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Abstract Solar‐induced fluorescence (SIF) is a proxy of ecosystem photosynthesis that often scales linearly
with gross primary productivity (GPP) at the canopy scale. However, the mechanistic relationship between GPP
and SIF is still uncertain, especially at smaller temporal and spatial scales. We deployed a ultra‐hyperspectral
imager over two grassland sites in California throughout a soil moisture dry down. The imager has high spatial
resolution that limits mixed pixels, enabling differentiation between plants and leaves within one scene. We find
that imager SIF correlates well with diurnal changes in leaf‐level physiology and gross primary productivity
under well‐watered conditions. These relationships deteriorate throughout the dry down event. Our results
demonstrate an advancement in SIF imaging with new possibilities in remotely sensing plant canopies from the
leaf to the ecosystem. These data can be used to resolve outstanding questions regarding SIF's meaning and
usefulness in terrestrial ecosystem monitoring.

Plain Language Summary Estimating the rate of carbon uptake by vegetation across space and time
remains a challenge. Solar‐induced fluorescence (SIF), the emission of light by vegetation during
photosynthesis, has recently emerged as a potential estimate of carbon uptake in many ecosystems and is
observable from both satellites and ground‐based sensors. Here we present results from a field campaign with a
novel SIF instrument that creates images (akin to a photo) across a landscape, allowing for SIF measurements
from individual leaves, plants, or areas of interest. We find that SIF retrievals from the imager correspond to
seasonal variations in carbon dioxide fixation rates and leaf‐level physiology relating to photosynthesis. We use
this novel technology to improve understanding of SIF and carbon uptake across spatial and temporal scales.

1. Introduction
Estimating rates of carbon fixation remains a challenge in quantifying and predicting the global carbon cycle.
Recently, solar‐induced fluorescence (SIF) has emerged as a powerful tool in monitoring photosynthesis and
plant response to water stress (Mohammed et al., 2019; Sun, Gu, et al., 2023). A small portion (0%–2%) of energy
absorbed by chlorophyll is reemitted as fluorescence at longer wavelengths. The magnitude of this signal is
related to rates of carbon assimilation in plants (Porcar‐Castell et al., 2014). SIF has been shown to scale linearly
with gross primary productivity (GPP) at the canopy scale across multiple biomes (Li et al., 2018; Sun
et al., 2017). Since the rate of electron transfer within chloroplasts is dependent on water availability, SIF also
provides information on plant physiological response to water stress (Liu et al., 2018; Paynter et al., 2020; Wang
et al., 2016). Unlike vegetation indices, such as the normalized difference vegetation index (NDVI), which re-
quires change in either structural properties or chlorophyll concentration before change is detected, SIF has been
shown to reflect the downregulation of photosynthesis in real‐time, making it a useful tool with which to study the
carbon cycle and ecosystem response to environmental stressors (Liu et al., 2018; J. Zhang et al., 2022).

Incoming photons captured by chlorophyll pigments are partitioned into various pathways within the leaf. These
include photochemistry, non‐photochemical quenching, and fluorescence emission (Mohammed et al., 2019;
Porcar‐Castell et al., 2014). The proportion of photons directed towards each pathway varies with environmental
conditions and plant physiology. For example, leaf‐scale observations from evergreen forests suggest that the
relationship between photosystem II efficiency (ΦPSII) and fluorescence yield is irradiance‐dependent and
nonlinear (Maguire et al., 2020; van der Tol et al., 2016). The partitioning of photons between pathways also
introduces non‐linearities into the carbon reactions of photosynthesis, partially decoupling GPP and SIF over
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short temporal and spatial scales (Magney et al., 2020; Marrs et al., 2020; Martini et al., 2022; Simmer et al., 2015;
Verma et al., 2017).

