top of the atmosphere,
Itoa, to the intensity at the ground, Ig. We are interested in a lower estimate of the Og line
width, and will therefore focus on direct sunlight, which follows the shortest path through the
atmosphere. Scattering by aerosol and clouds makes the light path longer, further broadening
the line width. Consequently, we calculate the surface solar spectrum using Beer’s law for direct
sunlight using the following equation:

dh
TOA Ccos ¢s

/G 002(A, h) coz(h)

Ig(N\) = Itoa (M) exp l— (1)

We approximate Itoa using a black body spectrum at 5800 K and Fraunhofer line data (Toon,
2015). The absorption cross section, ooa(A, h), is sourced from the HITRAN database (Roth-
man et al., 2013) using pressure and temperature from the International Standard Atmosphere
(International Organization for Standardization, 1975). The oxygen concentration profile coo
is calculated from the International Standard Atmosphere density profile and the atmospheric
oxygen mixing ratio. Our calculation is performed on a 1km grid for altitudes h from the
ground to 20 km, and is only accurate for solar zenith angles ¢g, of less than 75°, for which this
simplified geometric approach is valid. Larger solar zenith angles will, however, always enhance
the Os optical depth.

The results of this calculation, after multiplication with a typical plant reflectivity spectrum
(Wu et al.), are shown in Fig. 1A and S2A, for the conservative case of a solar zenith angle of
0° at an altitude of 2000 m above sea level (a.s.l.). Further scenarios are shown in Fig. SIA.
Our calculations show that the width of the solar-blind region within a strong saturated Os line
is around 10 pm. This width increases by a factor of ca. 2-3, depending on the geographical
location, season, time of day, or meteorological conditions. We conclude that the width A\gp
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of the passband, i.e. the width of the transmitted wavelength interval, of an SBR capable of
measuring SIF within a strong saturated oxygen line anywhere on the Earth’s surface must be
limited to 10 pm.

2.3 Visibility in the solar-blind regime

The visibility within a strong saturated atmospheric Og line, and thus the range of SBR-SIF
measurements, is naturally limited by the O2 absorption along the path from the fluorescing plant
to the SIF instrument. We define the viewing range Lgp, of the SBR as the length L at which the
SIF intensity is reduced by a factor of e~ & 0.37 by the O, absorption, i.e., the length L at which
the absorption optical thickness according to Beer-Lambert’s law 792 = log IIIDSCI:S =009-¢co2- L
equals unity:

Lg, = [002 coa] " (2)

with the emitted SIF radiance at the plant Igr, the measured radiance at distance L, Ieas,
the Og concentration cpg, and the Og absorption cross section ogo at surface conditions. Lgp,
is smallest in the Oy line center and increases rapidly with spectral distance from center, which
means that the overall influence of SIF re-absorption decreases for increasing A)g,. According
to Eq. 2 the range Ly, of SBR-SIF measurements at ground level is between 30 to 50 m in the
line center (Fig. S1 B). Effective values of Lg, can be determined for specific SBR passbands
and used for the correction of longer range SIF measurements. The lower limit given by the
line center values demonstrates that most proximal SBR-SIF observations are not significantly
affected by SIF re-absorption through Os.

In summary, the proposed SBR technology can provide direct SIF measurements from within
a few dozens of meters by exclusively measuring the light intensity within a narrow wavelength
window A)g, of ca. 10pm centered around a strong saturated Os line of the O2A band. In
the following section, we demonstrate that these SBR-SIF measurements can be realized using
readily available optical components.

3 Implementation of solar-blind radiometry: Fabry-Pérot inter-
ferometers

3.1 Spectroscopic requirements for the implementation of an SBR

An SBR must isolate a very narrow wavelength window within a strong Oo line while effectively
suppressing all light from other wavelengths in the solar spectrum reaching Earth’s surface.
This solar-blind spectral window A )y, corresponds to a fraction of only ca. 2-107° of the entire
solar spectrum. Therefore, the SBR must be capable of measuring small light intensities. The
spectral light throughput of the SBR increases with A\gp, which should be as large as possible,
while meeting the condition:

/ Isipd\ > & / Loet, AN (3)
AXgh AXsh

with the SIF intensity Igmr, the intensity of reflected light I (Fig. 1B), and the targeted
suppression k of reflected light within A)g,. In our assessment of the width of an atmospheric
Oq line (Sect. 2) we found that 10 pm is a conservative, but reasonable, choice for A\g,. For
instance, according to Eq. (3), x is on the order of 10~® for the strong Oy absorption line at
760.65 nm assuming an SZA of 0° and 4000 m a.s.l. However, when choosing the weaker O line
at 761.82nm, for the same conditions, x would be as large as 10%, preventing accurate SBR
measurements. The relationship between x and Ay, is highly non-linear. For example, doubling
AXgp would reduce x at 760.65nm by 7 orders of magnitude. For most SBR-SIF applications
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 should be at most 0.01, so that the influence of reflected light from within A)g, on the SIF
signal is reduced to 1%.

This study focuses on the implementation of a universal SBR at 760.65 nm therefore using
the rather conservative value of A)g, = 10 pm.
Because at 760 nm the SIF signal is only ca. 1% of the reflected radiance and Ay, covers only
a fraction of ca. 2-107° of the spectrum of reflected solar light, the SBR requires exceptional
spectroscopic performance:

e The SBR has to suppress all light from outside A\g,.

e The spectral light-throughput of the SBR has to be high enough to enable measurements
on the same time scale as the observed process.

e The spectroscopic setup must be suitable for long-term, low-maintenance operation under
versatile and harsh field conditions.

The passband, or resolved spectral interval § A, of a spectral filter or monochromator is typically
defined as the full spectral width at half maximum transmittance (FWHM). However, for the
implementation of an SBR the transmittance in the wings of the passband is crucial because
the contribution of reflected light rapidly increases with the distance from the absorption line
center (Fig. S2A). In order to fulfill the condition in Eq. (3), Aspr needs to be smaller than
A)g, and the contrast of the passband needs to be high, i.e. very small transmittance in the
wings (see Fig. 1B).

