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Abstract. Remote sensing of solar-induced chlorophyll fluorescence (SIF) provides a non-10

invasive, quantitative measure of plant photosynthetic activity, linking leaf-level physiology to11

canopy and ecosystem behavior and the global carbon cycle. Current SIF measurements rely on12

hyperspectral retrievals of the weak fluorescence signal from small changes in Fraunhofer lines or13

atmospheric absorption features in plant or canopy reflectance spectra. Because this approach is14

dependent on atmospheric and illumination conditions, it relies on bulky and costly instrumen-15

tation, while complex retrieval algorithms demand atmospheric spectroscopy expertise. These16

limitations restrict widespread proximal SIF remote sensing applications, and contribute to crit-17

ical observational gaps, highlighting the need for a simplified measurement approach.18

We introduce a fundamentally different approach to proximal SIF remote sensing: by mea-19

suring the light intensity within a saturated atmospheric O2 line (ca. 10 pm spectral width)20

we implement a solar-blind radiometer (SBR) that optically isolates SIF from reflected solar21

radiation. Calculations show that SBR-SIF instruments can be implemented using a Fabry-22

Pérot interferometer in double-pass configuration. Plant measurements with our prototype23

confirm the theoretical calculations and provide direct SIF measurements with a precision of24

0.1 mW m−2 sr−1 nm−1 in 3 minutes, similar or higher than conventional techniques. SBR-SIF25

is independent of atmospheric and illumination conditions, requires no spectral retrieval or26

reference measurement, and enables compact, field-deployable instrumentation. Consequently,27

SBR-SIF enables scalable proximal SIF measurements that can advance our understanding of28

physiological processes, support validation of satellite observations, and expand SIF applications29

in ecosystem monitoring and precision agriculture.30

31

Keywords: solar-induced chlorophyll fluorescence, SIF, photosynthesis, proximal remote sens-32

ing, solar-blind radiometer, Fabry-Pérot interferometer, atmospheric oxygen.33

Highlights34

• Solar blind radiometry enables the direct measurement of SIF radiance.35

• Solar blind radiometers can be implemented with Fabry-Pérot interferometers.36

• Prototype measurements validate theory and outperform hyperspectral approaches.37

• Simple and compact sensors enable scalable real-time measurements of SIF.38

1 Introduction39

Remote sensing of solar-induced chlorophyll fluorescence (SIF) provides non-invasive, in-situ in-40

sight into the physiology of plants in their natural environment (Meroni et al., 2009; Frankenberg41
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et al., 2012; Porcar-Castell et al., 2014; Frankenberg and Berry, 2017). Ground-based (proxi-42

mal), air-, and space-borne SIF observations help scaling physiological processes from individual43

leaves or plants to ecosystems and the global scale. While SIF observations have made important44

contributions to studies of ecosystem behavior and atmosphere-biosphere interaction over the45

past decades (Porcar-Castell et al., 2014; Mohammed et al., 2019), the difficulties of measuring46

SIF have restricted observations to specific sites and/or conditions and hindered widespread47

application in areas such as crop and ecosystem monitoring.48

49

The fundamental challenge in measuring SIF is that the fluorescence signal emitted at wave-50

lengths between ca. 600 nm and 800 nm is masked by the much brighter sunlight reflected from51

vegetation. The reflected intensity exceeds that of SIF by approximately two orders of magni-52

tude in the far-red (∼700 - 800nm) and by one order of magnitude in the red (∼600 - 700nm)53

wavelength range (Fig. 1A). Moreover, the absolute intensity and the spectrum of reflected54

light are highly variable and controlled by many different and independent environmental and55

observational parameters, such as cloudiness, solar geometry, and viewing geometry.56

The current approach to SIF measurements, i.e. the separation of SIF from the reflected light,57

relies on a hyperspectral analysis that compares reflectance spectra of the plant or canopy with58

a plant-free reference spectrum, i.e. a direct sky or solar spectrum. The SIF signal is quan-59

tified by determining the change of optical depths of either solar Fraunhofer lines or bands of60

telluric oxygen absorption lines between a leaf/canopy spectrum and a skylight spectrum (Plas-61

cyk, 1975; Meroni et al., 2009; Frankenberg and Berry, 2017; Grossmann et al., 2018; Du et al.,62

2019). However, this approach faces a number of challenges. Both oxygen and Fraunhofer lines,63

which have spectral widths of only a few picometers, remain highly under-sampled by the cur-64

rently used grating spectrographs. In the case of Fraunhofer line-based retrievals the insufficient65

spectral resolution reduces the absolute optical depth of the lines by approximately one order66

of magnitude. To accurately detect a SIF signal, which changes the Fraunhofer line depths67

by less than 1-3% in the far-red, very high signal to noise ratio (SNR) and excellent spectral68

stability of the instrument are needed (Grossmann et al., 2018; Chang et al., 2020; Trim and69

Hueni, 2025). While the optical depth of telluric oxygen bands is much larger, easing the SNR70

requirements, the effective optical depth of these bands exhibits a highly non-linear dependence71

on atmospheric radiative transfer effects, i.e., on solar position change, surface albedo, the pres-72

ence of aerosol and clouds, etc. (Chang et al., 2020; Liu and Liu, 2018). In both oxygen band73

and Fraunhofer line based SIF observation techniques, leaf/canopy spectra and skylight spectra74

need to be measured in sequence with the same instrument. Atmospheric state or instrumental75

changes within the time gap between the two spectra can cause substantial systematic errors76

(Chang et al., 2020; Marrs et al., 2021; Trim and Hueni, 2025).77

Highly specialized and costly satellite instruments can provide sufficient SNR and spectral78

stability to allow for Fraunhofer-line based global SIF retrievals. However, for proximal, i.e.,79

ground-based SIF remote sensing, the challenges associated with the current hyperspectral ap-80

proach have led to cumbersome instruments that are difficult to operate in the field (Grossmann81

et al., 2018), onerous calibration procedures (Trim and Hueni, 2025), and highly complex signal82

processing (Marrs et al., 2021). The cost and effort required and the level of expertise needed83

to conduct state-of-the-art hyperspectral SIF measurements limit the widespread application of84

proximal SIF observations in research, agriculture, and ecosystem management. As a conse-85

quence, long-term, high-temporal-resolution, and location and ecosystem specific proximal SIF86

data remain scarce. This scarcity of proximal SIF data contributes to persistent knowledge gaps87

in the relationship between SIF measurements, plant physiology, and the global carbon cycle88

(Porcar-Castell et al., 2014; Mohammed et al., 2019; Pierrat et al., 2025; Qin et al., 2026). These89

knowledge gaps, the required validation of the growing body of satellite-based SIF datasets (Dr-90

usch et al., 2017; Doughty et al., 2022), and the high potential of SIF observations to support91

ecosystem monitoring and agriculture, highlight the urgent need for improved and scalable prox-92
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imal SIF measurement techniques.93

94

The objective of this study is to introduce a fundamentally different approach to proximal95

SIF remote sensing that overcomes many of the challenges of the current hyperspectral SIF96

measurements. The approach is based on the development of a compact solar-blind radiome-97

ter (SBR) that optically isolates the SIF signal from the light reflected by a plant or canopy.98

The SBR quantifies the SIF radiance directly, without relying on hyperspectral retrievals or99

cumbersome instrumentation. We explain the principle of SBR-based SIF measurements (SBR-100