Further study is needed to resolve inconsistencies in the SIF‐GPP relationship across multiple spatial and tem-
poral scales, including scaling from the leaf to canopy (He et al., 2020; Magney et al., 2020; Mohammed
et al., 2019; Pierrat et al., 2024; Simmer et al., 2015). Specifically, a larger body of experimental and observa-
tional data would resolve open questions regarding the interpretation of SIF. These questions relate to leaf‐level
photochemistry, the proportion of fluoresced photons that ultimately reach detectors through canopies, and spatial
and temporal scaling from the site‐level to satellite observation platforms (Sun, Gu, et al., 2023; Sun, Wen,
et al., 2023).

The majority of hyperspectral sensors deployed for time series integrate reflectance spectra over a footprint,
resulting in SIF estimates that do not resolve fine spatial variation. Recently, however, a new generation of
imaging sensors has been developed. These instruments have been deployed from aircraft to quantify SIF over
agricultural lands (Frankenberg et al., 2018; Paynter et al., 2020; Rascher et al., 2015), experimental plots
(Rossini et al., 2015), and in comparison with satellite imagery (Maguire et al., 2021). The majority of these
imaging campaigns have not considered the relationship of leaf‐level physiology to SIF imaging retrievals
(Frankenberg et al., 2018; Paynter et al., 2020; Rossini et al., 2015) or the effects of seasonal and diurnal cycles on
SIF acquisitions (Rascher et al., 2015). Increased attention to diurnal, seasonal, and environmental covariates is
essential to improving understanding of SIF and its uncertainties over space and time (Porcar‐Castell et al., 2021;
Sun, Wen, et al., 2023).

Here we present results from multiple deployments of a high‐resolution hyperspectral chlorophyll fluorescence
imager (Headwall Photonics, Fitchburg, MA, USA), one of the first commercially available SIF imagers, in
spring 2022 at two grassland sites in California over the course of diurnal and seasonal cycles. The field sites are
outfitted with meteorological monitoring equipment and, at one site, an eddy covariance flux tower. Diurnal leaf‐
level physiology measurements were collected throughout the field campaign. We first discuss SIF retrieval
algorithms and a sensitivity analysis of retrieval parameters. We then consider relationships between SIF ac-
quisitions, leaf‐level physiology, and environmental conditions. Our goal is to demonstrate the potential of such
ground‐based field measurements to resolve current knowledge gaps and new approaches in the study of SIF
(Sun, Gu, et al., 2023).

2. Field Methods
2.1. Grassland Sites

The imager was deployed at two grassland sites in California in spring 2022. At both sites, the understory low‐lying
grasses green up during the winter wet season (November‐April) and then senesce as soil moisture declines during
the dry season (May‐October). The first site, the Sensors at Mesoscale with Autonomous Remote Telemetry
(SMART) Soils Testbed, is the focus of this study. Adjacent to Lawrence Berkeley National Lab in Berkeley, CA,
the testbed is a unique experimental setup that enables high‐precision monitoring in a controlled environment. The
imagerwas deployed on five different acquisition dates inApril andMay 2022 (2022‐04‐18, 2022‐05‐03, 2022‐05‐
09, 2022‐05‐17, and 2022‐05‐24) with the same geometry (centered on the testbed, with the same field of view,
viewing angle and at the same height, Figure 1) during clear‐sky conditions. Themajority of the following analyses
focus on data collected at the SMART testbed. The second site, Tonzi Ranch, is used for a brief complementary
analysis of SIF imager acquisitions and ecosystem carbon fluxes. Tonzi Ranch is aMediterranean oak savannawith
an existing AmeriFlux eddy covariance tower (Ma et al., 2016). The imager was deployed on one sunny day (2022‐
05‐04)with the objective of comparing diurnal cycles of carbon fluxes, alongwith other environmental variables, to
SIF imager acquisitions.Additional information on the Tonzi Ranch site and instrumentation can be found im the in
Supporting Information S1.

