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ABSTRACT

Predictions of hydrological states and fluxes, especially transpiration, are poorly constrained in hydrological
models due to large uncertainties in parameterization and process description. Novel technologies like remote
sensing of sun-induced chlorophyll fluorescence (SIF)—which provides information from the photosynthetic
apparatus—may help in constraining water cycle components. This paper discusses the nature of the plant
physiological basis of the fluorescence signal and analyses the current literature linking hydrological states and
fluxes to SIF. Given the connection between photosynthesis and transpiration, through the water use efficiency,
SIF may serve as a pertinent constraint for hydrological models. The FLuorescence EXplorer (FLEX) satellite,
planned to be launched in 2023, is expected to provide spatially high-resolution measurements of red and far-red
SIF complementing the products from existing satellite missions and the high-temporal resolution products from
upcoming geostationary missions. This new data stream may allow us to better constrain plant transpiration,
assess the impacts of water stress on plants, and infer processes occurring in the root zone through the soil-plant
water column. To make optimal use of this data, progress needs to be made in 1) our process representation of
spatially aggregated fluorescence signals from spaceborne SIF instruments, 2) integration of fluorescence pro-
cesses in hydrological models—particularly when paired with other satellite data, 3) quantifying the impact of
soil moisture on SIF across scales, and 4) assessment of the accuracy of SIF measurements—especially from
space.

1. Introduction

heat for photoprotection (often referred to as non-photochemical
quenching, NPQ), and a small fraction is re-emitted back as chlorophyll

Photosynthesis is the process of converting light energy into che-
mical energy stored as carbohydrates. These carbohydrates are syn-
thesized from atmospheric carbon dioxide and water taken up by the
roots and delivered by the xylem to the different plant organs.
Photosynthesis is controlled by two photosystems: photosystem I (PSI)
and photosystem II (PSII), located in the leaves. These photosystems are
pigment-containing protein complexes that contain reaction centres
where photochemical reactions occur (Reed, 1969). Following the ab-
sorption of incoming photosynthetically active radiation (PAR) by
chlorophyll (APARcy,)) (Zhang et al., 2018c), most of the incoming ra-
diation is converted into energy for photosynthesis (often referred to as
photochemical quenching, PQ), yet some of the energy is dissipated as
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fluorescence (ChlF) at wavelengths between 650 and 800nm
(Kautsky and Hirsch, 1931). Subsequently, the fluorescence signal ori-
ginating from the photosystems is a potential indicator of plant pho-
tosynthetic activity.

Photosynthesis strongly depends on environmental variables, such
as soil and leaf water potentials, water vapour pressure deficit, or soil
nutrient concentration (Jarvis, 1976). The measurement of ChlF might
therefore provide valuable information on how these environmental
variables control photosynthesis. While ChlF has been investigated for
nearly a century, mainly under laboratory conditions and by using ac-
tive detection methods, many questions remain. How does ChlF emis-
sion change in function of photosynthetic activity? What is the impact

Received 13 October 2019; Received in revised form 12 June 2020; Accepted 15 June 2020

Available online 22 June 2020
0168-1923/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01681923
https://www.elsevier.com/locate/agrformet
https://doi.org/10.1016/j.agrformet.2020.108088
https://doi.org/10.1016/j.agrformet.2020.108088
mailto:f.jonard@fz-juelich.de
https://doi.org/10.1016/j.agrformet.2020.108088
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2020.108088&domain=pdf

F. Jonard, et al.

of drought stress on ChlF emission? Better understanding the behaviour
of the ChIF emission at different scales (from chloroplast to ecosyste-
m)—and how this emission is driven by stress-induced changes in
photosystem-level ~ChlF emission and in canopy structure
(Dechant et al., 2020)—may provide opportunities to improve estima-
tion of photosynthesis using water cycle state variables and to use
subtle changes in photosynthesis to better predict transpiration
(Frankenberg and Berry, 2018; Gentine and Alemohammad, 2018;
Gu et al., 2019; Zhang et al., 2018a).

Fluorescence measurements can be performed at different spatial
scales (from the leaf to the ecosystem scale) and temporal resolutions
(from seconds to years). The different measurement techniques can be
classified as active and passive. Active systems use an artificial source of
energy to excite ChlF, while passive systems measure ChlF induced by
the absorption of sunlight. Active methods use light pulses of different
intensities. The shape of the fluorescence response to these pulses, as
well as the relative height of the different pulse-induced peaks, provide
information about the state of photosynthesis (Govindje, 1995), there-
fore enabling the detection of abiotic stresses, including drought
(Stirbet et al., 2018). The current standard in active fluorescence is the
Pulse-Amplitude Modulation (PAM) (Schreiber et al., 1986). The more
recent laser-induced fluorescence transient (LIFT) sensor sends a sa-
turation pulse using laser as illumination source (Keller et al., 2019a,
2019b). This allows measuring active fluorescence at the canopy scale.