SIF) and quantitatively assess the requirements for its implementation (Sect. 2). We show101

that these requirements can be met by recent developments in the application of Fabry-Pérot102

interferometers (FPIs), and demonstrate that the SBR-SIF can be implemented in a compact,103

robust, and low-maintenance instrument (Sect. 3). Our prototype confirms the theoretical104

considerations and validates the substantial advantages of SBR-SIF over current hyperspectral105

methods in real-world measurements (Sect. 4). In contrast to current techniques, SBR-SIF will106

facilitate the scalable and widespread application of accurate proximal SIF remote sensing mea-107

surements to support studies of physiological processes on leaf, plant, canopy, and ecosystem108

scales. Through scalability, SBR-SIF will also offer new opportunities for precision agricul-109

ture and ecosystem management applications supporting mitigation of ongoing climate-related110

environmental change.111

2 Solar-blind radiometry in the (far-)red: A novel approach to112

quantifying SIF113

2.1 The world inside a strong saturated oxygen line114

Sunlight traverses the solar atmosphere and Earth’s atmosphere before it reaches the surface.115

Along the way, molecules and atoms absorb a fraction of this light causing structured and116

species-specific imprints (absorption lines) in the solar spectrum. Aside from Fraunhofer lines,117

which originate from absorption in the sun’s photosphere, atmospheric oxygen absorption in the118

O2A (∼ 762nm) and O2B (∼ 690nm) bands is among the most prominent features in sunlight119

spectra at the Earth’s surface. Many of the individual absorption lines forming the O2A and120

O2B bands are saturated, which means that, in their center, they absorb all sunlight before it121

can reach the surface. This includes the strong O2 lines of the O2A band that overlap with the122

chlorophyll emission spectrum (Fig. 1A), which are the focus of our study.123

Sunlight reaching a plant canopy is either reflected or absorbed. The reflectivity of plants/canopies124

is smooth on the spectral scale of individual O2 absorption lines and conserves the incoming light125

energy, i.e., its wavelength remains unchanged during reflection. Consequently, the narrow-band126

spectral features, such as O2 absorption lines, are conserved in the spectrum of sunlight reflected127

by vegetation (Fig. 1A). Light absorbed by chlorophyll in leaves leads to photosynthesis and the128

emission of SIF. Because the energy between absorbed and emitted radiation in a fluorescence129

process changes and energy dissipation follows a statistical process, the emitted SIF spectrum130

is smooth (Fig. 1A,B). Consequently, the outgoing radiance from a plant Iplant is the sum of131

the reflected radiance Irefl., conserving the narrow-band spectral features in the incoming solar132

radiation, and the smooth SIF radiance ISIF. In particular, SIF is emitted at wavelengths at133

which strong saturated atmospheric O2 lines absorb all sunlight and, thus, no light is reflected134

from the plant or other nearby surfaces (Fig. 1B). In other words, narrow spectral regions ∆λsb135

around saturated O2 line centers are "solar-blind".136

137

To build intuition for this concept, it is instructive to imagine the solar-blind world inside138

a strong saturated atmospheric O2 line of the O2A-band at Earth’s surface, which differs sub-139

stantially from our everyday experience (Fig. 1C): Even during daytime hours it would be dark,140

3



C D
inside a strong O2-linevisible world

solar Fraunhofer linesreflected from plant

atmospheric
O2B-band

SIF

680 700 720 740 760 780 800
wavelength [nm]

10 3

10 2

10 1

10 0

pla
nt

 ra
dia

nc
e [

a.u
.]

760.0 760.2 760.4 760.6 760.8 761.0
wavelength [nm]

10 3

10 2

10 1

10 0

pla
nt

 ra
dia

nc
e [

a.u
.]

atmospheric
O2A-band

strong O2 absorption lines

A

B

SIF

reflected from plant

'solar-blind'

Δλsb

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 O2 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 δλsb covered by saturated
O2 lines. The ’world’ (panel C) inside a strong O2 line is visualized conceptually in panel D.
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because all sunlight, moonlight, and starlight is fully absorbed by the atmosphere. The only141

sources of light are (1) artificial light sources, which are often turned off during the day, (2)142

natural thermal sources, such as fires, and (3) fluorescence, which at these wavelengths is dom-143

inated by chlorophyll. Consequently, the world inside a saturated atmospheric O2 line would144

be dark with shimmering plants as the main source of light. The strong O2 absorption further-145

more limits the visibility to about 50 - 100m, thus only nearby vegetation can be seen. These146

considerations demonstrate the feasibility of directly quantifying SIF from nearby plants with a147

simple intensity measurement inside a saturated O2 absorption line.148

149

In the following, we further assess the underlying principles of an instrument designed to150

measure the light intensity within an individual saturated atmospheric O2, i.e. implementing151

SBR-SIF. First, we will characterize the properties of saturated atmospheric O2 lines in more152

detail.153

2.2 Width of a saturated atmospheric oxygen line154

In order to measure the light intensity within the narrow spectral interval ∆λsb inside an individ-155

ual strong O2 absorption line, we first need a quantitative understanding of the spectral width156

of these lines. The spectral width of an O2 line in the absorption cross section σ(λ) is controlled157

by pressure and Doppler broadening. For oxygen at standard temperature and pressure this158

width is ca. 6-7 pm (Rothman et al., 2013). Atmospheric temperature and pressure variations159

impact this width by at most a few percent.160

However, if the optical depth of the O2 line is large and the intensity around the line center is161

essentially zero, i.e. the line is saturated, the effective spectral width of the line in the inten-162

sity spectrum becomes dependent on the optical depth. To determine the width of saturated163

atmospheric O2 lines in solar spectra at the ground, we therefore need to calculate how the O2164

absorption changes the intensity spectrum of direct sunlight from the top of the atmosphere,165

ITOA, to the intensity at the ground, IG. We are interested in a lower estimate of the O2 line166

width, and will therefore focus on direct sunlight, which follows the shortest path through the167

atmosphere. Scattering by aerosol and clouds makes the light path longer, further broadening168

the line width. Consequently, we calculate the surface solar spectrum using Beer’s law for direct169

sunlight using the following equation:170

IG(λ) = ITOA(λ) exp
[
−
∫ G

TOA
dh σO2(λ, h) cO2(h)

cos ϕS

]
(1)

We approximate ITOA using a black body spectrum at 5800 K and Fraunhofer line data (Toon,171

2015). The absorption cross section, σO2(λ, h), is sourced from the HITRAN database (Roth-172

man et al., 2013) using pressure and temperature from the International Standard Atmosphere173

(International Organization for Standardization, 1975). The oxygen concentration profile cO2174

is calculated from the International Standard Atmosphere density profile and the atmospheric175

oxygen mixing ratio. Our calculation is performed on a 1 km grid for altitudes h from the176

ground to 20 km, and is only accurate for solar zenith angles ϕS, of less than 75o, for which this177

simplified geometric approach is valid. Larger solar zenith angles will, however, always enhance178

the O2 optical depth.179

180

The results of this calculation, after multiplication with a typical plant reflectivity spectrum181

(Wu et al.), are shown in Fig. 1A and S2A, for the conservative case of a solar zenith angle of182

0◦ at an altitude of 2000 m above sea level (a.s.l.). Further scenarios are shown in Fig. S1A.183

Our calculations show that the width of the solar-blind region within a strong saturated O2 line184

is around 10 pm. This width increases by a factor of ca. 2-3, depending on the geographical185

location, season, time of day, or meteorological conditions. We conclude that the width ∆λsb186
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of the passband, i.e. the width of the transmitted wavelength interval, of an SBR capable of187

measuring SIF within a strong saturated oxygen line anywhere on the Earth’s surface must be188

limited to 10 pm.189

2.3 Visibility in the solar-blind regime190

The visibility within a strong saturated atmospheric O2 line, and thus the range of SBR-SIF191

measurements, is naturally limited by the O2 absorption along the path from the fluorescing plant192

to the SIF instrument. We define the viewing range Lsb of the SBR as the length L at which the193

SIF intensity is reduced by a factor of e−1 ≈ 0.37 by the O2 absorption, i.e., the length L at which194

the absorption optical thickness according to Beer-Lambert’s law τO2 = log ISIF
Imeas.