The SMART testbed (Figure 1) housed a rectangular volume (with dimensions of 4.7 (length) x 1.2 (width) x 1.0
(height) m) of loamy soil obtained from Hopland, CA. Testbed vegetation in spring 2022 grew from seeds pre-
existing in the soil and comprised various species including thistle (Carduus pycnocephalus, C3), dock (Rumex
crispus, C3), and grass (Melica californica, C3). A Phenocam (NetCam SC, Stardot, USA) was used to track the
greening and senescence of the vegetation. Wind speed, air temperature, vapor pressure deficit, and precipitation
were measured at half‐hourly intervals 3 m above the soil surface by a weather station (ATMOS 41, Meter,

Chunwei Chou, Loren Albert, Trevor
F. Keenan

Geophysical Research Letters 10.1029/2023GL107429

RUEHR ET AL. 2 of 11

 19448007, 2024, 14, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
107429, W

iley O
nline L

ibrary on [05/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2023GL107429&mode=


Germany). Incoming photosynthetic photon flux density (PPFD) was
measured at 1.5 m above the soil surface by a quantum sensor (SQ‐521,
Apogee,USA), and soilmoisturewasmeasured by 10 soil sensors (TEROS12,
Meter, Germany) at five depths (− 0.05, − 0.1, − 0.3, − 0.5, − 0.7 m) at two
lateral locations. Time series of the variables aggregated to daily intervals are
shown in Figure S1 in Supporting Information S1. Besides a small input of
precipitation in mid‐April, no water was added to the testbed, resulting in a
progressive soil moisture dry down (Figure 3).

Hyperspectral images were collected every half‐hour from approximately
11:00 to 14:30 once a week from 18 April 2022 to 25 May 2022, when the
plants had fully senesced. Meanwhile, leaf‐level physiological measurements
were collected two or three times throughout the day with a handheld fluo-
rometer (Li‐600, LICOR Biosciences, USA) on several individual plants,
whichwere tracked throughout the growing season. The fluorometermeasured
minimum fluorescence (700–780 nm) under natural sunlight (Fs) and
maximum fluorescence under a saturating flash (Fm’). ΦPSII is calculated as:

ΦPSII =
Fm′ − Fs
Fm′

(1)

2.2. Instrument Details and Field Protocol

The Headwall hyperspectral imager is a push‐broom scanner characterized by
1,600 spatial channels, a spectral range of 670–780 nm, a full width at half

maximum of 0.1–0.2 nm, and a spectral sampling interval of 0.051 nm/pixel (Figure S2 in Supporting Infor-
mation S1). The instrument, which has very fine spectral resolution (≤0.2 nm full width at half maximum),
displays improved relationships with leaf‐level SIF measurements when compared with broader‐band in-
struments (Belwalkar et al., 2021) and, under well‐lit conditions and with adequate exposure time, can detect
differences in SIF due to phenology in broadleaf trees (Porcar‐Castell et al., 2021).

The imager was mounted on a rotating base (Teledyne FLIR pan‐tilt unit, D100 E, FLIR Cameras, Middletown,
NY), which rotates horizontally to scan the scene. The spatial resolution of the resulting image is determined by
rotation speed and frame rate (width of the image), as well as distance to target (footprint). The imager and
rotating base were mounted on a 2‐m tripod with a viewing angle of − 20°. Although a nadir viewwould have been
preferable to minimize the effects of viewing angle, the rotating base was only capable of a maximum of − 20°
downward rotation. Images were collected under only clear‐sky conditions. Changes in atmospheric composition
indiscernible to the naked eye, including thin high altitude cloud cover or haze, may have been present during
acquisitions. The imager is not weatherproof for long‐term installations, requiring it to be set up and taken down
each day of acquisitions.

Signal‐to‐noise ratios were calculated for a similar instrument of the same model from Headwall Photonics by
(Paynter et al., 2020), which found a strong (R2 = 0.997) nonlinear relationship between radiance and noise of

σ = 365.99 radiance0.5295 (2)

where σ is the absolute noise. This signal‐to‐noise ratio, combined with the instrument's high spectral resolution,
allows for improved quantification of absolute SIF and O2‐A band depth, as well as stronger relationships with
leaf‐level SIF, when compared with broader‐band instruments (Belwalkar et al., 2021).