Passive techniques can measure sun-induced chlorophyll fluores-
cence (SIF) over large scales thanks to advances in spectrometer tech-
nology in terms of spectral resolution and accuracy during the last
decade (Meroni et al., 2009; Mohammed et al., 2019). Unlike active
measurements, they rely on the absolute value of the emitted fluores-
cence under natural light conditions, and therefore are dependant on
the absorbed radiation and the information content of SIF is lower than
one can expect from active approaches. As SIF amounts to only ~1-3%
of the absorbed shortwave radiation, it can only be measured in specific
spectral bands, in which solar irradiation is reduced (Krause and
Weis, 1991). An important method for measuring SIF is the Fraunhofer
line discriminator/depth (FLD) method, based on the radiations mea-
sured in these specific bands (Carter et al., 1996; Moya et al., 2004;
Plascyk, 1975; Theisen, 2002). Passive systems are generally applied at
canopy to ecosystem level. Global retrievals of SIF have been achieved
from spaceborne spectrometers. These sensors were not initially de-
signed for measuring SIF but rather to monitor atmospheric trace gases.
These sensors include the ENVIronmental SATellite (EnviSat) — SCan-
ning Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY), the Greenhouse gases Observing SATellite (GOSAT) -
Thermal And Near-infrared Sensor for carbon Observation-Fourier
Transform Spectrometer (TANSO-FTS), the Meteorological Operational
(MetOp) satellites — Global Ozone Monitoring Experiment-2 (GOME-2)
instruments, the Orbiting Carbon Observatory (OCO-2), the Sentinel-5
Precursor (S-5P) — TROPOspheric Monitoring Instrument (TROPOMI)
and the Carbon Dioxide Observation Satellite (TanSat) — Atmospheric
Carbon dioxide Grating Spectrometer (ACGS) (Du et al., 2018;
Frankenberg et al., 2011, 2014; Guanter et al., 2012; Joiner et al., 2011;
Kohler et al., 2018, 2015; Sun et al., 2018). Due to the large interest of
the scientific community in SIF, the European Space Agency has
planned to launch the FLuorescence EXplorer (FLEX) satellite in 2023.
FLEX will carry the first very high-resolution spectrometer dedicated
specifically to globally map fluorescence providing instantaneous
measurements of both fluorescence peaks (red and far-red fluorescence
peaks) along with reflectance in the visible and near-infrared spectral
window (Drusch et al., 2017).

Early studies of ChlF have mainly focused on the relation between
ChlF and photosynthetic activity or carbon assimilation at the leaf level
(Govindje, 1995). More recently, with increased developments in pas-
sive measurement techniques allowing estimates of SIF over large
spatial scales, several research initiatives have investigated the value of
SIF as a constraint for land surface models, in particular for gross
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primary production (GPP) of vegetation canopies (Frankenberg et al.,
2011; Guanter et al., 2014; MacBean et al., 2018; Wieneke et al., 2016)
and crop yield (Guan et al., 2016). As photosynthesis is closely linked to
hydrological processes, information on SIF may help to illuminate
processes within the soil-plant-atmosphere continuum, particularly to
constrain transpiration fluxes (A¢ et al., 2015; Alemohammad et al.,
2017; Cendrero-Mateo et al., 2015; Lu et al., 2018; Pagan et al., 2019;
Shan et al., 2019) as well as to better quantify light and water use ef-
ficiencies (LUE and WUE) of plants (Short Gianotti et al., 2019).

Here, we review current knowledge on the potential of SIF to pro-
vide information on hydrological processes with a focus on the use of
SIF to better constrain plant transpiration, potentially allowing for early
plant water stress detection, i.e., prior to the appearance of visible
range symptoms (e.g., browning), and how it can potentially be used to
infer processes in the root zone. Monitoring plant water stress and root-
zone soil moisture is of major interest, in particular, to optimize irri-
gation in water-limited areas and to mitigate the impacts of drought
events, which are expected to increase in frequency and intensity in the
wake of global warming (IPCC, 2014). This review is organized in four
sections. Section 2 analyses the physiological responses of plants to soil
moisture and drought and provides an overview of the findings from
experimental physiology studies on the relationship between plant
water status and chlorophyll fluorescence. In Section 3, we evaluate the
potential of remotely-sensed SIF measurements to improve hydrological
state and flux estimates. Finally, in Section 4, we provide a conclusion
and discuss further research avenues to explore.

2. Physiological response of plants to drought
2.1. Photosynthetic response of plants to drought

Photosynthetic response to low soil water potential is complex.
Between the dry soil with low water potential and the site of photo-
synthesis, the path of water is regulated at many sites in the plant
(Fig. 1).

Locally, the hydraulic conductivity of soil and roots varies with soil
water potential, especially in the vicinity of fine roots (Siqueira et al.,
2009). On short time scales (minutes to hours), water channels, or
aquaporins, can be downregulated or gated as soil water potential
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Fig. 1. Overview of plant scale processes and water potential gradient in the
soil-plant-atmosphere continuum.
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decreases and thus reduce the flow of water between cells
(Cochard et al., 2007b; Hachez et al., 2012). On longer time scales
(hours to days), root segments growing in soil regions with low soil
water potential can also develop hydrophobic barriers by depositing
suberin, a hydrophobic compound, in specific root layers
(Barberon et al., 2016; Doblas et al., 2017; Enstone and
Peterson, 2005). These two processes have the direct effect of hy-
draulically isolating the root from its direct dry environment, hence
preventing a drop in internal xylem water potential. The sensitivity of
such response has been shown to be variable between plant species
(Hose et al., 2000; Martinez-Ballesta et al., 2003).