= σO2 · cO2 · L195

equals unity:196

Lsb = [σO2 cO2]−1 (2)

with the emitted SIF radiance at the plant ISIF, the measured radiance at distance L, Imeas,197

the O2 concentration cO2, and the O2 absorption cross section σO2 at surface conditions. Lsb198

is smallest in the O2 line center and increases rapidly with spectral distance from center, which199

means that the overall influence of SIF re-absorption decreases for increasing ∆λsb. According200

to Eq. 2 the range Lsb of SBR-SIF measurements at ground level is between 30 to 50 m in the201

line center (Fig. S1 B). Effective values of Lsb can be determined for specific SBR passbands202

and used for the correction of longer range SIF measurements. The lower limit given by the203

line center values demonstrates that most proximal SBR-SIF observations are not significantly204

affected by SIF re-absorption through O2.205

206

In summary, the proposed SBR technology can provide direct SIF measurements from within207

a few dozens of meters by exclusively measuring the light intensity within a narrow wavelength208

window ∆λsb of ca. 10 pm centered around a strong saturated O2 line of the O2A band. In209

the following section, we demonstrate that these SBR-SIF measurements can be realized using210

readily available optical components.211

3 Implementation of solar-blind radiometry: Fabry-Pérot inter-212

ferometers213

3.1 Spectroscopic requirements for the implementation of an SBR214

An SBR must isolate a very narrow wavelength window within a strong O2 line while effectively215

suppressing all light from other wavelengths in the solar spectrum reaching Earth’s surface.216

This solar-blind spectral window ∆λsb corresponds to a fraction of only ca. 2·10−5 of the entire217

solar spectrum. Therefore, the SBR must be capable of measuring small light intensities. The218

spectral light throughput of the SBR increases with ∆λsb, which should be as large as possible,219

while meeting the condition:220 ∫
∆λsb

ISIF dλ > κ

∫
∆λsb

Irefl. dλ (3)

with the SIF intensity ISIF, the intensity of reflected light Irefl. (Fig. 1B), and the targeted221

suppression κ of reflected light within ∆λsb. In our assessment of the width of an atmospheric222

O2 line (Sect. 2) we found that 10 pm is a conservative, but reasonable, choice for ∆λsb. For223

instance, according to Eq. (3), κ is on the order of 10−8 for the strong O2 absorption line at224

760.65 nm assuming an SZA of 0◦ and 4000 m a.s.l. However, when choosing the weaker O2 line225

at 761.82 nm, for the same conditions, κ would be as large as 10%, preventing accurate SBR226

measurements. The relationship between κ and ∆λsb is highly non-linear. For example, doubling227

∆λsb would reduce κ at 760.65 nm by 7 orders of magnitude. For most SBR-SIF applications228
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κ should be at most 0.01, so that the influence of reflected light from within ∆λsb on the SIF229

signal is reduced to 1%.230

This study focuses on the implementation of a universal SBR at 760.65 nm therefore using231

the rather conservative value of ∆λsb = 10 pm.232

Because at 760 nm the SIF signal is only ca. 1% of the reflected radiance and ∆λsb covers only233

a fraction of ca. 2·10−5 of the spectrum of reflected solar light, the SBR requires exceptional234

spectroscopic performance:235

• The SBR has to suppress all light from outside ∆λsb.236

• The spectral light-throughput of the SBR has to be high enough to enable measurements237

on the same time scale as the observed process.238

• The spectroscopic setup must be suitable for long-term, low-maintenance operation under239

versatile and harsh field conditions.240

The passband, or resolved spectral interval δλ, of a spectral filter or monochromator is typically241

defined as the full spectral width at half maximum transmittance (FWHM). However, for the242

implementation of an SBR the transmittance in the wings of the passband is crucial because243

the contribution of reflected light rapidly increases with the distance from the absorption line244

center (Fig. S2A). In order to fulfill the condition in Eq. (3), δλSBR needs to be smaller than245

∆λsb and the contrast of the passband needs to be high, i.e. very small transmittance in the246

wings (see Fig. 1B).247

The spectral light-throughput, k (in units of sr mm2 nm), is defined as the instrument character-248

istic that relates the radiance I, e.g. that emanates from a canopy, (in units of photons s−1 sr−1249

mm−2 nm−1) to the rate J of photons detected by the instrument within the spectral interval250

δλ (in units of photons s−1, see Kuhn et al., 2021, 2023):251

J = k(δλ)Iplant = E(δλ) δλ γ Iplant (4)
The instrument geometrical beam acceptance or etendue, E, is given by the product of the252

surface area of the accepted beam cross section A (in mm2) and its solid angle Ω (in sr). The253

factor γ accounts for loss at optical components.254

Accordingly, the number of SIF photons NSIF detected by an SBR within an exposure time of255

δt is given by:256

NSIF = J δt = E(δλSBR) δλSBR γ ISIF δt (5)
Using Eq. 5, we can derive the etendue requirements of an SBR for SIF measurements. For257

example, we can assume an exposure time of δt = 10 s, optical loss γ = 0.1, δλSBR = 0.3 ·∆λsb =258

0.0033 nm, ISIF = 3 · 109 photons s−1 sr−1 mm−2 nm−1, corresponding to a typical SIF radiance259

of slightly less than 1 mW sr−1 m−2 nm−1 (Grossmann et al., 2018), and NSIF = 1000 detected260

photons to dominate typical photo-detector noise levels and achieve a signal to noise ratio (SNR)261

on the order of 30. For this case the SBR requires an etendue of E = 10−4 mm2 sr.262

263

Many classic monochromator setups, such as those based on gratings, cannot meet these re-264

quirements in field-deployable instruments, because their etendue, and hence their light through-265

put, decreases rapidly for higher spectral resolution (see Supplement S2). Fabry-Pérot inter-266

ferometers, on the other hand, are known to provide high light throughput at high spectral267

resolution and contrast in compact and robust optical setups (Jacquinot, 1954; Vaughan, 1989;268

Kuhn et al., 2021, 2023).269

3.2 SBR-SIF implementation with Fabry-Pérot interferometers270

3.2.1 Spectral resolution and light throughput of FPIs271

Fabry-Pérot interferometers (FPIs) have been used in optical spectroscopy since the late 19th272

century (Perot and Fabry, 1899; Vaughan, 1989). They represent a fundamentally simple optical273
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Figure 2: A: The transmittance spectrum of an FPI in double pass configuration (B) with constant
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transmission decreases, while δλFPI slightly increases (Kuhn, 2015; Kuhn et al., 2023). In the proposed
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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 O2 lines can be isolated
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device, only consisting of two plane-parallel surfaces (mirrors) of reflectivity R, separated by an274

optical distance n d, with physical separation d and refractive index n (Fig. 2B). Light with275

incidence angle α towards the optical axis, is reflected back and forth between the two mirrors,276

transmitting a fraction (of roughly 1-R) of the beam after each cycle. Superposition of these277

transmitted partial beams determines the effective transmittance spectrum of the FPI, which278

consists of periodic peaks of maximum transmittance caused by constructive interference (Fig.279