Shot noise, a function of light intensity, is present, and atmospheric noise is also present in anymeasurement taken
at a distance. Spectral stray light was shown to have minimal effects on SIF retrieval using data from a sensor of
the same make/model, provided that the target and reference spectra are both collected with the same sensor
(Albert et al., 2023). Spatial stray light has not yet been characterized for the specific instrument deployed for this
project; however, as neighboring pixels were averaged, the effect of spatial stray light should be reduced.

Figure 1. Smart Soils Testbed deployment setup. The hyperspectral imager
was mounted with a − 20° viewing angle on a rotating base, which operated
the push broom sensor, above a tripod. The instrumentation was controlled
by a field computer. The field of view included grasses within the testbed
and a white reference panel. A meteorological station recorded half‐hourly
environmental conditions and a Phenocam took daily RGB photos of the
grasses in the testbed. A similar setup was used at Tonzi Ranch.
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Figure 2. Testbed senescence observed by the imager at midday from 2022 to 04–18 to 2022‐05‐24. Left column: False‐color RGB images (R = 780, G = 670,
G = 670 nm). Center column: NDVI images. Right column: Relative SIF (unitless, %) masked out where NDVI (greyscale) and NIR are low (<0.5
and <8 mW cm− 2 μm− 1 sr− 1, respectively). White crosses mark matched locations of leaf‐level LICOR Li‐600 measurements. Image footprints on the testbed are
approximately 2.25 m wide x 3.5 m deep, with pixel size = ∼0.5 cm. The imager setup, viewing angle, height, and field of view remain the same for each day of
acquisitions.
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Non‐linear radiometric calibration was implemented by Headwall during factory calibration in June 2021 using a
Labsphere integrating sphere illuminated by a QTH source, which is traceable to NIST. Dark calibration and
exposure (camera integration time) adjustments were performed prior to each image acquisition. Exposure was
adjusted such that the radiance of the white panel (12” Spectralon, Edmund Optics, Barrington, NJ, USA) was
approximately 15% below saturation to avoid clipping distortion (Fu et al., 2021). After setting degrees of
horizontal rotation to capture the desired area of interest, the rotation rate and frame speed were adjusted to ensure
square pixels. For each image, the reference white panel, which is required for the SIF retrieval we employed
(Section 2.3), was placed adjacent to the area of interest and within the field of view (Figure 1).

Additional corrections and calibrations, including geometric correction and instrument calibrations and correc-
tions not implemented by the Headwall software, were not undertaken for this study. How to best correct for the

Figure 3. Seasonal (a) and diurnal (b)‐(e) variations in meteorological conditions, NDVI, SIF, and relative SIF at the testbed.
(a) Daily soil moisture (m3 m− 3, blue) and green percentage as observed by the Phenocam (%, green) from 2022 to 04–15 to
2022‐06‐01, with dashed vertical lines marking dates of SIF imager deployment. (b) Lines and points show photosynthetic
photon flux density (PPFD (μmol m− 2 s− 1), gray) and vapor pressure deficit (VPD (kPa), black) over the course of the day
and season. (c) Lines and points show median relative SIF (%) (blue) and NDVI (red) with 45–55th quantiles (shading),
representing relative spread within images. (d),(e) Density (n) plots of NDVI versus SIF (d) and relative SIF (e) over the
course of the season with color scale indicating density count.
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Figure 4. Comparison of leaf‐level physiology to imager SIF retrievals on five dates over the course of the dry down (2022‐04‐18 to 2022‐5‐24). Diurnal cycles of
(a) SIF (mW cm− 2 μm− 1 sr− 1) and (b) relative SIF (%) extracted from pixels corresponding to leaf‐level measurements of (c) photosystem II efficiency (ΦPSII) with a
LiCOR Li‐600 on eight individual plants (colors). (d) Relative SIF versus leaf‐level ΦPSII at midday on 5 days, with linear regression (lines) and error (shading), with
respective equations, R2, and p‐values. Horizontal lines show relative SIF range within each bilinearly extracted point. (e) Midday NDVI, SIF, and relative SIF versus
ΦPSII on four dates (2022‐05‐03 to 2022‐05‐24, corresponding to high‐quality midday acquisitions) with linear regression (lines) and error (shading), with respective
equations, R2, and p‐values.
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geometry of viewing angles and instrument considerations (including spatial stray light, nonuniformity, and
radiance calibration stability) are the subject of ongoing SIF imaging research (Albert et al., 2023; van der Tol
et al., 2023) and are outside the scope of the current study. However, we emphasize the importance of such
corrections in properly interpreting the SIF signal (Aasen et al., 2019; Frankenberg et al., 2018; Sun, Gu,
et al., 2023).