The spectral light-throughput, & (in units of st mm® nm), is defined as the instrument character-
istic that relates the radiance I, e.g. that emanates from a canopy, (in units of photonss~! sr—*
mm~2nm~!) to the rate .J of photons detected by the instrument within the spectral interval
S (in units of photonss™!, see Kuhn et al., 2021, 2023):

J = E(0X)Iplant = E(6X) OA ¥ Lplant (4)

The instrument geometrical beam acceptance or etendue, F, is given by the product of the
surface area of the accepted beam cross section A (in mm?) and its solid angle  (in sr). The
factor v accounts for loss at optical components.

Accordingly, the number of SIF photons Ngir detected by an SBR within an exposure time of
0t is given by:

2

Ngip = J 0t = E(é)\SBR) 5)\SBR'YISIF ot (5)

Using Eq. 5, we can derive the etendue requirements of an SBR for SIF measurements. For
example, we can assume an exposure time of §t = 10s, optical loss v = 0.1, dAggr = 0.3- Ay, =
0.0033nm, Is;p = 3 - 10° photons s~ st~ ' mm~2 nm ™!, corresponding to a typical SIF radiance
of slightly less than 1mW st~ 'm~2nm~! (Grossmann et al., 2018), and Ngr = 1000 detected
photons to dominate typical photo-detector noise levels and achieve a signal to noise ratio (SNR)

on the order of 30. For this case the SBR requires an etendue of E = 10~4mm?sr.

Many classic monochromator setups, such as those based on gratings, cannot meet these re-
quirements in field-deployable instruments, because their etendue, and hence their light through-
put, decreases rapidly for higher spectral resolution (see Supplement S2). Fabry-Pérot inter-
ferometers, on the other hand, are known to provide high light throughput at high spectral
resolution and contrast in compact and robust optical setups (Jacquinot, 1954; Vaughan, 1989;
Kuhn et al., 2021, 2023).

3.2 SBR-SIF implementation with Fabry-Pérot interferometers

3.2.1 Spectral resolution and light throughput of FPIs

Fabry-Pérot interferometers (FPIs) have been used in optical spectroscopy since the late 19th
century (Perot and Fabry, 1899; Vaughan, 1989). They represent a fundamentally simple optical
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Figure 2: A: The transmittance spectrum of an FPI in double pass configuration (B) with constant
optical separation of the mirrors is shifted towards lower wavelength with increasing incidence angle «
of the light onto the FPI (thin gray line for 3 values of a). For a constant beam divergence, the peak
transmission decreases, while d\ppy slightly increases (Kuhn, 2015; Kuhn et al., 2023). In the proposed
SBR-SIF instrument (C) an entrance optic directs light from a leaf or canopy to the entrance aperture,
which is imaged by a collimating and a focusing optics to the instruments focal plane. The prefilter
and the FPI are placed within the collimated part of the beam, so that different incidence angles «, i.e.,
different transmitted wavelength, are mapped onto different locations in the focal plane. The solar-blind
regions in the focal plane (D), in which the FPI transmittance overlaps strong Oz lines can be isolated
with apertures or resolved with a camera detector.

device, only consisting of two plane-parallel surfaces (mirrors) of reflectivity R, separated by an
optical distance nd, with physical separation d and refractive index n (Fig. 2B). Light with
incidence angle o towards the optical axis, is reflected back and forth between the two mirrors,
transmitting a fraction (of roughly 1-R) of the beam after each cycle. Superposition of these
transmitted partial beams determines the effective transmittance spectrum of the FPI, which
consists of periodic peaks of maximum transmittance caused by constructive interference (Fig.
2A). The reflectivity, quality, and alignment of the mirrors determine the FPI’s finesse F', which
describes the ratio of the width of a transmittance peak to its free spectral range. The free
spectral range describes the spectral separation of two transmittance maxima and depends on
the phase difference between two consecutively transmitted partial beams and thus on their
optical path difference I' = 2nd cos . The transmittance spectrum Tgprs of an ideal, parallel
light beam is described by the Airy function (for F' > 1, e.g., Vaughan, 1989):

9 -1
Trprs(A, a,n,d) = (1 + % sin? (WW)) (6)
T

For higher orders m = g, small variations in n, d, or « cause a shift of the spectral transmission
(Fig. 2A). Hence, the effective transmittance spectrum of a realistic, not ideally parallel, light
beam covering a solid angle 2 is given by the integral (e.g. Kuhn, 2015; Lv et al., 2024):

TFPI(A,a,n,d):/TFPI,S()\,w,n,d) dw (7)
Q

Consequently, the incidence angle dependence of Trprs determines the maximum beam solid
angle for a given spectral resolution dAppr of the FPI, i.e., the FWHM of an individual FPI
transmission peak. If this beam solid angle Qpp; is exceeded, the effective FPI peaks will
smear out and dApp; will increase. The relation between Qpp; and dAppy is given by (see, e.g.,
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Jacquinot, 1954; Vaughan, 1989; Kuhn et al., 2021):

oA
Qppp = 21 22FPL

(8)
The etendue of an FPI able to resolve d Appr is thus given by:

Erpr = Qrp1(dArpr) - Arpr 9)

with the FPI clear aperture surface area Appr. From Eq. 8 and 9 we can derive that, for a
resolution of 6\ = 0.0033nm at 760 nm, the FPI clear aperture surface area Appy required to
achieve an etendue of Eppr = 10~*mm?sr (Sect. 3.1 and Eq. (9)) is ca. 4mm?. Whether an
FPI with this, or a larger, clear aperture can be manufactured depends on the required finesse,
which we will assess next.