2A). The reflectivity, quality, and alignment of the mirrors determine the FPI’s finesse F , which280

describes the ratio of the width of a transmittance peak to its free spectral range. The free281

spectral range describes the spectral separation of two transmittance maxima and depends on282

the phase difference between two consecutively transmitted partial beams and thus on their283

optical path difference Γ = 2nd cos α. The transmittance spectrum TFPI,s of an ideal, parallel284

light beam is described by the Airy function (for F > 1, e.g., Vaughan, 1989):285

TFPI,s(λ, α, n, d) =
(

1 + 4 F 2

π2 sin2
(

π
Γ(n, d, α)

λ

))−1

(6)

For higher orders m = Γ
λ , small variations in n, d, or α cause a shift of the spectral transmission286

(Fig. 2A). Hence, the effective transmittance spectrum of a realistic, not ideally parallel, light287

beam covering a solid angle Ω is given by the integral (e.g. Kuhn, 2015; Lv et al., 2024):288

TFPI(λ, α, n, d) =
∫

Ω
TFPI,s(λ, ω, n, d) dω (7)

Consequently, the incidence angle dependence of TFPI,s determines the maximum beam solid289

angle for a given spectral resolution δλFPI of the FPI, i.e., the FWHM of an individual FPI290

transmission peak. If this beam solid angle ΩFPI is exceeded, the effective FPI peaks will291

smear out and δλFPI will increase. The relation between ΩFPI and δλFPI is given by (see, e.g.,292
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Jacquinot, 1954; Vaughan, 1989; Kuhn et al., 2021):293

ΩFPI = 2π
δλFPI

λ
(8)

The etendue of an FPI able to resolve δλFPI is thus given by:294

EFPI = ΩFPI(δλFPI) · AFPI (9)

with the FPI clear aperture surface area AFPI. From Eq. 8 and 9 we can derive that, for a295

resolution of δλ = 0.0033 nm at 760 nm, the FPI clear aperture surface area AFPI required to296

achieve an etendue of EFPI = 10−4 mm2 sr (Sect. 3.1 and Eq. (9)) is ca. 4 mm2. Whether an297

FPI with this, or a larger, clear aperture can be manufactured depends on the required finesse,298

which we will assess next.299

3.2.2 Finesse requirements for SBR300

In order to exploit the FPI’s spectroscopic advantages in a monochromator-type setup, an in-301

dividual FPI transmission order must be isolated with a prefilter. The passband width, or302

spectral resolution, δλPF of the prefilter needs to be smaller than the free spectral range of303

the FPI (Fig. 2A), so it sufficiently suppresses the radiance transmitted by neighboring FPI304

orders. The availability of narrow-band prefilters thus determines the minimum free spectral305

range ∆λFPI of the FPI, which, through the FPI’s finesse, determines the spectral width δλFPI306

of an FPI transmission peak (see Kuhn et al., 2021, for details):307

δλPF ≈ ∆λFPI = F δλFPI ≈ λ2

Γ (10)

Different optical components, such as additional lower resolution FPIs, interference band-pass308

filters, or grating monochromators, can be used as prefilters (Vaughan, 1989; Kuhn et al., 2021).309

For example, state-of-the-art compact grating monochromators or interference filters provide a310

passband of δλPF = 0.3 nm. For our conservative SBR implementation (δλFPI = 0.0033 nm), we311

could choose an FPI with a free spectral range of 0.5 nm (d = 0.5 mm). Then, according to Eq.312

10, a finesse of F ≈ 150 is required. For wavelength around 760 nm, FPIs with a finesse of 150313

are readily available with a clear aperture surface area of ca. 20 mm2, exceeding the requirement314

of AFPI ≈ 4 mm2 (Sect. 3.2.1).315

316

3.2.3 FPI contrast enhancement317

The spectral shape of an individual FPI transmittance peak is described by a Lorentzian function318

(Vaughan, 1989), and therefore its wings fall off relatively slowly with wavelength. Consequently,319

an FPI with δλFPI = 0.0033 nm still transmits too much light in the wings, where the reflected320

light from plants drastically increases (see Fig. S2). Because further reducing δλFPI would crit-321

ically reduce the light throughput, this problem is best solved by using the FPI in a multi-pass322

configuration (Vaughan, 1989). In this configuration the light beam traverses the same FPI323

multiple times. For p traverses the effective FPI transmittance spectrum is then (TFPI)p, which324

leads to a strong suppression of the transmittance in the wings, thus enhancing the contrast of325

the individual FPI transmittance peaks. Our calculations show that a double-pass configuration326

(p = 2), implemented with a corner cube retro-reflector (Fig. 2B), is sufficient to fulfill the SBR327

requirements (Sect. 3.1) using an FPI with the dimensions and characteristics determined in328

the previous sections (see also Supplement S3).329

330
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3.3 The use of FPIs in compact and robust SBR setups331

Recent advances in FPI manufacturing and photo-detector technology led to significant improve-332

ments of the optical performance and instrument design capabilities compared to the use of FPIs333

some decades ago (e.g. Plascyk, 1975). Currently, the most robust and thermally stable imple-334

mentation of an FPI is an air-spaced etalon (ASE) with low thermal expansion glass spacers335

separating two glass plates. The inner surfaces of these plates have a reflective coating, while the336

outer surfaces are slightly wedged and have an anti-reflective coating. Such ASEs show excellent337

thermal and mechanical stability and have been used before in field measurements under harsh338

environmental conditions, without the need for thermal stabilization (Fuchs et al., 2021; Kuhn339

et al., 2023). Today, ASEs with the properties required for the implementation of SBR-SIF, i.e.340

F ≈ 150 over a clear aperture of up to 5 mm diameter and 0.5 mm mirror separation (Eq. 10)341

are straightforward to manufacture.342

The spectral properties of these stable FPIs can be exploited in various ways, depending on343

the arrangement of the optical system (Vaughan, 1989). One configuration that enables par-344

ticularly compact and robust setups relies on mapping light of different FPI incidence angle α345

onto different locations in the focal plane. Traditionally, this configuration was called the ’pho-346

tographic’ use of FPIs (Jacquinot, 1960; Fabry and Buisson, 1908) and uses no moving parts.347

Today, the implementation of this configuration has become much easier with the availability348

of current camera detector technology, highly stable ASEs, and compact grating spectrometers349

and sub-nm interference filters serving as prefilters.350

This static and compact setup, as described in detail by Kuhn et al. (2021), is the foundation351

of our SBR-SIF implementation. A sketch of this setup is shown in Figure 2C. An entrance352

optics directs light from the canopy to the entrance aperture of the SBR. The cross section of353

the entrance aperture is then imaged by collimating and focusing optics onto the focal plane354

of the SBR. The FPI is placed within the collimated beam, i.e., after the collimating optics,355

so that different light incidence angles α are mapped on different locations (concentric rings)356

in the focal plane. The prefilter (e.g. a grating or a band-pass filter) can be placed at various357

locations within the setup, for instance in the collimated beam next to the FPI (Fig. 2C) or358

at the entrance or exit optics. Different regions in the focal plane then correspond to different359

wavelengths according to the α-dependence of the prefiltered FPI transmittance peaks (Fig.360

2A). Regions where an FPI transmittance peak overlaps saturated O2 lines are solar-blind (Fig.361

2D). Based on this principle, the SBR instrument can be implemented in different ways:362