2.3. SIF Retrieval

Very few of the photons absorbed by chlorophyll pigments in a leaf are re‐emitted as fluorescence, and even fewer
of these photons reach a detector after being reabsorbed by the canopy or scattered in the atmosphere. Indeed, the
fraction ( fesc) of the total SIF emission that reaches the detector is typically only 0%–2% of irradiance (Magney
et al., 2020). A variety of methodologies have been developed to retrieve this small signal, many of which use
atmospheric absorption features (relatively dark windows of the atmosphere) to better capture emitted photons.
The O2‐A Fraunhofer line at approximately 760 nm is deeper than other absorption features and therefore is
regularly used for ground‐based retrievals (Mohammed et al., 2019). Detailed equations for this methodology,
along with a discussion of other Fraunhofer line depth (FLD) methodologies, are presented elsewhere (Damm
et al., 2011). Given the imager's spectral range and resolution (Figure S2 in Supporting Information S1), it could
be used to retrieve SIF in both the O2‐A and O2‐B absorption features via 3FLD, improved‐FLD (Alonso
et al., 2008), singular value decomposition (Guanter et al., 2012), spectral fitting (Miao et al., 2018) and band
shape fitting (van der Tol et al., 2023) techniques. In this study, we use the 3‐FLD method in the O2‐A band at
760 nm to retrieve the fraction of leaf‐level SIF at 760 nm that escapes the canopy and reaches the detector
(SIF760), which we will refer to as ‘SIF’ in this paper for simplicity:

SIF = SIF760 =
L02 −

E1
w21E21+w22E22

× (w21LL + w22LR)

1 − E1
w21E21+w22E22

(3)

where w21 =
λR − λO2
λR − λL

and w22 =
λO2 − λL
λR − λL

.

In Equation 3, LL and LR represent radiance to the left and right of the O2‐A Fraunhofer line over vegetation,
respectively, and LO2 represents radiance within the O2‐A absorption feature over vegetation. E22 and E21
represent radiance to the left and right of the O2‐A absorption feature over the reference white panel, respectively,
and E1 represents radiance within the O2‐A band over the white panel. λL, λR, and λO2 are wavelength positions in
nanometers (nm) of the bands on the left and right shoulders and within the Fraunhofer line at 760 nm,
respectively (Figure S2 in Supporting Information S1).

Due to the high spectral resolution of the imager, several spectral bands fall within the O2‐A absorption feature.
Consequently, we performed a sensitivity analysis to quantify the effect of averaging over multiple bands as
inputs to the 3‐FLD method. The details and outcomes of this analysis are discussed in the Supporting Infor-
mation S1.

Variations in SIF are closely linked to irradiance and fesc. To account for irradiance and canopy structure effects,
we also calculate relative SIF (unitless) using total reflected radiance surrounding the absorption feature
(RAD757− 762) (Butterfield et al., 2023; Pierrat et al., 2021, 2022):

relative SIF =
SIF760

RAD757‐762
(4)

Midday retrievals of RAD757− 762 and SIF760 are shown in Figure S4 in Supporting Information S1. Over its 670–
780 nm range, imager data can also be used to calculate NDVI. Red and near‐infrared radiances were calculated by
averaging bands across 670–680 and 770–780 nm, respectively. As NDVI distinguishes vegetated from non‐
vegetated surfaces, low NDVI pixels (<0.5) were masked out. In addition, pixels with low NIR
(<8mWcm− 2 μm− 1 sr− 1, representing the bottom 33%NIR quantile averaged over the season)weremasked out to
exclude non‐vegetated scaffolding at the testbed site. Acquisitions were taken only when the solar azimuth angle
was >80° to avoid uncertainty arising from low‐light conditions (Pierrat et al., 2021). Images were bilinearly
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resampled to lower resolution (aggregating over 4 neighboring pixels) to reduce the effects of wind, which in some
instances created blurring between neighboring pixels. Aggregated pixel size was about 0.5 cm.