A second layer of control lies within the network of xylem vessels.
Xylem vessels are designed to conduct water efficiently within the plant
from the roots to the leaves. However, when the water tension within
the vessels becomes too high, embolism (cavitation) events can occur,
i.e., gas bubbles start to form. Wherever cavitation occurs, the hydraulic
conductivity of the corresponding xylem element drops, blocking the
flow in that part of the xylem. Cavitation of xylem vessels is usually not
permanent, and plants can often refill the embolized vessels
(Zwieniecki and Holbrook, 2009), however, this refiling process can
vary from plant to plant (Cochard et al., 2008, 2007a; Rewald et al.,
2011). Reduction in the conductivity of the xylem and the drop in soil
water potential in combination with the effect of vapour pressure def-
icit (VPD, high VPD leading to stomatal closure) (Jarvis, 1976;
Zhou et al., 2019) together reduce the leaf water potential, influencing
photosynthesis and stomatal aperture (Jonard et al., 2011;
Kennedy et al., 2019).

A first photosynthesis impairment under drought conditions is by
stomatal limitation. Due to the decrease in water potential within the
substomatal cavities and hormonal triggers, stomata may partially
close, reducing the amount of CO, entering the plant and therefore
decreasing photosynthesis, and at the same time reducing the flux of
vapour into the atmosphere through transpiration (Lemordant and
Gentine, 2019; Lemordant et al., 2016). The sensitivity of guard cells to
hydraulic and hormonal signals (Acharya and Assmann, 2009;
Christmann et al., 2007; Tardieu et al., 2015) determines the plant
water response. Plants with a near-isohydric behaviour limit xylem
cavitation through early stomatal closure, while plants with more ani-
sohydric behaviour keep their stomata more open while drought pro-
gresses, thus sustaining higher transpiration rates (Cochard, 2002;
Huber et al., 2014; Konings and Gentine, 2017; Martin-StPaul et al.,
2017; Novick et al., 2019; Sperry et al., 2016). These two strategies can
be species-specific (e.g., sunflower is isohydric, while maize is aniso-
hydric), but also genotype-specific, as observed in tomatoes (Sade et al.,
2012, 2009) or even vary with drought level.

The second form of response occurring under drought conditions is
a non-stomatal limitation of photosynthesis. This limitation is measured
as the change in the ratio between the net CO, assimilation rate and the
leaf-internal CO,  concentration (A-Ci curve) (Long and
Bernacchi, 2003; Zhou et al., 2013), which can be divided into two
components. The first is the reduction of the mesophyll conductance to
CO, (Flexas et al., 2016). This limitation can be large and is thought to
be due to a down-regulation of aquaporins (Flexas et al., 2006). The
second type of non-stomatal limitation is linked to a reduction in the
metabolic efficiency of the enzyme Rubisco due to a reduction in CO,
availability (Grassi and Magnani, 2005). Under normal conditions,
there is a strong coordination between Rubisco and the CO, diffusional
characteristics of leaves. However, under prolonged water deficit
(several days), this coordination is lost and diffusional limitations to
photosynthesis become dominant (Galmes et al., 2017). Under pro-
longed water deficit, more structural damages can also appear in the
photosynthesis apparatus, such as the deterioration of thylakoid
membranes (Sperdouli and Moustakas, 2012).

The relative contribution of the stomatal and non-stomatal limita-
tions is not constant and varies between species (Galmes et al., 2007;
Zhou et al., 2015), cultivars (Bota et al., 2016), developmental stages
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(Egea et al.,, 2011; Grassi and Magnani, 2005) and stress severity
(Galmes et al., 2007). Over longer periods of severe water stress, leaf
area per plant decreases, as does chlorophyll density within leaves,
xylem conductivity, and vegetated-to-bare soil ratio.

2.2. Fluorescence response of plants to drought

Stomatal and non-stomatal responses to drought result in a lower
internal CO, in the sub-stomatal chambers, reducing the efficiency of
the Calvin cycle. This leads to a lower demand of ATP and NADPH
which, in turn, slows down the photosynthetic electron transport
(Vanlerberghe et al., 2016). The lowered ATPase activity causes protons
to accumulate in the thylakoids, resulting in a pH gradient over the
thylakoid membrane (Campos et al., 2014; Cousins et al., 2002). The
increased pH gradient over the thylakoid membrane triggers an in-
crease in non-photochemical quenching (NPQ). NPQ covers a variety of
biochemical and biophysical processes that dissipate the excessive en-
ergy from the photosystems, avoiding the formation of radical species
and the concomitant destruction of the photosynthetic complexes (see
Jahns and Holzwarth, 2012; Niyogi and Truong, 2013; Ruban, 2016 for
an overview on this topic). The increased pH gradient also causes ki-
nases to move light-harvesting complex II (LHCII) from PSII to PSI
(Campos et al., 2014; Kruger et al., 2012; Rochaix, 2007). The PSI-
bound LHCII provides photoprotection for PSL. Unlike for linear elec-
tron transport, cyclic electron transport does not produce NADPH, al-
lowing adaptation to the decreased Calvin cycle activity (Fig. 2)
(Rochaix, 2007; Zivcak et al., 2013).