1. Monochromator SBR: An exit aperture isolates the solar-blind area in the focal plane,363

resulting in a monochromator-type SBR with a single-element detector, such as a silicon364

avalanche photodiode, measuring the SIF intensity after the exit aperture. This imple-365

mentation is desirable, as it produces an electrical signal directly proportional to the SIF366

intensity. However, this setup may require accurate fine-tuning of the FPI, so that FPI367

transmittance and O2 line overlap at α ≈ 0◦, or the use of ring-shaped apertures. Moreover,368

high stability of the FPI and the other optical components is needed, which may require369

the stabilization of the gas density inside the ASE, for example by hermetic sealing (see370

Supplement S4).371

2. Single-order spectrographic SBR: A two-dimensional detector array, such as those in CCD372

or CMOS cameras, placed in the focal plane allows the recording of images of the intensity373

distribution, such as the one shown in Fig. 2D. In this implementation, solar-blind pixels374

can be easily identified and their signal can be averaged. Slight changes in the FPI,375

for example introduced by pressure or temperature changes, can be traced and corrected376

in real-time by simple image processing techniques. While the retrieval of the SBR-SIF377

signal from a camera detector introduces an additional, albeit trivial, processing step, the378

single-order spectrographic SBR is easy to implement and allows for tracing and correcting379

instrumental changes.380
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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 α 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 O2 absorption lines. Panel D shows two measurements
with the prototype in excellent agreement with the simulation (see marked areas in C). For α = 0◦, two
consecutive FPI orders coincide with strong O2 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-381

implementation, but uses a dispersive element, such as a grating spectrograph, at the exit382

aperture to spatially separate different FPI orders on the two-dimensional detector array383

in the focal plane. In this cross-dispersion configuration different FPI orders are aligned384

along the grating dispersion dimension on the detector. Each order represents a high385

resolution spectrum in cross-dispersion direction, i.e. along the dimension of the grating386

spectrometers entrance slit, through the α-dependence of the FPI transmittance spectrum.387

In other words, each FPI order represents a rectangular cut-out of the size of the grating388

spectrographs entrance slit of the ring-shaped intensity distribution shown in Fig. 2D (see389

Kuhn et al. (2021, 2023) for a detailed description).390

Consequently, high resolution spectra corresponding to several FPI transmittance orders391

can be measured simultaneously. While this setup is optically more complex, the increased392

wavelength coverage of the multi-order spectrographic SBR implementation can provide393

important additional information, such as the light intensity outside of the O2A-band. For394

this reason it was selected for the first SBR-SIF prototype.395
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4 Proof of concept: SBR-SIF prototype measurements396

4.1 Optical setup of the SBR-SIF prototype397

To demonstrate the feasibility of SBR-SIF measurements, we built a prototype instrument based398

on the multi-order spectrographic SBR implementation. The schematics of the prototype are399

shown in Fig. 3A, including relevant dimensions of the individual components.400

The entrance optics of the prototype consist of a 600 µm diameter, 5m long, glass fiber that401

can be pointed at different targets. The exit of the fiber serves as the entrance aperture of the402

SBR. A lens collimates the light beam from the fiber exit. Using a prism, the collimated beam403

is directed through the FPI (ASE manufactured by SLS Optics Ltd.), then reversed, laterally404

offset, and directed through the FPI again by a corner cube retro reflector, resulting in a double405

pass configuration. The beam exiting the FPI is focused onto the entrance slit of a grating406

spectrograph (Princeton Instruments SP-2-150i) with a CCD camera (Princeton Instruments407

PIXIS 256B, operated at -50◦) in its focal plane. A 10 nm wide band-pass filter in front of the408

grating spectrograph’s entrance slit is used to reduce straylight.409

As described above, this setup causes the orthogonal alignment of the grating dispersion and the410

incidence angle (α) dependence of the FPI transmittance that leads to the isolation of individual411

FPI orders of the detector. In order to better understand the behavior of the SBR-SIF prototype,412

we performed numerical simulations of the intensity distribution on the detector, based on the413

specifications of the optical components and the sunlight spectra calculated above (see Kuhn414

et al., 2021, 2023, and Supplement S5 for details). In the simulations we assumed a larger415

entrance aperture to better visualize the instrument behavior. Figure 3C shows the simulated416

relative intensity distribution on the prototype’s detector for direct sunlight at sea level with a417

solar zenith angle of 50◦, which approximates noon conditions in early February in Los Angeles,418

CA, USA.419

The individual FPI orders are arranged in the grating dispersion direction on the CCD detector420

(horizontal dimension in Fig. 3C). Each FPI order (numbered in Fig. 3B) causes a vertical bright421

stripe with a slight curvature. The incidence angle α changes along the stripe direction (here422

vertical). The curvature reflects the spectral shift of the individual FPI transmittance peaks for423

increasing α in the grating dispersion direction, i.e. the stripe bends towards lower wavelengths424

when moving vertically away from perpendicular incidence (α = 0◦). The α dependence of an425

individual transmittance peak, or FPI order, leads to the sampling of a highly-resolved spectrum426

along each stripe. The effective dispersion of the FPI, i.e. the wavelength shift of a transmission427

maximum due to a change in α, decreases with increasing α according to the cosine dependence428

of the FPI optical path difference (see Eq. 6). Individual O2 absorption lines of different429

strengths are clearly visible in Figure 3C. Two neighboring orders of the FPI (order 1571 and430

1572) overlap with saturated O2 lines at 760.65 nm and 761.15 nm (Fig. 2B) for α = 0◦, where431

the FPI’s angular dispersion is highest. The saturated centers of these O2 lines cover a larger432

region on the focal plane detector (marked by dotted white lines in Fig 3C). These areas are433

solar-blind in the manner described above and will therefore be used for SBR-SIF measurements.434

4.2 Measurements435

Measurements to demonstrate the SBR-SIF concept and to test the prototype were carried out436

at the University of California, Los Angeles during February 2026 with the prototype instrument437

located in the roof-top laboratory. The optical fiber entrance optics was used to directly observe438

reflective targets and plants placed outdoors on the roof.439

4.2.1 Spectroscopic performance and high-resolution O2 observations440

Measurements pointing the optical fiber at a non-fluorescing diffuser (Spectralon) illuminated441

by direct sunlight during noon in Los Angeles on February 8, 2026 (Fig. 3D) were performed to442
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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-443

type’s spectral performance. Because the entrance aperture, i.e. the fiber cross-section, limits444

the vertical dimension of the detected spectral image in the prototype, two sections covering445

different ranges of α were measured by slightly tilting the FPI (dashed and dotted magenta446

boxes in Figures 3C and D). The two measured sections exactly reproduce the simulated inten-447

sity distribution in the SBR prototype’s focal plane, thus confirming the theoretical framework448

underlying the numerical simulations. The measured sections represent O2-A band spectra with449

a resolving power between more than 300.000 (at α ≈ 0◦) and 150.000 (at α ≈ 1.15◦), fully re-450

solving individual O2 lines. The prototype thus meets the spectroscopic requirements to perform451

SBR-SIF measurements.452

4.2.2 The direct measurement of SIF in solar-blind detector regions453

After establishing that the prototype functions as an SBR, we proceeded to test its capability to454

measure SIF. For this purpose, we compare the solar-blind region of the SBR prototype of two455

different measurements: (1) with the fiber pointing to a non-fluorescing diffuser and (2) with the456

fiber pointing to a small succulent plant (Gasteraloe beguinii). Both targets were illuminated457

by direct sunlight (Fig. 4). The measurements shown here were performed in direct sequence458

with 5 min exposure time and the fiber field of view covered entirely by the respective target.459

As expected from Figure 2D, when the fiber points to the diffuser, the solar-blind region on the460

detector remains dark, i.e. indistinguishable from non-illuminated detector regions (Fig. 4A).461