3. Results and Discussion
3.1. Seasonal and Diurnal Cycles

At the testbed, both NDVI and relative SIF steadily decline over the course of the dry season as vegetation
experiences senescence (Figures 2 and 3), reaching their lowest mean values on 2022‐05‐24. Midday depressions
in relative SIF are visible on the first two dates (2022‐04‐18 and 2022‐05‐03), reaching local minima around
13:00 (Figure 3). In previous studies, SIF was also found to diminish at peak irradiance and VPD, likely due to an
increase in non‐photochemical quenching under stressful conditions (e.g., water stress), photosynthetic electron
transport saturation, and stomatal closure (Wu et al., 2022; Loayza et al., 2023; Y. Zhang et al., 2023; Siegmann
et al., 2021). Midday minima may also be attributed to the influence of sun‐sensor geometry (Nichol et al., 2019),
although small phase angles have been shown to have minimal effects (Wong et al., 2023).

Throughout the time series, NDVI is fairly constant over the course of the day, with little diurnal variation, while
relative SIF exhibits significant diurnal variability. The relationship between NDVI and SIF is nonlinear, with
NDVI saturatingwhile SIF continues to increase, especially on 2022‐04‐18 and 2022‐05‐03 (Figure 3). This pattern
may be due to SIF's strong correlation with irradiance. It alsomay demonstrate that SIF is linked to diurnal changes
in plant function and contains additional and complementary information to NDVI, which primarily captures
vegetation structure and does not significantly vary throughout the day. However, this relationship becomes
increasingly linear, with a diminishing slope, as the dry‐down progresses and both NDVI and SIF values decrease.
The relationship between relative SIF and NDVI is more pronounced on 2022‐04‐18 and 2022‐05‐03, with some
NDVI saturation at high values. Relative SIF displays more linear relationships with NDVI throughout the time
series.

3.2. Correlation Analysis

Midday relative SIF exhibits a significant correlation with leaf‐level physiology on 2022‐05‐09 (p = 0.013,
R2 = 0.74). The correlation is less strong on 2022‐04‐03 (p = 0.07, R2 = 0.51) and diminishes further on the final
two days of acquisitions (Figure 4). These results demonstrate the instrument's ability to delineate differences in
relative SIF over space and its technological advantage over point estimates of SIF from other instruments. On
2022‐04‐18, midday SIF retrievals did not align temporally with LiCOR measurements, resulting in a weak
correlation.

Over the course of the dry down, the magnitude of SIF, relative SIF and ΦPSII among all measured plants
decreased, as expected given the progression of senescence. The lack of significant relationships may be due to
differences in senescence status and species. For example, mean daily values of relative SIF and ΦPSII from
Rumex crispus track each other well on an individual plant basis, whileMelica Californica shows less agreement
(Figure S5 in Supporting Information S1). Although only one midday acquisition (2022‐05‐09) is significant
(p < 0.05), these data suggest SIF retrievals from the imager can differentiate leaf‐level physiology between
individual plants across space. More frequent LiCOR sampling would improve prediction power in future work.
Across the entire season, midday relative SIF outperforms both NDVI and SIF in predicting ΦPSII (p < 0.01 and
R2 = 0.33, Figure 4e).