3.2.2 Finesse requirements for SBR

In order to exploit the FPI’s spectroscopic advantages in a monochromator-type setup, an in-
dividual FPI transmission order must be isolated with a prefilter. The passband width, or
spectral resolution, dApr of the prefilter needs to be smaller than the free spectral range of
the FPI (Fig. 2A), so it sufficiently suppresses the radiance transmitted by neighboring FPI
orders. The availability of narrow-band prefilters thus determines the minimum free spectral
range A\ppy of the FPI, which, through the FPI’s finesse, determines the spectral width d Appr
of an FPI transmission peak (see Kuhn et al., 2021, for details):

)\2
(5)\131: ~ A)\FPI = F(S)\FPI ] ? (10)

Different optical components, such as additional lower resolution FPIs, interference band-pass
filters, or grating monochromators, can be used as prefilters (Vaughan, 1989; Kuhn et al., 2021).
For example, state-of-the-art compact grating monochromators or interference filters provide a
passband of A\pr = 0.3nm. For our conservative SBR implementation (6 App; = 0.0033 nm), we
could choose an FPI with a free spectral range of 0.5nm (d = 0.5mm). Then, according to Eq.
10, a finesse of I’ ~ 150 is required. For wavelength around 760 nm, FPIs with a finesse of 150
are readily available with a clear aperture surface area of ca. 20 mm?, exceeding the requirement
of Appr ~ 4mm? (Sect. 3.2.1).

3.2.3 FPI contrast enhancement

The spectral shape of an individual FPI transmittance peak is described by a Lorentzian function
(Vaughan, 1989), and therefore its wings fall off relatively slowly with wavelength. Consequently,
an FPI with §Appr = 0.0033 nm still transmits too much light in the wings, where the reflected
light from plants drastically increases (see Fig. S2). Because further reducing d A\ppr would crit-
ically reduce the light throughput, this problem is best solved by using the FPI in a multi-pass
configuration (Vaughan, 1989). In this configuration the light beam traverses the same FPI
multiple times. For p traverses the effective FPI transmittance spectrum is then (Tgpy)?, which
leads to a strong suppression of the transmittance in the wings, thus enhancing the contrast of
the individual FPI transmittance peaks. Our calculations show that a double-pass configuration
(p = 2), implemented with a corner cube retro-reflector (Fig. 2B), is sufficient to fulfill the SBR
requirements (Sect. 3.1) using an FPI with the dimensions and characteristics determined in
the previous sections (see also Supplement S3).
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3.3 The use of FPIs in compact and robust SBR setups

Recent advances in FPI manufacturing and photo-detector technology led to significant improve-
ments of the optical performance and instrument design capabilities compared to the use of FPIs
some decades ago (e.g. Plascyk, 1975). Currently, the most robust and thermally stable imple-
mentation of an FPI is an air-spaced etalon (ASE) with low thermal expansion glass spacers
separating two glass plates. The inner surfaces of these plates have a reflective coating, while the
outer surfaces are slightly wedged and have an anti-reflective coating. Such ASEs show excellent
thermal and mechanical stability and have been used before in field measurements under harsh
environmental conditions, without the need for thermal stabilization (Fuchs et al., 2021; Kuhn
et al., 2023). Today, ASEs with the properties required for the implementation of SBR-SIF, i.e.
F =~ 150 over a clear aperture of up to 5 mm diameter and 0.5 mm mirror separation (Eq. 10)
are straightforward to manufacture.

The spectral properties of these stable FPIs can be exploited in various ways, depending on
the arrangement of the optical system (Vaughan, 1989). One configuration that enables par-
ticularly compact and robust setups relies on mapping light of different FPI incidence angle «
onto different locations in the focal plane. Traditionally, this configuration was called the 'pho-
tographic’ use of FPIs (Jacquinot, 1960; Fabry and Buisson, 1908) and uses no moving parts.
Today, the implementation of this configuration has become much easier with the availability
of current camera detector technology, highly stable ASEs, and compact grating spectrometers
and sub-nm interference filters serving as prefilters.

This static and compact setup, as described in detail by Kuhn et al. (2021), is the foundation
of our SBR-SIF implementation. A sketch of this setup is shown in Figure 2C. An entrance
optics directs light from the canopy to the entrance aperture of the SBR. The cross section of
the entrance aperture is then imaged by collimating and focusing optics onto the focal plane
of the SBR. The FPI is placed within the collimated beam, i.e., after the collimating optics,
so that different light incidence angles o are mapped on different locations (concentric rings)
in the focal plane. The prefilter (e.g. a grating or a band-pass filter) can be placed at various
locations within the setup, for instance in the collimated beam next to the FPI (Fig. 2C) or
at the entrance or exit optics. Different regions in the focal plane then correspond to different
wavelengths according to the a-dependence of the prefiltered FPI transmittance peaks (Fig.
2A). Regions where an FPI transmittance peak overlaps saturated Oz lines are solar-blind (Fig.
2D). Based on this principle, the SBR instrument can be implemented in different ways:

1. Monochromator SBR: An exit aperture isolates the solar-blind area in the focal plane,
resulting in a monochromator-type SBR with a single-element detector, such as a silicon
avalanche photodiode, measuring the SIF intensity after the exit aperture. This imple-
mentation is desirable, as it produces an electrical signal directly proportional to the SIF
intensity. However, this setup may require accurate fine-tuning of the FPI, so that FPI
transmittance and Os line overlap at a &~ 0°, or the use of ring-shaped apertures. Moreover,
high stability of the FPI and the other optical components is needed, which may require
the stabilization of the gas density inside the ASE, for example by hermetic sealing (see
Supplement S4).

2. Single-order spectrographic SBR: A two-dimensional detector array, such as those in CCD
or CMOS cameras, placed in the focal plane allows the recording of images of the intensity
distribution, such as the one shown in Fig. 2D. In this implementation, solar-blind pixels
can be easily identified and their signal can be averaged. Slight changes in the FPI,
for example introduced by pressure or temperature changes, can be traced and corrected
in real-time by simple image processing techniques. While the retrieval of the SBR-SIF
signal from a camera detector introduces an additional, albeit trivial, processing step, the
single-order spectrographic SBR is easy to implement and allows for tracing and correcting
instrumental changes.
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Figure 3: A: Schematic of the SBR-SIF prototype setup (not to scale) with annotated dimensions.
After traversing the FPI twice, a grating spectrometer separates the individual FPI orders along the
grating dispersion dimension on the CCD detector in the focal plane (B, C). In the other (here vertical)
detector dimension, the FPI incidence angle « increases steadily, thereby sampling a small wavelength
range. Panel C shows the simulated relative intensity distribution on the detector for direct sunlight at
0 m a.s.l. and SZA = 50°, with clearly visible O absorption lines. Panel D shows two measurements
with the prototype in excellent agreement with the simulation (see marked areas in C). For a = 0°, two
consecutive FPI orders coincide with strong Oz lines causing large solar blind detector regions (enclosed
by white dotted lines in C).