However, if the diffuser is replaced by the plant, we observe a clear light signal in the solar-blind462

regions on the SBR detector (Fig. 4B). The comparison of the two measurements in Fig. 4463

provides direct evidence that the light from within the solar-blind detector regions is emitted464

by the plant. This light emission can only be explained by SIF and thus confirms the SBR-SIF465

principle and proves the feasibility of its implementation.466

We can now quantify the SBR-SIF radiance solely using the plant measurement shown in Fig-467

ure 4B. To improve the signal to noise ratio of the SIF measurement, we average the intensity468

over 10 by 20 pixel within the solar-blind detector region. To correct for the detector’s dark469

signal, which is dominated by the electronic offset of the CCD, we subtract the average value470

of a nearby non-illuminated detector region. The resulting signal is directly proportional to SIF471

emitted by the plant and can be radiometrically calibrated, i.e., converted into a radiance. It472

should be emphasized that the diffuser measurement (Fig. 4A) is not needed for this analysis,473

because the intensity in the solar blind target area equals that of the detector’s dark signal.474

For the plant measurement shown in Fig. 4B, the averaged and dark-signal-corrected SIF inten-475

sity is 57.70±0.56 digital units (DU). Applying the radiometric calibration factor of 15.7 mW m−2476
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sr−1 nm−1 s DU−1 (Supplement S6) results in a radiance of 3.02 mW m−2 sr−1 nm−1. This mea-477

surement and data analysis demonstrates that the SBR prototype provides SIF data with a478

simple, direct intensity measurement, only requiring the two basic processing steps of a dark479

signal correction and calibration.480

4.2.3 SIF measurements during a dark-to-light transition (Kautsky effect)481

To further confirm the SBR-SIF principle we measured the SBR-SIF signal during a dark-to-482

light transition experiment similar to the classic laboratory experiment by Kautsky and Hirsch483

(1931). However, instead of actively excited chlorophyll fluorescence we use SIF. The experiment484

has shown that the physiological processes, which effectively quench the fluorescence, require485

a time period of a few minutes to adapt to the sudden increase in radiation during the dark-486

to-light transition. Consequently, after a dark-adapted plant is suddenly exposed to light, a487

high fluorescence intensity is expected, which gradually decays to a steady state within minutes.488

This is referred to as the Kautsky effect (Kautsky and Hirsch, 1931; Lichtenthaler and Rinderle,489

1988; Porcar-Castell et al., 2014). The observation of the Kautsky effect has provided evidence490

for the measurement of SIF by conventional methods (Grossmann et al., 2018).491

We use the small succulent plant from the experiment in Section 4.2.2, which has the advantage492

of providing a static target not influenced by wind. The plant was covered and shielded entirely493

from sunlight for about 30 minutes with blackout fabric, so that it could adapt to darkness. The494

fiber connected to the SBR was pointed at the plant and not moved during the entire experiment,495

which was conducted in bright sunlight and consisted of 4 stages (Fig. 5B): In Stage I, the plant496

and the fiber were covered. Stage II starts after the cover of the fiber and the plant had been497

removed. In Stage III, a non-fluorescing diffuser was held in front of the fiber, before the fiber498

was covered again in Stage IV. In order to resolve the process temporally, we set the exposure499

time of the SBR’s CCD detector to 5 s500

As outlined in Section 4.2.2, we calculated the average intensity within the a solar-blind region501

and corrected it by the intensity of a nearby non-illuminated detector region in order to account502

for offset drifts (see Fig. 5A for the specific detector regions). In addition, we simultaneously503

trace the intensity of outgoing light from the plant, which is dominated by reflected sunlight.504

Here we use light close to 759.2 nm and refer to it as I759 (see Fig. 5A for the specific region).505

SBR-SIF and I759 were radiometrically calibrated.506

The time series of SBR-SIF and I759 and their ratio are shown in Fig. 5B-D for exposure times507

of 5 s and 20 s (through co-adding of 4 detector images), respectively. At the beginning (Stage I)508

and the end (Stage IV) the fiber is covered so no light can enter, and SBR-SIF and I759 scatter509

around zero, showing that our dark-signal correction is accurate. Stage II marks the time period510

after the plant was uncovered (t=0 s) and, thus, suddenly exposed to bright sunlight. We observe511

a clearly visible, strong SBR-SIF intensity exceeding 6 mW m−2 sr−1 nm−1, which decays on the512

expected time scale of a few minutes to a stable SIF radiance of ca. 3 mW m−2 sr−1 nm−1. The513

reflected light intensity from the plant, I759, on the other hand, is stable or slightly increases514

during the experiment. The diffuser measurement (Stage III) further confirms the fluorescence515

detection by increasing I759 while the SBR-SIF signal vanishes, reproducing the measurements516

shown in Fig. 4A. The measurement of the SIF Kautsky effect with our prototype further517

confirms the validity of the SBR-SIF approach by observing a well-known plant-physiological518

phenomenon.519

4.2.4 Detection limit and stability of the prototype520

In order to demonstrate the stability of the SBR-SIF prototype, we recorded a ca. 5 hour long521

SBR-SIF time series with the fiber pointed at a non-fluorescing diffuser plate that faced the522

sky. The measurement period encompasses broken cloud conditions with variations of the sky523

radiance of more than an order of magnitude, as well as clear skies (Fig. 6A). The SBR-SIF signal524
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a reference light intensity at ca. 759 nm outside the O2A-band, which is determined by light reflection.
Panels B - D show time series of the SBR-SIF intensity, the reference intensity (I759) and their ratio
during an experiment, in which the SBR instrument pointed at a plant that was entirely shielded from
sunlight (for ca. 30 min) and then, at t=0 min (Stage II), suddenly exposed. Gray crosses correspond
to measurements with an exposure time of 5 s, black dots show the mean of 4 consecutive measurements
(ca. 20 s 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
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4A.
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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 period525

with an almost ideal random noise behavior (Fig. 6B), which corresponds closely to the reported526

CCD’s read out noise. The small positive offset, corresponding to 0.08 mW m−2 sr−1nm−1, could527

be introduced by residual stray light in the prototype setup. This experiment confirms the528

absence of any atmospheric influence on proximal SBR-SIF measurements and demonstrates the529

high stability of the prototype setup, which was not actively stabilized. The corresponding Allan-530

plot (Fig. 6C) confirms the statistical noise behavior and absence of drifts. The noise-equivalent531

signal (NES) at an integration time of ca. 3 min is 0.1 mW m−2 sr−1nm−1, which is comparable532

to precisions state-of-the-art techniques can reach under ideal conditions (Grossmann et al.,533

2018; Kukkurainen et al., 2025).534

4.2.5 SIF diurnal cycle535

Finally, to demonstrate the monitoring capabilities of the SBR-SIF we performed measurements536

of a Peace Lily leaf (Spathiphyllum spp.) throughout a day under varying illumination condi-537

tions. The leaf was fixed with its upper side facing the zenith. The fiber was pointed towards538

the leaf from the top at ca. 10 cm distance and the SBR-SIF signal was averaged over 1 and 5539

minutes (with instrument NES of 0.2 and 0.08 mW m−2 sr−1nm−1, respectively, see Fig. 6). In540
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the morning the sky was overcast and the leaf was in the shade. Therefore, the reflected solar541

irradiance at 759 nm, I759, was small, and the SBR-SIF signal was only 0.7 - 1 mW m−2 sr−1nm−1542