A second process modulating the transfer of energy to the photo-
synthetic electron transport chain is the ‘damage and repair cycle’ of
PSII (Jin et al., 2003). An overstimulation of PSII leads to the produc-
tion of singlet oxygen, inducing reversible damage to the PSII. If the
damage occurs at a faster rate than the repair, the downstream energy
transfer is slowed down. This phenomenon is called photoinhibition
(Demmig-Adams et al., 2012; Murata et al., 2012). The movement of
the light-harvesting complexes and the increased pH gradient over the
thylakoid membrane alters the partitioning of energy between the
pathways of photosynthesis, heat dissipation and fluorescence, the
latter two providing an alternative electron sink to photosynthesis. The
effect of drought stress on the fluorescence itself differs at the photo-
system level. Upon overstimulation, either by over-illumination or by a
reduced plastoquinone pool, the sum of the energy dissipated by both
PSII ChIF and NPQ increases, protecting PSII from photobleaching. In
an overstimulated PSI, the PSI primary electron donor (P700) itself acts
as a quencher, i.e., it will dissipate the excess incoming energy (Porcar-
Castell et al., 2014).

In addition, other environmental factors can interact with drought
stress and influence the photosynthetic efficiency and fluorescence
emission. Nitrogen (N), for instance, is an important component in the
synthesis of photosynthetic pigments and Rubisco. As such, N avail-
ability can play a role in the response of photosynthesis to drought
stress. In winter wheat, an appropriate level of N supply has been
shown to improve the photosynthesis response to decreasing soil water
content and to decrease the effect of drought stress (Wang et al., 2016).
Low N levels, in combination with drought, can lead to more severe
reductions of photosynthesis (Wang et al., 2016; Wu et al., 2008).

There are only very limited studies available on the link between
low temperatures (chilling) and SIF. Ac¢ et al. (2015) found in their
meta-analysis a larger increase in far-red fluorescence compared to red
fluorescence in response to chilling stress, which could be attributed to
a reduction of PQ. Other studies using active fluorescence methods
seem to support this and, for example, Lin et al. (2007) observed an
increase in minimal fluorescence yield in dark-adapted state (Fy) be-
cause of chilling stress. Wang et al. (2016) observed a decrease in
thylakoid membrane fluidity, blocking electron transfer in the PSII re-
action centres and reducing NPQ, also resulting in an increased fluor-
escence. High temperature (heat) stress is often associated with drought
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Fig. 2. Visualization of linear (A) and cyclic (B) electron transport in photosynthesis.

stress, as high air temperatures increase the atmospheric vapour pres-
sure deficit (see also Section 3.5.). In addition to the drought effect,
heat stress tends to damage the chloroplast membranes, changing the
activity of various proteins (Feng et al., 2014). Consequently heat stress
results in a decrease in both red and far-red fluorescence (A¢ et al.,
2015).

2.3. Link between soil moisture and fluorescence: findings from
experimental studies

Various experimental studies have explored the potential of specific
parameters derived from active measurements of chlorophyll fluores-
cence to provide information on soil moisture status in the root zone.
Analysis of existing literature shows contradictory information about
the effect of soil moisture on ChlF. Depending on the studied species,
and the type and intensity of the stress applied, either no effect, a po-
sitive, or a negative effect of soil moisture were observed on parameters
related to active measurements of ChlF (Table 1). These diverse results
may be partly explained by the non-uniformity in the studied stress
duration, the type of plant, type of soil or also the soil moisture levels
imposed in these studies. As the relationship is nonlinear in nature and
depends on the range of soil moisture values, range of dependence may
be found, while for high soil moisture values, minimal stress is ex-
pected. While some studies report soil moisture only in qualitative wet/
dry terms (e.g., Pettigrew (2004)), even quantitative inter-comparison
of the soil moisture/ChlF relationship across studies is hampered by
difficulty converting between gravimetric (Kebbas et al., 2015;
Man et al., 2017; Xia et al., 2014; Xu and Zhou, 2011), volumetric
(Gajanayake and Reddy, 2016; Lang et al., 2018; Ohashi et al., 2006;

Trigo-Cordoba et al., 2015), and soil water potential (Li et al., 2004;
Snider et al., 2014; Vincent et al., 2015) methods without sufficient
reported soil characteristics for inter-conversion. To some degree, this is
a disciplinary disconnect between hydrological and physiological
lenses. Necessary root zone variables to fully determine the soil
moisture/ChlF relationship are soil water potential—preferably as a
profile in depth, root water potential, and magnitude and duration of
soil moisture deficits.

3. Lessons from remote sensing data
3.1. Remote sensing of SIF

In remote sensing, vegetation monitoring is traditionally based on
reflectance-based spectral vegetation indices (VIs) diagnosing leaf
chlorophyll content, biomass, canopy structure, and fractional cover
(Gentine and Alemohammad, 2018; Mulla, 2013; Stocker et al., 2019).
However, these indices only indirectly relate to actual vegetation ac-
tivity so that additional data and modelling steps are required
(Guanter et al., 2014). Canopy structure and its dynamics can also be
assessed by passive microwave remote sensing of vegetation optical
depth (VOD), which is related to dry biomass and relative water content
(Konings et al., 2017; Momen et al., 2017; Vereecken et al., 2012;
Zhang et al., 2019). As a by-product of photosynthesis, SIF can be in-
dicative of the rate of actual photosynthesis within the plant. Active
pulse-modulation or illumination with a saturating light pulse cannot
currently be performed at ecosystem scale. Therefore, passive methods
have been prioritised in remote sensing of fluorescence (Malenovsky
et al.,, 2009; Meroni et al., 2009; Mohammed et al., 2019; Porcar-
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Table 1
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Overview of a selection of studies linking fluorescence parameters (using active fluorescence methods) and drought stresses. For each study, the effect of the stress on
fluorescence parameters, i.e., null (0), negative (-) or positive (+), the type of stress, and the type of soil moisture measurement were compiled (®pg: quantum yield
of photosystem II electron transport; ETR: electron transport rate; F,/F,,: maximal efficiency of PSII after dark adaption; Fs: steady-state fluorescence yield in light-
adapted state; Fo: minimal fluorescence yield after dark adaption; NPQ: non-photochemical quenching; g;: stomatal conductance).