3. Multi-order spectrographic SBR: This setup is similar to the single-order spectrograph SBR-

implementation, but uses a dispersive element, such as a grating spectrograph, at the exit
aperture to spatially separate different FPI orders on the two-dimensional detector array
in the focal plane. In this cross-dispersion configuration different FPI orders are aligned
along the grating dispersion dimension on the detector. Each order represents a high
resolution spectrum in cross-dispersion direction, i.e. along the dimension of the grating
spectrometers entrance slit, through the a-dependence of the FPI transmittance spectrum.
In other words, each FPI order represents a rectangular cut-out of the size of the grating
spectrographs entrance slit of the ring-shaped intensity distribution shown in Fig. 2D (see
Kuhn et al. (2021, 2023) for a detailed description).

Consequently, high resolution spectra corresponding to several FPI transmittance orders
can be measured simultaneously. While this setup is optically more complex, the increased
wavelength coverage of the multi-order spectrographic SBR implementation can provide
important additional information, such as the light intensity outside of the O2A-band. For
this reason it was selected for the first SBR-SIF prototype.
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4 Proof of concept: SBR-SIF prototype measurements

4.1 Optical setup of the SBR-SIF prototype

To demonstrate the feasibility of SBR-SIF measurements, we built a prototype instrument based
on the multi-order spectrographic SBR implementation. The schematics of the prototype are
shown in Fig. 3A, including relevant dimensions of the individual components.

The entrance optics of the prototype consist of a 600 um diameter, 5m long, glass fiber that
can be pointed at different targets. The exit of the fiber serves as the entrance aperture of the
SBR. A lens collimates the light beam from the fiber exit. Using a prism, the collimated beam
is directed through the FPI (ASE manufactured by SLS Optics Ltd.), then reversed, laterally
offset, and directed through the FPI again by a corner cube retro reflector, resulting in a double
pass configuration. The beam exiting the FPI is focused onto the entrance slit of a grating
spectrograph (Princeton Instruments SP-2-150i) with a CCD camera (Princeton Instruments
PIXIS 256B, operated at -50°) in its focal plane. A 10 nm wide band-pass filter in front of the
grating spectrograph’s entrance slit is used to reduce straylight.

As described above, this setup causes the orthogonal alignment of the grating dispersion and the
incidence angle («) dependence of the FPI transmittance that leads to the isolation of individual
FPI orders of the detector. In order to better understand the behavior of the SBR-SIF prototype,
we performed numerical simulations of the intensity distribution on the detector, based on the
specifications of the optical components and the sunlight spectra calculated above (see Kuhn
et al., 2021, 2023, and Supplement S5 for details). In the simulations we assumed a larger
entrance aperture to better visualize the instrument behavior. Figure 3C shows the simulated
relative intensity distribution on the prototype’s detector for direct sunlight at sea level with a
solar zenith angle of 50°, which approximates noon conditions in early February in Los Angeles,
CA, USA.

The individual FPI orders are arranged in the grating dispersion direction on the CCD detector
(horizontal dimension in Fig. 3C). Each FPI order (numbered in Fig. 3B) causes a vertical bright
stripe with a slight curvature. The incidence angle o changes along the stripe direction (here
vertical). The curvature reflects the spectral shift of the individual FPI transmittance peaks for
increasing « in the grating dispersion direction, i.e. the stripe bends towards lower wavelengths
when moving vertically away from perpendicular incidence (a = 0°). The « dependence of an
individual transmittance peak, or FPI order, leads to the sampling of a highly-resolved spectrum
along each stripe. The effective dispersion of the FPI, i.e. the wavelength shift of a transmission
maximum due to a change in «, decreases with increasing o according to the cosine dependence
of the FPI optical path difference (see Eq. 6). Individual Oy absorption lines of different
strengths are clearly visible in Figure 3C. Two neighboring orders of the FPI (order 1571 and
1572) overlap with saturated Og lines at 760.65nm and 761.15nm (Fig. 2B) for a = 0°, where
the FPI’s angular dispersion is highest. The saturated centers of these Oy lines cover a larger
region on the focal plane detector (marked by dotted white lines in Fig 3C). These areas are
solar-blind in the manner described above and will therefore be used for SBR-SIF measurements.

4.2 Measurements

Measurements to demonstrate the SBR-SIF concept and to test the prototype were carried out
at the University of California, Los Angeles during February 2026 with the prototype instrument
located in the roof-top laboratory. The optical fiber entrance optics was used to directly observe
reflective targets and plants placed outdoors on the roof.

4.2.1 Spectroscopic performance and high-resolution O; observations

Measurements pointing the optical fiber at a non-fluorescing diffuser (Spectralon) illuminated
by direct sunlight during noon in Los Angeles on February 8, 2026 (Fig. 3D) were performed to
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Figure 4: SBR detector images (see Fig. 3D) with the fiber pointed towards a non-fluorescing diffuser
plate (A) and a small succulent plant (B), both exposed to sunlight. In the case of the diffuser plate,
the light intensity in the solar-blind detector areas remain absolutely dark. With the plant, a strong
light signal is visible caused exclusively by SIF photons. The images show raw data, without any digital
processing apart from the subtraction of the CCD’s electronic offset.

confirm the simulated intensity distribution on the detector (Fig. 3C) and therefore the proto-
type’s spectral performance. Because the entrance aperture, i.e. the fiber cross-section, limits
the vertical dimension of the detected spectral image in the prototype, two sections covering
different ranges of a were measured by slightly tilting the FPI (dashed and dotted magenta
boxes in Figures 3C and D). The two measured sections exactly reproduce the simulated inten-
sity distribution in the SBR prototype’s focal plane, thus confirming the theoretical framework
underlying the numerical simulations. The measured sections represent O2-A band spectra with
a resolving power between more than 300.000 (at o =~ 0°) and 150.000 (at o =~ 1.15°), fully re-
solving individual Os lines. The prototype thus meets the spectroscopic requirements to perform
SBR-SIF measurements.