(see Fig. 7A,B). Around noon the sun started to shine directly on the leaf, as indicated by the543

higher I759 and the simultaneous increase of SIF to 2 - 2.5 mW m−2 sr−1nm−1. During this time544

a broken cloud cover caused large variations in the incoming solar radiance that are followed by545

I759 and the SBR-SIF signal. At around 13:30 we placed a non-fluorescent diffuser in front of the546

fiber, confirming the zero signal of the SBR-SIF, while I759 increases to its highest value. After547

15:00 the sky was clear and the I759 showed a smooth decrease until sunset. An examination548

of the relative SBR-SIF signal, i.e. SBR-SIF/I759 (Fig. 7C), shows that the SIF signal follows549

the radiance of incoming solar radiation during the different illumination conditions of this day.550

Much of the variability seen in I759 is not observed in relative SIF. However, throughout the day551

relative SIF is decreasing, with values around 0.025 in the morning, 0.02 around noon, and 0.015552

around 17:00. This behavior was observed previously (Supplement S7) and is likely caused by a553

reaction of the leaf to illumination, temperature, and water availability throughout the day un-554

der stressful sunny and dry conditions on the roof. Relative SIF also illustrates that during low555

light conditions in the early morning and evening the 1 min SIF data has high variability that is556

reduced when the signal is averaged to 5 minutes. This is the expected behavior from measure-557

ments that are dominated by statistical uncertainties due to photon shot noise. Only at around558

17:00, i.e. at a solar zenith angle of 82.4◦, do the 5-min averaged SBR-SIF measurement be-559

come noise-dominated. Further averaging, for example to the common 30-minute interval used560

by eddy covariance CO2 measurements would further decrease the uncertainty. Overall this561

test measurement demonstrates that our SBR-SIF prototype is capable of providing real-world562

scientific SIF monitoring data.563

5 Discussion564

We have presented the theoretical concept of SBR-SIF and its implementation in a prototype565

instrument that proved the validity of this new approach to measure SIF from vegetation. Here566

we discuss the inherent advantages and limitations of SBR-SIF, in particular in comparison to567

currently used hyperspectral proximal remote sensing measurements of SIF.568

SBR-SIF is a direct measurement of SIF, i.e. by using an optical setup that isolates the SIF569

radiance from all reflected, scattered or direct solar radiation, the SBR measures a light intensity570

that is directly proportional to the SIF radiance. This leads to the following advantages:571

1. SBR-SIF does not require any signal/data processing beyond the correction of the detector572

dark signal and a radiometric calibration. Thus, SBR-SIF avoids complex hyperspectral573

retrievals to separate the weak SIF radiance from the reflected radiance, as required in574

current proximal SIF measurements. Consequently, SBR-SIF does not only simplify the575

quantification of SIF, but also eliminates the systematic errors resulting from the hyper-576

spectral retrievals of SIF (Frankenberg et al., 2011; Grossmann et al., 2018; Chang et al.,577

2020).578

2. SBR-SIF does not require skylight reference measurements. Current hyperspectral SIF579

retrievals require skylight reference spectra alongside the leaf or canopy spectra recorded580

with the same spectrometer (Meroni et al., 2009; Grossmann et al., 2018). This limits their581

applicability to setups with a clear view of the sky, i.e. above the canopy. In addition,582

to eliminate instrument effects in the comparison of reference and plant spectrum, the583

spectrometer must be actively and precisely temperature-stabilized and/or the skylight584

measurement must be made very frequently. This increases instrument complexity and585

reduces the temporal coverage of the SIF observations. SBR-SIF instruments, on the586

other hand, measure continuously, with each detector exposure providing an independent,587

direct SIF radiance quantification. Because of this, and its much higher inherent thermal588

18



stability, most SBR-SIF implementations do not need active temperature stabilization.589

Not requiring skylight references also means that SBR-SIF measurements can be performed590

from within or below a canopy, opening new opportunities in SIF monitoring and research.591

3. SBR-SIF measurements are not sensitive to changes in atmospheric radiative transfer or592

illumination conditions. The need to alternate between leaf/canopy and skylight reference593

spectra makes current hyperspectral SIF measurements sensitive to the atmospheric state594

and illumination conditions, especially under cloudy and hazy conditions, when the incom-595

ing light radiance and spectrum can change rapidly. Because the SBR-SIF measurement is596

independent of atmospheric radiative conditions and leaf/canopy reflectivity, uncertainties597

imposed by illumination effects are mostly eliminated thus increasing the overall accuracy598

of the SIF measurement.599

4. SBR-SIF instruments feature a simple design and are easy to operate. As noted above, in600

contrast to current hyperspectral SIF instruments, SBR-SIF does not require active tem-601

perature stabilization. Mechanical and optical components to switch between leaf/canopy602

and reference measurements are also not required. Thus, SBR-SIF instruments can be603

more compact, robust, and use less power than current hyperspectral instruments. This604

simplifies field deployments, and measurement operation, and enables more versatile ap-605

plications.606

A limitation of SBR-SIF measurements is their spectral constraint to strong O2 lines. While607

SBR-SIF measurements at lower wavelength in the red (O2B band) may be possible, the full608

SIF spectrum, as derived by hyperspectral approaches (Liu et al., 2015), cannot be determined.609

Moreover, SBR-SIF is not suitable for operation on aircraft and satellites. Its observational610

range is limited to ca. 50 m due to the reabsorption of the SIF signal by O2 molecules between611

the canopy and the instrument. While hyperspectral approaches using the entire O2A band face612

similar restrictions, solar Fraunhofer line-based retrievals circumvent this problem.613

We demonstrated that our SBR-SIF prototype has similar or higher precision than current614

proximal SIF systems (ca. 0.1 mW m−2 sr−1nm−1 for 3 min exposure). By minimizing system-615

atic errors, the SBR–SIF approach provides highly accurate SIF data across all atmospheric616

conditions. Higher precision is achievable through longer integration times and increased light617

throughput. The substantial simplification of instrumentation, operation and signal processing618

enables the straightforward implementation of real-time SIF data streams.619

6 Conclusion620

We present a technique for proximal SIF remote sensing that is based on a fundamentally dif-621

ferent concept than current sensors. The SBR-SIF approach relies on the fact that solar light622

within a saturated oxygen line is completely attenuated by Earth’s atmosphere once it reaches a623

plant at the surface. Consequently, no light is reflected from plants in these saturated lines. SIF624

emits a smooth spectrum within the the atmospheric O2A band and is thus the only significant625

source of light in the saturated line centers. Our theoretical calculations show that measuring626

the light radiance in a 10 pm wide wavelength window in the O2 line at 760.65 nm provides a627

direct quantification of SIF under all conditions anywhere on Earth’s surface. The weak SIF628

radiance, the high reflected light intensity outside of the saturated band, and the very narrow629

wavelength interval impose strict requirements on to the spectral resolution, contrast and light630

throughput of a SBR-SIF system. We show that an FPI, used in double-pass configuration, in631

combination with a narrow prefilter, can fulfill these requirements. We present three possible632

implementations of an SBR using different prefilters and detector units: monochormator SBR,633

single-order spectrographic SBR, and multi-order spectrographic SBR, each offering distinct634

trade-offs in performance, practicality, and additional spectral information.635
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We developed a prototype based on the multi-order spectrographic SBR implementation. Our636

measurements demonstrate the following capabilities, which align well with our theoretical pre-637

dictions:638

1. The SBR is able to fully resolve individual saturated O2 absorption lines (resolving power639

exceeding 300.000, Sect. 4.2.1).640

2. The SBR can isolate the SIF signal from surrounding reflected light. The isolated SIF641

intensity is visible to the bare eye in the raw data of the SBR detector and can be quantified642

using simple averaging and correction of the detector’s dark signal (Sect. 4.2.2).643