Plant species Effect of stress on ChIF

Stress type Soil moisture measurement Reference

Dpgy ETR
Gossypium hirsutum 0 0
Acacia tortilis - - +
Glycine max - -
Vitis vinifera 0 0 0 + +
Solanum tuberosum
Medicago sativa -
Cucumis sativus - - - +
Triticum aestivum - -
Ziziphus jujuba - - +
Stipa grandis - - -
Leymus chinensis - - -
Forsythia suspensa - - + +
Ipomoea batatas -
Phaseolus vulgaris 0 +
Carica papaya 0
Vitis vinifera - +
Vitis vinifera 0
Vitis vinifera - - -
Vitis vinifera -
Oryza sativa - - +
Zea mays - +
Arabidopsis thaliana - +
Gossypium hirsutum - - 0
Typha latifolia - 0 +

Fy/Fr F, Fo NPQ

© 4+ + + +

drought soil water potential Snider et al. (2014)
drought gravimetric Kebbas et al. (2015)
drought volumetric Ohashi et al. (2006)
drought volumetric Trigo-Cordoba et al. (2015)
drought soil moisture deficit Jefferies (1992)

salinity none Latrach et al. (2014)
salinity none Stepien and Klobus (2006)
drought gravimetric Man et al. (2017)

drought gravimetric Xia et al. (2014)

drought gravimetric Xu and Zhou (2011)
drought gravimetric Xu and Zhou (2011)
drought volumetric Lang et al. (2018)

drought volumetric Gajanayake and Reddy (2016)
gs reduction none Omasa and Takayama (2003)
drought soil water potential Vincent et al. (2015)
drought none Flexas et al. (2002a)
drought none Flexas et al. (2002b)
drought none Flexas et al. (2000)
drought none Medrano et al. (2002)
drought irrigation deficit Xu et al. (2020)

drought none Chen et al. (2018)

drought none Mishra et al. (2016)
drought none Pettigrew (2004)

drought soil water potential Li et al. (2004)

Castell et al., 2014). Yet low signal-to-noise ratio leads to challenges in
the monitoring and interpretation of passive ChlF (Liu et al., 2015).

SIF can be measured passively using unmanned aerial system (UAS),
airborne or satellite instruments using narrow absorption lines in the
solar irradiance spectrum (Fraunhofer lines) covering the 650-800 nm
range, as well as using absorption lines in the Earth's atmosphere, such
as the O, absorption lines (Mohammed et al, 2019; Porcar-
Castell et al., 2014). Sub-nanometre scale spectral resolution spectro-
meters are classically used to retrieve SIF in the O,-A and O»-B ab-
sorption lines at 760.5nm and 687.5nm, respectively (referred to as
SIF,¢o and SIFeg,) (Frankenberg et al., 2018; Rascher et al., 2015). The
SIF signal measured at the O,-B line is very close to the chlorophyll
absorption peak and is therefore very sensitive to reabsorption of ChlF
by chlorophyll (Fig. 3).

The information in both O,-bands is complementary, as they differ

in three ways. First, SIF,¢o potentially carries information emitted by
more of the canopy including lower leaf layers, while SIFgg; only carries
information from the upper canopy layers (Porcar-Castell et al., 2014).
A second difference lies in the relative contribution of both photo-
systems to the retrieved SIF. While SIF,¢, originates from both PSI and
PSII, SIFeg; originates primarily from PSII (Drusch et al., 2017;
Mohammed et al., 2019). Third, canopy scattering is more significant
for SIF,¢o than SIFgg, (Yang et al., 2019).

Even within these narrow absorption bands, the measured radiation
does not uniquely contain information about SIF, but it is also affected
by the surface reflectance and the atmospheric absorption and scat-
tering. These factors can be corrected for by using fluorescence-free
pixels (e.g., clouded ocean pixels). A first filtering approach is based on
applying a single-vector decomposition (SVD), primarily for the solar
absorption lines (Guanter et al., 2013; Joiner et al., 2013; Rossini et al.,
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Fig. 3. Chlorophyll absorption and fluorescence spectra with oxygen absorption lines.
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2015). SIF retrieved in these lines (e.g., TROPOMI SIF) is less affected
by atmospheric absorption, therefore does not require substantial at-
mospheric modelling. The disadvantage of these lines is that they are
neither deep nor wide. Consequently, a combination of several lines is
required to retrieve a single SIF value (Kohler et al., 2018;
Mohammed et al., 2019). A more sophisticated approach is the spectral
filling method (SFM), which calculates the true reflectance, which is a
smoothed line based on the reflectance in the wavelengths adjacent to
the oxygen absorption lines. The difference between the measured re-
flectance and the simulated (true) reflectance provides an estimate of
the SIF emission (Joiner et al., 2016). The upcoming FLEX mission will
use an SFM-based approach (Cogliati et al., 2015), which will provide
estimates of the entire fluorescence spectrum (Drusch et al., 2017). For
a review of retrieval methods see Mohammed et al. (2019).