4.2.2 The direct measurement of SIF in solar-blind detector regions

After establishing that the prototype functions as an SBR,, we proceeded to test its capability to
measure SIF. For this purpose, we compare the solar-blind region of the SBR prototype of two
different measurements: (1) with the fiber pointing to a non-fluorescing diffuser and (2) with the
fiber pointing to a small succulent plant (Gasteraloe beguinii). Both targets were illuminated
by direct sunlight (Fig. 4). The measurements shown here were performed in direct sequence
with 5min exposure time and the fiber field of view covered entirely by the respective target.
As expected from Figure 2D, when the fiber points to the diffuser, the solar-blind region on the
detector remains dark, i.e. indistinguishable from non-illuminated detector regions (Fig. 4A).
However, if the diffuser is replaced by the plant, we observe a clear light signal in the solar-blind
regions on the SBR detector (Fig. 4B). The comparison of the two measurements in Fig. 4
provides direct evidence that the light from within the solar-blind detector regions is emitted
by the plant. This light emission can only be explained by SIF and thus confirms the SBR-SIF
principle and proves the feasibility of its implementation.

We can now quantify the SBR-SIF radiance solely using the plant measurement shown in Fig-
ure 4B. To improve the signal to noise ratio of the SIF measurement, we average the intensity
over 10 by 20 pixel within the solar-blind detector region. To correct for the detector’s dark
signal, which is dominated by the electronic offset of the CCD, we subtract the average value
of a nearby non-illuminated detector region. The resulting signal is directly proportional to SIF
emitted by the plant and can be radiometrically calibrated, i.e., converted into a radiance. It
should be emphasized that the diffuser measurement (Fig. 4A) is not needed for this analysis,
because the intensity in the solar blind target area equals that of the detector’s dark signal.
For the plant measurement shown in Fig. 4B, the averaged and dark-signal-corrected SIF inten-
sity is 57.7040.56 digital units (DU). Applying the radiometric calibration factor of 15.7 mW m 2
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surement and data analysis demonstrates that the SBR prototype provides SIF data with a
simple, direct intensity measurement, only requiring the two basic processing steps of a dark

signal correction and calibration.

4.2.3 SIF measurements during a dark-to-light transition (Kautsky effect)

To further confirm the SBR-SIF principle we measured the SBR-SIF signal during a dark-to-
light transition experiment similar to the classic laboratory experiment by Kautsky and Hirsch
(1931). However, instead of actively excited chlorophyll fluorescence we use SIF. The experiment
has shown that the physiological processes, which effectively quench the fluorescence, require
a time period of a few minutes to adapt to the sudden increase in radiation during the dark-
to-light transition. Consequently, after a dark-adapted plant is suddenly exposed to light, a
high fluorescence intensity is expected, which gradually decays to a steady state within minutes.
This is referred to as the Kautsky effect (Kautsky and Hirsch, 1931; Lichtenthaler and Rinderle,
1988; Porcar-Castell et al., 2014). The observation of the Kautsky effect has provided evidence
for the measurement of SIF by conventional methods (Grossmann et al., 2018).

We use the small succulent plant from the experiment in Section 4.2.2, which has the advantage
of providing a static target not influenced by wind. The plant was covered and shielded entirely
from sunlight for about 30 minutes with blackout fabric, so that it could adapt to darkness. The
fiber connected to the SBR was pointed at the plant and not moved during the entire experiment,
which was conducted in bright sunlight and consisted of 4 stages (Fig. 5B): In Stage I, the plant
and the fiber were covered. Stage II starts after the cover of the fiber and the plant had been
removed. In Stage III, a non-fluorescing diffuser was held in front of the fiber, before the fiber
was covered again in Stage IV. In order to resolve the process temporally, we set the exposure
time of the SBR’s CCD detector to 5s

As outlined in Section 4.2.2, we calculated the average intensity within the a solar-blind region
and corrected it by the intensity of a nearby non-illuminated detector region in order to account
for offset drifts (see Fig. 5A for the specific detector regions). In addition, we simultaneously
trace the intensity of outgoing light from the plant, which is dominated by reflected sunlight.
Here we use light close to 759.2nm and refer to it as I7s9 (see Fig. 5A for the specific region).
SBR-SIF and I759 were radiometrically calibrated.

The time series of SBR-SIF and I759 and their ratio are shown in Fig. 5B-D for exposure times
of 5s and 20s (through co-adding of 4 detector images), respectively. At the beginning (Stage I)
and the end (Stage IV) the fiber is covered so no light can enter, and SBR-SIF and I59 scatter
around zero, showing that our dark-signal correction is accurate. Stage II marks the time period
after the plant was uncovered (t=0s) and, thus, suddenly exposed to bright sunlight. We observe
a clearly visible, strong SBR-SIF intensity exceeding 6 mW m~2sr~! nm ™!, which decays on the
expected time scale of a few minutes to a stable SIF radiance of ca. 3mWm™2sr~'nm~!. The
reflected light intensity from the plant, I759, on the other hand, is stable or slightly increases
during the experiment. The diffuser measurement (Stage III) further confirms the fluorescence
detection by increasing I759 while the SBR-SIF signal vanishes, reproducing the measurements
shown in Fig. 4A. The measurement of the SIF Kautsky effect with our prototype further
confirms the validity of the SBR-SIF approach by observing a well-known plant-physiological
phenomenon.