Together, these results demonstrate that SIF retrieved from the imager is capable of not only detecting leaf‐level
physiology but also distinguishing changes in physiological function across space and time. The decrease in R2

values throughout the dry down also suggests vegetation health and stress levels affect the relationship between
relative SIF and leaf‐level physiology, which is stronger in verdant, well‐watered plants and diminish as vege-
tation senesces and vapor pressure deficit increases. These results are expected given the decoupling between SIF
and ecosystem function observed under increasing stress conditions (Magney et al., 2020).

Diurnal relative SIFmeasurements scale well with GPP estimates derived from the eddy covariance tower at Tonzi
Ranch (Figure S6 in Supporting Information S1). Relative SIF closely tracks changes inGPP throughout the course
of the day, while PAR, TA, and VPD exhibit smooth diurnal curves. For example, both GPP and relative SIF
undergo amidday depression at 13:00. A linear regression betweenGPP and relative SIF confirms this relationship
is significant (p= 0.04) and correlated (R2= 0.48). A hysteresis effect, with higher relative SIF values earlier in the
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day, agrees with previous work (Pinto et al., 2016; Siegmann et al., 2021). Discrepancies betweenGPP and relative
SIFmay be due to variations in the footprint of the eddy covariance tower, which deviates from its average footprint
under varying wind conditions (Kljun et al., 2015). Divergences betweenGPP and relative SIFmay also be a result
of tower data aggregation to half‐hourly increments. Additional data collection at this or other eddy covariance flux
tower sites is needed to confirm the conclusions of this study.

4. Conclusions
The Headwall ultra‐hyperspectral imager, among the first commercially available SIF imaging instruments,
provides a novel approach to quantifying plant physiology across leaf, plant, and landscape scales. Unlike
vegetation indices that primarily detect changes in vegetation structure (e.g., NDVI), SIF varies on a minute‐by‐
minute basis, capturing changes in ecosystem function in real‐time, while variations in NDVI emerge only at the
seasonal scale. Leaf‐level measurements show significant (p < 0.01) relationships between imager‐derived SIF
and ΦPSII on one day, suggesting the instrument can successfully differentiate leaf‐level physiology over space
and time. However, these relationships become decoupled with increasing environmental stress and plant
senescence, as expected given the current understanding of energy partitioning within chloroplasts (Magney
et al., 2020; Porcar‐Castell et al., 2014), and vary between species. SIF also significantly correlates with GPP
estimates at a grassland site (p = 0.042).

There is much more work to be done with this and similar instruments. Future studies should consider addi-
tional approaches to account for canopy structure, sun‐sensor geometries, viewing angle and lens effects, and
hotspots (Z. Zhang et al., 2020). More frequent leaf‐level LiCOR measurements, a larger imaging data set, and
additional work on the SIF‐GPP relationship are needed to confirm the initial results presented here. Additional
SIF retrieval algorithms, such as the improved FLD, singular value decomposition, and spectral fitting, should
be pursued. A methodology to retrieve fluorescence yield with the imager would enable better characterization
of leaf‐level processes. In addition, joint campaigns using multiple SIF instruments would improve retrieval
algorithms by creating a universal standard. Imaging technology in particular has potential synergy with
radiative transfer modeling (and especially 3D models (Malenovský et al., 2021)), which would provide an
increased understanding of the fate of photons absorbed by vegetation across space and time (van der Tol
et al., 2016; Yang et al., 2017). Finally, concurrent measurement of non‐photochemical quenching may explain
increased decoupling between SIF and leaf‐level physiology with increasing stress (Maguire et al., 2020; Xu
et al., 2021).

Overall, these findings support the use of SIF imaging to better capture leaf‐level physiology, improve un-
derstanding of ecosystem function, and expand the community's understanding of nonlinearities between SIF
and photosynthesis in water‐limited ecosystems across time and space. The instrument's high spatial resolution
avoids mixed pixels, enabling the imaging of individual plants and their leaves within one scene. Our results
demonstrate an advancement in remote sensing of plant physiology from the leaf to the ecosystem.

Data Availability Statement
One day of radiance data from the hyperspectral imager, along with Python software and documentation for initial
processing of these data into NDVI, NIRvR, and SIF, is currently available online (Ruehr, 2023).
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