3.2. Global SIF observations

The first global space-based estimates of SIF became available in
2009 from TANSO-FTS aboard JAXA GOSAT, providing a coarse view
of SIF emission at global scale (Frankenberg et al., 2011; Joiner et al.,
2011). EUMETSAT s Meteorological Operational satellites MetOp-A, -B
and -C host the GOME-2 instrument, which is able to observe near-daily
SIF at global scale (see an example of global map of GOME-2/MetOp-A
SIF in Fig. 4). Joiner et al. (2013) proposed an alternative SIF retrieval
method for GOME-2 by extending an SVD or principal component
analysis technique applied exclusively on Fraunhofer lines
(Guanter et al., 2012) to a broader wavelength range making also use of
atmospheric absorption bands from water vapour and O»-A. Im-
portantly, Joiner et al. (2012) and Joiner et al. (2013) showed that
instruments with lower spectral resolutions but better spatial coverage
were also capable of retrieving SIF from space. This also applied to
SCIAMACHY aboard EnviSat. It is worth noting that the GOME-2 in-
strument on MetOp-A (like GOME/ERS-2 and SCIAMACHY/EnviSat) is
sensitive to continuous degradation attributed to prolonged exposure to
solar radiation and contamination of optical elements. However the
signal-to-noise ratio in the region around 740 nm is hardly affected and
corrections have been proposed for the SIF retrievals (van Schaik et al.,
2020).

The recently launched TROPOMI aboard Sentinel-5 Precursor al-
lows almost daily observations at wide spectral sampling. This makes it
possible to exploit the information of the full SIF spectrum and not only
the longer wavelength peak in the near infrared. In recent years, ra-
diative transfer models (RTMs) have been developed to simulate and
interpret the SIF emission spectrum (van der Tol et al., 2009).
Guanter et al. (2015) found from TROPOMI-like simulations with the
FluorSAIL leaf and canopy RTM (Miller et al., 2003) that undetected
clouds may be the largest error contribution during SIF retrieval; cor-
rections are possible for properly identified clouds. Clouds cause a de-
crease in atmospheric transmittance across the spectral continuum.
Recently, Kohler et al. (2018) presented the first TROPOMI-SIF re-
trievals, which match well with the higher spatial (but lower temporal)
resolution OCO-2 retrievals (see an example of global TROPOMI and
OCO-2 SIF in Fig. 4). A list of past, current and future satellite missions
with the potential to estimate SIF is given in Table 2.

Up to now, global retrievals of SIF from space have only been
achieved from spaceborne spectrometers designed to monitor atmo-
spheric trace gases. These instrument are not optimal in terms of
spectral sampling, overpass time and temporal resolution, and—most
importantly—spatial resolution. Overpass time in particular may im-
pact plant-water interactions as highlighted by the effect of increased
afternoon water stress in more arid climates (Bonan et al., 2014;
Guan et al., 2016).

The FLuorescence EXplorer (FLEX) is the first dedicated fluores-
cence mission by the European Space Agency (ESA). FLEX will become
the 8th ESA Earth Explorer (Drusch et al., 2017) and is expected to
launch in 2023. FLEX will fly in formation with the Sentinel-3 satellites
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ensuring simultaneous auxiliary measurements with a minimum impact
of spatial and temporal co-location errors. This tandem schedule makes
use of Sentinel-3’s atmospheric parameters (clouds, aerosols, water
vapour) observations so that spectral fitting and Fraunhofer Line
Depths-exploiting techniques can be implemented to decouple the
fluorescence and reflectance signals from top-of-atmosphere measure-
ments influenced by clouds and aerosols (Sabater et al., 2015). FLEX
will host the Low Resolution Fluorescence Imaging Spectrometer
(FLORIS LR), acquiring data in the red edge, chlorophyll absorption and
Photochemical Reflectance Index bands (500-758 nm) with a spectral
sampling width of 0.5-2.0 nm, and the High Resolution Fluorescence
Imaging Spectrometer (FLORIS HR) with a sampling width of 0.1 nm in
the two oxygen bands (677-697 nm and 740-780 nm) (Coppo et al.,
2017). The tandem FLEX/Sentinel-3 mission will provide SIF data with
significantly improved atmospheric corrections and SIF detection.
FLEX/Sentinel-3 overpass time will be 10:00 at the Equator, meeting
the optimal requirements to measure SIF from space (Drusch et al.,
2017). However, FLEX will only allow a limited revisit frequency with a
repeat cycle of 27 days, which is longer than the time scale of most
hydrological processes.

Upcoming geostationary missions such as the Geostationary Carbon
Cycle Observatory (GeoCarb), the Tropospheric Emissions: Monitoring
of Pollution (TEMPO) and Sentinel-4 aboard the Meteosat Third
Generation-Sounder (MTG-S) should have the capabilities for collecting
multiple SIF observations a day over Europe and the Americas, but with
lower spectral and spatial resolution compared to FLEX. Combining the
complementary capabilities of FLEX and these geostationary missions
should provide valuable information for monitoring plant water inter-
actions.