4.2.4 Detection limit and stability of the prototype

In order to demonstrate the stability of the SBR-SIF prototype, we recorded a ca. 5 hour long
SBR-SIF time series with the fiber pointed at a non-fluorescing diffuser plate that faced the
sky. The measurement period encompasses broken cloud conditions with variations of the sky
radiance of more than an order of magnitude, as well as clear skies (Fig. 6A). The SBR-SIF signal
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Figure 5: A: Averaging the counted photo-electrons in the solar-blind detector region and correcting for
the CCD’s dark signal using non-illuminated detector regions yields the SBR-SIF signal. We also trace
a reference light intensity at ca. 759 nm outside the OsA-band, which is determined by light reflection.
Panels B - D show time series of the SBR-SIF intensity, the reference intensity (Ir59) and their ratio
during an experiment, in which the SBR instrument pointed at a plant that was entirely shielded from
sunlight (for ca. 30min) and then, at t=0min (Stage II), suddenly exposed. Gray crosses correspond
to measurements with an exposure time of 5, black dots show the mean of 4 consecutive measurements
(ca. 20s exposure). As expected from laboratory measurements (Kautsky and Hirsch, 1931), a strong
SIF intensity decaying over minutes represents the accommodation of plant photosynthesis to the sudden
increase light availability. During Stage I and IV the fiber was covered. During Stage III a non-fluorescent
diffuser was placed in front of the fiber, which reproduces the measurement of the diffuser shown in Fig.
4A.
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Figure 7: Diurnal SBR-SIF measurement of a peace lily leaf under varying atmospheric conditions. The
SBR-SIF signal (A, for 1 and 5min integration time) follows the changing reflected radiance traced by
Iz59 (B). The relative SIF signal (C) is stable with a slight decrease throughout the day, presumably
because of plant stress. A diffuser measurement (ca. 13:30) confirms the accurate SIF detection.

remains unaffected by the rapid light variations and stable during the entire measurement period
with an almost ideal random noise behavior (Fig. 6B), which corresponds closely to the reported
CCD’s read out noise. The small positive offset, corresponding to 0.08 mW m~2 sr~'nm ™!, could
be introduced by residual stray light in the prototype setup. This experiment confirms the
absence of any atmospheric influence on proximal SBR-SIF measurements and demonstrates the
high stability of the prototype setup, which was not actively stabilized. The corresponding Allan-
plot (Fig. 6C) confirms the statistical noise behavior and absence of drifts. The noise-equivalent
signal (NES) at an integration time of ca. 3min is 0.1 mW m~2sr~!nm~!, which is comparable
to precisions state-of-the-art techniques can reach under ideal conditions (Grossmann et al.,

2018; Kukkurainen et al., 2025).

4.2.5 SIF diurnal cycle

Finally, to demonstrate the monitoring capabilities of the SBR-SIF we performed measurements
of a Peace Lily leaf (Spathiphyllum spp.) throughout a day under varying illumination condi-
tions. The leaf was fixed with its upper side facing the zenith. The fiber was pointed towards
the leaf from the top at ca. 10 cm distance and the SBR-SIF signal was averaged over 1 and 5
minutes (with instrument NES of 0.2 and 0.08 mW m~2sr~'nm™!, respectively, see Fig. 6). In
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the morning the sky was overcast and the leaf was in the shade. Therefore, the reflected solar
irradiance at 759 nm, Ir59, was small, and the SBR-SIF signal was only 0.7 - I mW m™2sr~'nm~!
(see Fig. 7A,B). Around noon the sun started to shine directly on the leaf, as indicated by the
higher I759 and the simultaneous increase of SIF to 2 - 2.5 mW m™2sr~'nm~!. During this time
a broken cloud cover caused large variations in the incoming solar radiance that are followed by
I759 and the SBR-SIF signal. At around 13:30 we placed a non-fluorescent diffuser in front of the
fiber, confirming the zero signal of the SBR-SIF, while I759 increases to its highest value. After
15:00 the sky was clear and the I759 showed a smooth decrease until sunset. An examination
of the relative SBR-SIF signal, i.e. SBR-SIF/I759 (Fig. 7C), shows that the SIF signal follows
the radiance of incoming solar radiation during the different illumination conditions of this day.
Much of the variability seen in I759 is not observed in relative SIF. However, throughout the day
relative SIF is decreasing, with values around 0.025 in the morning, 0.02 around noon, and 0.015
around 17:00. This behavior was observed previously (Supplement S7) and is likely caused by a
reaction of the leaf to illumination, temperature, and water availability throughout the day un-
der stressful sunny and dry conditions on the roof. Relative SIF also illustrates that during low
light conditions in the early morning and evening the 1 min SIF data has high variability that is
reduced when the signal is averaged to 5 minutes. This is the expected behavior from measure-
ments that are dominated by statistical uncertainties due to photon shot noise. Only at around
17:00, i.e. at a solar zenith angle of 82.4°, do the 5-min averaged SBR-SIF measurement be-
come noise-dominated. Further averaging, for example to the common 30-minute interval used
by eddy covariance COo measurements would further decrease the uncertainty. Overall this
test measurement demonstrates that our SBR-SIF prototype is capable of providing real-world
scientific SIF monitoring data.

5 Discussion

We have presented the theoretical concept of SBR-SIF and its implementation in a prototype
instrument that proved the validity of this new approach to measure SIF from vegetation. Here
we discuss the inherent advantages and limitations of SBR-SIF, in particular in comparison to
currently used hyperspectral proximal remote sensing measurements of SIF.

SBR-SIF is a direct measurement of SIF, i.e. by using an optical setup that isolates the SIF
radiance from all reflected, scattered or direct solar radiation, the SBR measures a light intensity
that is directly proportional to the SIF radiance. This leads to the following advantages:

1. SBR-SIF does not require any signal/data processing beyond the correction of the detector
dark signal and a radiometric calibration. Thus, SBR-SIF avoids complex hyperspectral
retrievals to separate the weak SIF radiance from the reflected radiance, as required in
current proximal SIF measurements. Consequently, SBR-SIF does not only simplify the
quantification of SIF, but also eliminates the systematic errors resulting from the hyper-
spectral retrievals of SIF (Frankenberg et al., 2011; Grossmann et al., 2018; Chang et al.,
2020).