3. SBR-SIF observations of the SIF Kautsky effect in a dark-light transition experiment644

further confirm the direct quantification of SIF (Sect. 4.2.3).645

4. Non-fluorescent reflective diffuser observations demonstrate that the SBR-SIF measure-646

ments are essentially independent of atmospheric radiative transfer and instrumental ef-647

fects (Sect. 4.2.4).648

5. SBR-SIF can readily be applied in typical proximal SIF monitoring applications (Sect.649

4.2.5).650

While SBR-SIF measurements are limited to measurements within the O2A band (and pos-651

sibly the O2B band) and an observational range of ca. 50 m, they are a direct quantification of652

the SIF radiance. Thus, there is no need for recording skylight references or spectral retrievals653

or atmospheric correction enabling compact, robust and low-power SBR-SIF instruments. Over-654

all, this greatly simplifies measurement procedures while offering highly accurate real-time SIF655

data. The prototype developed and used in this study is still based on a prefilter (spectrograph)656

and detector available in our laboratory. Given the systems early development stage, future657

research and development, e.g. using an interference prefilter and an avalanche photodiode in658

a monochromator SBR, will further improve the instrument performance, while reducing size659

and power-consumption. Because the setup of an SBR-SIF system is much simpler, industrial660

production cost of SBR-SIF instruments will be well below that of current commercial proximal661

SIF remote sensing systems.662

By improving scalability, SBR–SIF enables broader and more wide-spread application of SIF663

measurements, helping to close key observational gaps, advance understanding of plant and664

ecosystem processes, and expand their use in areas such as ecosystem monitoring and precision665

agriculture.666
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Figure S1: The width of strong saturated O2 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 O2
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-806

mators807

Grating spectrographs are widely used in the current SIF measurement approaches. The com-808

pact spectrographs used in field measurements typically have a resolution of 0.3 nm at 760 nm809

(Grossmann et al., 2018; Trim and Hueni, 2025), which is less by choice, but rather due to the810

compromise between light-throughput and instrument size, as determined by the grating dis-811

persion (Kuhn et al., 2021). A grating-based spectrograph or monochormator with an etendue812

of E = 10−4 sr mm2 would require an entrance slit width wS ≈
√

E = 0.01 mm, which, in order813

to achieve δλSBR = 0.0033 nm at λ = 760 nm requires a focal length fGS of (see (Kuhn et al.,814

2021) for details)815

fGS ≈ λ

δλSBR
wS ≈ 2.3 m (S1)

Grating monochromators with these specifications have been manufactured, however they are816

expensive and their application in environmental field measurements of SIF is not practical,817

because their volume is on the order of 1 m3, they weigh several 100 kg.818

S3 FPI double pass configuration is sufficient for SBR-SIF im-819

plementation820

Figure S2A shows the plant radiance (sum of reflected light and SIF contribution) close to strong821

saturated O2 lines. The wings of a spectral FPI transmittance peak S2B fall of too slowly, in822

order to sufficiently suppress the reflected light radiance in the SBR measurement S2C. This823

problem is solved with a double pass FPI configuration (inset in S2B), which provides sufficient824
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Figure S2: A: In narrow spectral windows ∆λsb within individual strong O2 lines the outgoing radiation
from a plant or leaf is determined only by SIF. FPIs have sufficient resolving power to filter out ∆λsb
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
(C).

spectral contrast to isolate the SIF radiance inside the O2 line from all reflected light, realizing825

an SBR.826

S4 Pressure and temperature dependence of an ASE827

The FPI used in this study is an ASE with ultra low thermal expansion glass spacers (linear828

thermal expansion coefficient of < 2 · 10−8 K−1). The spectral shift of the FPI transmittance829

peak of the order m = Γ
λm

introduced by a change in the optical path between the two mirrors830

is given by:831

d
d(nd)λm ≈ 1

m

d
d(nd)Γ ≈ 2

m
(S2)

Accordingly, the change in the optical path ∆(dn) related to a spectral shift of one FWHM of832

the FPI transmittance peak δλFPI for an ASE with specifications as in Sect. 3.3 is:833

∆(dn) = m

2 δλFPI ≈ 2.17 nm (S3)

Consequently, the thermal expansion of the spacers of ca. 0.01 nm K−1 can be neglected in most834

environments. The main temperature and pressure dependence of the ASE is caused by changes835

in the refractive index of the gas in between the two mirrors, which is air in our case. The836

refractive index is mostly controlled by the density of air, which can be approximated via the837

ideal gas law:838

(n − 1) ∝ p

T
(S4)

According, to equation S3, a refractive index change by ca. 4·10−6 causes a spectral shift of the839

FPI transmittance spectrum by δλF P I , which corresponds to ∆(n−1)
(n−1) ≈ 1.5%, and consequently840

∆p ≈ 15 hPa or ∆T ≈ −4.5 K. These condition changes lay well in the range of the expected841

26



pressure and temperature variability during environmental measurements. Hermetically sealing842

the ASE, i.e. stabilizing the air density inside the ASE, provides a simple solution to this843

problem and leads to negligible dependence of the FPI’s properties on the common variability844

in environmental conditions.845

S5 Simulation of the intensity distribution in the focal plane of846

the SBR847

Our forward model of the SBR instrument is based on former work by (Kuhn, 2015; Kuhn848

et al., 2021) and described in detail in (Kuhn et al., 2023). For each pixel, we calculate the849

transmittance spectrum of the instrument, which is determined by the product of FPI spectral850

transmittance (which is squared to account for the double pass configuration) and prefilter851

spectral transmittance. The spectrum of incoming light (see Sect. 2.2 of the main text) is then852

multiplied with the transmittance spectrum of each pixel, resulting in the simulated relative853

intensity distribution on the focal plane detector.854

S6 Radiometric calibration855

The radiometric calibration of the SBR-SIF prototype was conducted as follows:856

1. We used a calibrated light source (HL-3 PLUS-CAL by Ocean Optics) with a cosine857

corrector connected to the SBR fiber and irradiance-calibrated the SBR in the detector858

region (I759) marked in Fig. 5A, i.e., in a spectral region unaffected by O2 absorption and859

less than 2 nm from the SBR spectral range.860

2. Using the calibrated setup with the cosine corrector pointed to the sky zenith, we measured861

the sky irradiance Esky during a clear day, with low variation of the sky brightness.862

3. Immediately after that, we removed the cosine corrector and pointed the fiber on a cali-863

brated diffuser plate (Spectralon, R=0.99). The radiance Id of the diffuser plate is then864

given by:865

Id = R Esky
π

(S5)

4. The measurement of the diffuser plate is then used to derive the calibration factor fcal:866

fcal = Id
I759

(S6)

For the configuration of the prototype used in all measurements presented in the paper867

fcal = 15.7(±20%) mW m−2 sr−1 nm−1 s DU−1.868

S7 Peace Lily relative SIF measured with the Photospec instru-869

ment870

Grossmann et al. (2018) performed a diurnal SIF measurement of a Peace Lily plant with their871

Photospec instrument in Oct. 2016 (see Fig. 9 in Grossmann et al., 2018). The plant species,872

measurement location, and illumination conditions were the same or similar to our diurnal873

SBR-SIF measurement in Figure 7. Figure S3 shows the relative SIF signal corresponding to874

the Photospec observations shown in Figure 9 of Grossmann et al. (2018), which also declines875

throughout the day. This confirms our SBR-SIF relative SIF result in Figure 7.876

27



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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