3.3. Interpretation of spatially-aggregated SIF

At spatial scales coarser than a single leaf, plant or tree, SIF becomes
an aggregated landscape variable, which depends on water in multiple
ways (Joiner et al., 2014):

SIF(4) = PAR'fPARCh1’¢F (D) fesc (D) Tarm (1) 1)

The fraction of PAR absorbed by chlorophyll pigments, fPAR¢y,, is a
function of vegetation cover fraction, LAL, leaf chlorophyll content, and
plant structure—all of which depend on water availability and vary in
time within a spatial pixel. The fluorescence quantum yield (¢g), i.e.,
the ratio of the energy emitted by fluorescence and the absorbed ra-
diation, is here taken as an averaged bulk property, which depends on
the plant water status as described previously in Section 2. feg, i.e., the
fraction of SIF emitted by the chloroplast that leaves the canopy, de-
pends on LAI leaf turgor, and the dynamic patterns of canopy structure.
The fraction of SIF that leaves the top of canopy that also passes
through the atmosphere (zau,) and the incident PAR are indirectly
functions of water availability through cloud-, water vapour- and
aerosol-driven atmospheric opacity and scattering, and can vary greatly
from arid to humid conditions in time and space (Du et al., 2018;
Kohler et al.,, 2018). All of these variables show both short-term
variability (e.g., due to stress) as well as seasonal variability, providing
SIF with a typical seasonal pattern, unique to each pixel (e.g., Lu et al.,
2018). Fig. 5 shows the partitioning of radiation in plant canopies.

The effect of water on SIF across spatial scales is unclear, despite
empirical work at the pixel scale (Alemohammad et al., 2017;
Short Gianotti et al., 2019; Sun et al., 2015; Yoshida et al., 2015). Bulk
relationships between typical land surface model variables (e.g., PAR,
fPARcp;) and coarse water state variables (e.g., soil moisture, VPD) can
perhaps be scaled from soil-plant-atmosphere continuum models. But
the role of water status on ¢r is still an area of active research on
physiological scales (see Table 2), and the timescales of ¢ fluctuations
(on the order of seconds to minutes) (Flexas et al., 2000) are orders of
magnitude different from those linking water to fPARcy via LAI (days
to weeks) (Qiu et al., 2018). This leaves the SIF-water relations across



F. Jonard, et al. Agricultural and Forest Meteorology 291 (2020) 108088

GOME-2

TROPOMI

[

0.0 0.5 1.0 1.5 2.0

Fig. 4. Average global observations of sun-induced chlorophyll fluorescence (SIF) [mW m ~ 2nm~! sr™!] at 740 nm from GOME-2/MetOp-A (Kohler et al., 2015)
(gridded to a spatial resolution of 0.5°), OCO-2 (Gunson and Eldering, 2017) (regridded to 0.25°) and TROPOMI/Sentinel-5P (Kohler et al., 2018) (regridded to 0.2°)
for August 2018. OCO-2 SIF is scaled to 740 nm using the methodology from Kohler et al. (2018). Note that large gaps between orbit paths can be seen on the OCO-2
SIF map.

both space and time unconstrained. of Eq. (1). As explained in Guanter et al. (2014) the most notable cor-
Spatially-aggregated SIF is often taken as a proxy for spatially-ag- relations come from APARcy (= PAR - fPARcy)), which is seen in the
gregated GPP (e.g., Madani et al., 2017; Yang et al., 2018; Zhang et al., light-use efficiency (LUE) model for GPP (Monteith, 1972;

2018b, 2016), based on correlations between GPP and right-hand terms Monteith et al., 1977):
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Table 2

Nominal mission design of past, current and future SIF-observing spaceborne sensors (adapted from Mohammed et al. (2019)). Despite the noted resolution, final SIF products typically require spatial and temporal

averaging to reduce signal-to-noise ratio (ISS: International Space Station; ERS: European Remote Sensing; GEO: Geostationary Earth Orbit; CONUS: Contiguous United States).

SIF spectral range

[nm]

Spectral resolution

Overpass time
[local time]

Spatial resolution

[km?]

Repeat cycle

Observation period

Sensor

Platform

[nm]

[day or hour]

595-793
595-812

0.4

10:30
10:00

40 x 320
60 x 30

3d

July 1995 - June 2003

GOME

ERS-2

0.48

35d (3d for global

mapping)

SCIAMACHY Mar. 2002 — Apr. 2012

EnviSat

0.5 593-790

9:30

40 x 80 (MetOp-A until 2013);

40 x 40

29d (1.5d for global

mapping)

Jan. 2007 - present (-A);

GOME-2

MetOp-A/B/C

Feb. 2013 - present (-B); Nov. 2018 - present (-C)

Jan. 2009 - present (GOSAT);
Oct. 2019 - present (GOSAT-2)

758-775

0.025

82 circular spatial footprint 13:00

(10.5 km diameter)

3d (GOSAT);

GOSAT/GOSAT-2 TANSO-FTS/

6d (GOSAT-2)

TANSO-FTS-2

(3d for global mapping)
16d (16d for global

mapping)