2. SBR-SIF does not require skylight reference measurements. Current hyperspectral SIF
retrievals require skylight reference spectra alongside the leaf or canopy spectra recorded
with the same spectrometer (Meroni et al., 2009; Grossmann et al., 2018). This limits their
applicability to setups with a clear view of the sky, i.e. above the canopy. In addition,
to eliminate instrument effects in the comparison of reference and plant spectrum, the
spectrometer must be actively and precisely temperature-stabilized and/or the skylight
measurement must be made very frequently. This increases instrument complexity and
reduces the temporal coverage of the SIF observations. SBR-SIF instruments, on the
other hand, measure continuously, with each detector exposure providing an independent,
direct SIF radiance quantification. Because of this, and its much higher inherent thermal

18



589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

stability, most SBR-SIF implementations do not need active temperature stabilization.
Not requiring skylight references also means that SBR-SIF measurements can be performed
from within or below a canopy, opening new opportunities in SIF monitoring and research.

3. SBR-SIF measurements are not sensitive to changes in atmospheric radiative transfer or
illumination conditions. The need to alternate between leaf/canopy and skylight reference
spectra makes current hyperspectral SIF measurements sensitive to the atmospheric state
and illumination conditions, especially under cloudy and hazy conditions, when the incom-
ing light radiance and spectrum can change rapidly. Because the SBR-SIF measurement is
independent of atmospheric radiative conditions and leaf/canopy reflectivity, uncertainties
imposed by illumination effects are mostly eliminated thus increasing the overall accuracy
of the SIF measurement.

4. SBR-SIF instruments feature a simple design and are easy to operate. As noted above, in
contrast to current hyperspectral SIF instruments, SBR-SIF does not require active tem-
perature stabilization. Mechanical and optical components to switch between leaf/canopy
and reference measurements are also not required. Thus, SBR-SIF instruments can be
more compact, robust, and use less power than current hyperspectral instruments. This
simplifies field deployments, and measurement operation, and enables more versatile ap-
plications.

A limitation of SBR-SIF measurements is their spectral constraint to strong Os lines. While
SBR-SIF measurements at lower wavelength in the red (O2B band) may be possible, the full
SIF spectrum, as derived by hyperspectral approaches (Liu et al., 2015), cannot be determined.
Moreover, SBR-SIF is not suitable for operation on aircraft and satellites. Its observational
range is limited to ca. 50m due to the reabsorption of the SIF signal by O2 molecules between
the canopy and the instrument. While hyperspectral approaches using the entire O2A band face
similar restrictions, solar Fraunhofer line-based retrievals circumvent this problem.

We demonstrated that our SBR-SIF prototype has similar or higher precision than current
proximal SIF systems (ca. 0.1 mW m™2sr~'nm~! for 3min exposure). By minimizing system-
atic errors, the SBR-SIF approach provides highly accurate SIF data across all atmospheric
conditions. Higher precision is achievable through longer integration times and increased light
throughput. The substantial simplification of instrumentation, operation and signal processing
enables the straightforward implementation of real-time SIF data streams.

6 Conclusion

We present a technique for proximal SIF remote sensing that is based on a fundamentally dif-
ferent concept than current sensors. The SBR-SIF approach relies on the fact that solar light
within a saturated oxygen line is completely attenuated by Earth’s atmosphere once it reaches a
plant at the surface. Consequently, no light is reflected from plants in these saturated lines. SIF
emits a smooth spectrum within the the atmospheric O2A band and is thus the only significant
source of light in the saturated line centers. Our theoretical calculations show that measuring
the light radiance in a 10 pm wide wavelength window in the Oq line at 760.65 nm provides a
direct quantification of SIF under all conditions anywhere on Earth’s surface. The weak SIF
radiance, the high reflected light intensity outside of the saturated band, and the very narrow
wavelength interval impose strict requirements on to the spectral resolution, contrast and light
throughput of a SBR-SIF system. We show that an FPI, used in double-pass configuration, in
combination with a narrow prefilter, can fulfill these requirements. We present three possible
implementations of an SBR using different prefilters and detector units: monochormator SBR,
single-order spectrographic SBR, and multi-order spectrographic SBR, each offering distinct
trade-offs in performance, practicality, and additional spectral information.
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We developed a prototype based on the multi-order spectrographic SBR implementation. Our
measurements demonstrate the following capabilities, which align well with our theoretical pre-
dictions:

1. The SBR is able to fully resolve individual saturated Og absorption lines (resolving power
exceeding 300.000, Sect. 4.2.1).

2. The SBR can isolate the SIF signal from surrounding reflected light. The isolated SIF
intensity is visible to the bare eye in the raw data of the SBR detector and can be quantified
using simple averaging and correction of the detector’s dark signal (Sect. 4.2.2).

3. SBR-SIF observations of the SIF Kautsky effect in a dark-light transition experiment
further confirm the direct quantification of SIF (Sect. 4.2.3).

4. Non-fluorescent reflective diffuser observations demonstrate that the SBR-SIF measure-
ments are essentially independent of atmospheric radiative transfer and instrumental ef-
fects (Sect. 4.2.4).

5. SBR-SIF can readily be applied in typical proximal SIF monitoring applications (Sect.
4.2.5).

While SBR-SIF measurements are limited to measurements within the O2A band (and pos-

sibly the O3B band) and an observational range of ca. 50 m, they are a direct quantification of
the SIF radiance. Thus, there is no need for recording skylight references or spectral retrievals
or atmospheric correction enabling compact, robust and low-power SBR-SIF instruments. Over-
all, this greatly simplifies measurement procedures while offering highly accurate real-time SIF
data. The prototype developed and used in this study is still based on a prefilter (spectrograph)
and detector available in our laboratory. Given the systems early development stage, future
research and development, e.g. using an interference prefilter and an avalanche photodiode in
a monochromator SBR, will further improve the instrument performance, while reducing size
and power-consumption. Because the setup of an SBR-SIF system is much simpler, industrial
production cost of SBR-SIF instruments will be well below that of current commercial proximal
SIF remote sensing systems.
By improving scalability, SBR—-SIF enables broader and more wide-spread application of SIF
measurements, helping to close key observational gaps, advance understanding of plant and
ecosystem processes, and expand their use in areas such as ecosystem monitoring and precision
agriculture.
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Figure S1: The width of strong saturated Oz lines depends on their optical depth, and thus, on the solar
zenith angle (SZA) and the surface altitude above sea level (A). Re-absorption of the SIF signal by Oq
between the emitting canopy and the instrument limits the range of SBR-SIF measurements.

S2 SBR-SIF can not be implemented with grating-based monochro-

mators

Grating spectrographs are widely used in the current SIF measurement approaches. The com-
pact spectrographs used in field measurements typically have a resolution of 0.3nm at 760 nm
(Grossmann et al., 2018; Trim and Hueni, 2025), which is less by choice, but rather due to the
compromise between light-throughput and instrument size, as determined by the grating dis-
persion (Kuhn et al., 2021). A grating-based spectrograph or monochormator with an etendue
of £ =10"*srmm? would require an entrance slit width wg ~ v'E = 0.01 mm, which, in order
to achieve dA\ggr = 0.0033nm at A = 760 nm requires a focal length fgg of (see (Kuhn et al.,
2021) for details)
A

fas ~ Pl 2.3m (S1)
Grating monochromators with these specifications have been manufactured, however they are
expensive and their application in environmental field measurements of SIF is not practical,
because their volume is on the order of 1 m?, they weigh several 100 kg.

S3 FPI double pass configuration is sufficient for SBR-SIF im-
plementation

Figure S2A shows the plant radiance (sum of reflected light and SIF contribution) close to strong
saturated O9 lines. The wings of a spectral FPI transmittance peak S2B fall of too slowly, in
order to sufficiently suppress the reflected light radiance in the SBR measurement S2C. This
problem is solved with a double pass FPI configuration (inset in S2B), which provides sufficient
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Figure S2: A: In narrow spectral windows A Mg, within individual strong Os lines the outgoing radiation
from a plant or leaf is determined only by SIF. FPIs have sufficient resolving power to filter out AAgp
from the total outgoing spectral radiation and thus enable the direct measurement of SIF (B). The FPI
should thereby be used in a double-pass configuration (inset in panel B) for improved spectral contrast

(©).

spectral contrast to isolate the SIF radiance inside the O line from all reflected light, realizing
an SBR.

S4 Pressure and temperature dependence of an ASE

The FPI used in this study is an ASE with ultra low thermal expansion glass spacers (linear

thermal expansion coefficient of < 2-1078K~!). The spectral shift of the FPI transmittance
peak of the order m = % introduced by a change in the optical path between the two mirrors
is given by:
d 1 d 2
A, X — I'~ — S2

d(nd)”™ ~ md(nd) m (52)
Accordingly, the change in the optical path A(dn) related to a spectral shift of one FWHM of
the FPI transmittance peak d\ppr for an ASE with specifications as in Sect. 3.3 is:

A(dn) = %5)\1:131 ~ 2.17nm (S3)

Consequently, the thermal expansion of the spacers of ca. 0.0l nm K—! can be neglected in most
environments. The main temperature and pressure dependence of the ASE is caused by changes
in the refractive index of the gas in between the two mirrors, which is air in our case. The
refractive index is mostly controlled by the density of air, which can be approximated via the

ideal gas law:

(n—1)x % (S4)

According, to equation S3, a refractive index change by ca. 4-107% causes a spectral shift of the

FPI transmittance spectrum by dAppr, which corresponds to A(ff__l;) ~ 1.5%, and consequently

Ap =~ 15hPa or AT =~ —4.5K. These condition changes lay well in the range of the expected
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pressure and temperature variability during environmental measurements. Hermetically sealing
the ASE, i.e. stabilizing the air density inside the ASE, provides a simple solution to this
problem and leads to negligible dependence of the FPI’s properties on the common variability
in environmental conditions.

S5 Simulation of the intensity distribution in the focal plane of
the SBR

Our forward model of the SBR instrument is based on former work by (Kuhn, 2015; Kuhn
et al., 2021) and described in detail in (Kuhn et al., 2023). For each pixel, we calculate the
transmittance spectrum of the instrument, which is determined by the product of FPI spectral
transmittance (which is squared to account for the double pass configuration) and prefilter
spectral transmittance. The spectrum of incoming light (see Sect. 2.2 of the main text) is then
multiplied with the transmittance spectrum of each pixel, resulting in the simulated relative
intensity distribution on the focal plane detector.

S6 Radiometric calibration

The radiometric calibration of the SBR-SIF prototype was conducted as follows:

1. We used a calibrated light source (HL-3 PLUS-CAL by Ocean Optics) with a cosine
corrector connected to the SBR fiber and irradiance-calibrated the SBR in the detector
region (I759) marked in Fig. 5A, i.e., in a spectral region unaffected by Oy absorption and
less than 2nm from the SBR spectral range.

2. Using the calibrated setup with the cosine corrector pointed to the sky zenith, we measured
the sky irradiance Eg, during a clear day, with low variation of the sky brightness.

3. Immediately after that, we removed the cosine corrector and pointed the fiber on a cali-
brated diffuser plate (Spectralon, R=0.99). The radiance I of the diffuser plate is then
given by:

_ RPay

™

Iy (S5)

4. The measurement of the diffuser plate is then used to derive the calibration factor fc.:

1
fcal = Iid (86)
759

For the configuration of the prototype used in all measurements presented in the paper
feal = 15.7(£20%) mWm 2 st~ nm s DU

S7 Peace Lily relative SIF measured with the Photospec instru-
ment

Grossmann et al. (2018) performed a diurnal SIF measurement of a Peace Lily plant with their
Photospec instrument in Oct. 2016 (see Fig. 9 in Grossmann et al., 2018). The plant species,
measurement location, and illumination conditions were the same or similar to our diurnal
SBR-SIF measurement in Figure 7. Figure S3 shows the relative SIF signal corresponding to
the Photospec observations shown in Figure 9 of Grossmann et al. (2018), which also declines
throughout the day. This confirms our SBR-SIF relative SIF result in Figure 7.
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Figure S3: Diurnal decay of the relative SIF signal of a peace lily plant measured under similar conditions
with the photospec instrument (Grossmann et al., 2018).
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