0.042 757-775

13:30

1.3 x 2.25

Sept. 2014 — present

0CO-2

0CO-2

675-775

0.5

13:30

7x7

16d (1d for global
mapping)
16d

Oct. 2017 - present

TROPOMI

Sentinel-5P

758-778
757-775
540-740
757-772
750-775

0.044
0.05
0.6

13:30

2x3

Feb. 2018 - present

ACGS

TanSat
1SS

variable

1.6 X 2.2
4x5

variable

1h
8h
1h
27d

May 2019 - present

2022
2022

0CO-3

GEO (CONUS)

TEMPO

TEMPO

0.05

GEO (The Americas)
GEO (Europe)
10:00

~3x3
8x8

GeoCarb

GeoCarb

MTG-S
FLEX

0.12

2022

Sentinel-4

500-780 (LR); 686-697 (HR);

759-769 (HR)

0.5-2.0 (LR); 0.1 (HR)

0.3 x 0.3

FLORIS LR/HR 2023
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PAR Irradiation
APAR Absorption
Non-photosynthetic
pigments
APARChI

SIF < SIF

Electron transport

L Light reactions.
______ Dark reactions

Calvin cycle

\

GPP

Fig. 5. Schematic representation of the radiation partitioning in plant canopies
(modified from Porcar-Castell et al. (2014) and Zhang et al. (2018c)).

GPP « PAR'fPARChl'¢P 2)

with ¢p being the photochemical quantum yield. Combining Egs. (1)
and 2 (and setting aside the variability in f.. and 7,,), we see that the
relationship between SIF and GPP is effectively scaled by the ratios of
the fluorescence and photosynthetic quantum efficiencies ¢r/¢p:

SIF « GPP-¢./¢p 3

Leaf-scale studies have shown that the ¢r - ¢p relationship is not
always linear (Chen et al., 2018; van der Tol et al., 2014; Yang et al.,
2018). We expect that this non-linearity at the photosystem level in-
duced by heat or water stress might change the LUE or WUE, and
thereby change the relationship between the canopy-scale variables of
SIF and GPP. This relationship is classically considered linear at large
temporal (days-months) and spatial (canopy-ecosystem) scales
(Lee et al., 2015), potentially removing short-term non-linearities ob-
served at leaf level. Dechant et al. (2020) identified canopy structure/
absorption as the mechanistic tie between SIF and GPP (rather than ¢y)
by showing that the product of APAR and f.,. predicted GPP better than
SIF itself at diurnal to seasonal time scales and using canopy-level ob-
servations. Optically-based GPP estimates and SIF retrievals from
GOME-2 both respond in the same fashion to soil moisture anomalies;
dry anomalies lead to negative GPP and SIF anomalies in arid regions,
with weaker responses in semi-arid regions, and no response in humid
regions (Short Gianotti et al., 2019). This suggests that at remote sen-
sing scales, the impacts of water stress may be more obvious in APARcy
than in ¢p/¢p energy partitioning.

The interpretation of remotely sensed SIF is hampered by con-
founding factors including canopy structure and light availability, af-
fecting APARcy,; and biochemically controlled ¢r/¢p (Yang et al., 2020,
2019). Quantifying the impacts of these confounding factors and their
relationship with water availability is a necessary first step, however, in
determining the role of water limitation on vegetation across spatial
scales.
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3.4. How remote sensing of SIF can contribute to transpiration monitoring?

Since the first release of GOSAT SIF data, satellite-based SIF re-
trievals have been mainly applied to estimate GPP, with a special em-
phasis on croplands (Frankenberg et al., 2011; Joiner et al., 2014;
Madani et al., 2017; Sun et al., 2018). Since then, most studies have
acknowledged the need for high-quality spaceborne SIF observations to
study the terrestrial carbon cycles (see, e.g., Sun et al. (2017)). Process-
based land surface models, especially those considering plant growth,
require complex formulations to reliably estimate GPP (De Kauwe et al.,
2015; Richardson et al., 2012). Remotely-sensed SIF data can be used to
1) directly parametrize sub-components of these models, 2) constrain
model predictions of GPP, and 3) re-calibrate internal functions, such as
the soil moisture stress functions (Lee et al., 2015; MacBean et al., 2018;
Norton et al., 2018). Most land-surface models provide a flexible fra-
mework for data assimilation when executed offline, so that the simu-
lation of the interplays between plant physiology and environmental
factors can be constrained by SIF observations. More important to the
context of this review, recent results support the potential of remotely
sensed SIF to constrain not only GPP, but also transpiration fluxes in
models (Alemohammad et al., 2017; Damm et al., 2018a; Green et al.,
2017; Pagan et al., 2019; Rigden et al., 2018; Shan et al., 2019).

Despite being a crucial variable for global hydrology and climate,
transpiration estimates remain largely uncertain at global scales, due to
the scarcity of in situ measurements and the inability to retrieve tran-
spiration directly from space (Damm et al., 2018a; Dolman et al., 2014;
Li et al., 2019; McCabe et al., 2017). However, given the dependency of
transpiration on stomatal conductance (g), and the expected relation of
the latter to the SIF emission (Lu et al., 2018; Shan et al., 2019), current
and future SIF retrievals represent a promising alternative to infer
surface conductance and transpiration over large regions.

Alemohammad et al. (2017) presented the first framework (referred
to as Water, Energy, and Carbon with Artificial Neural Networks or
WECANN) to jointly retrieve transpiration and GPP using SIF ob-
servations at the global scale. Retrievals using SIF outperformed those
using optical VIs in regions where water stress dominates seasonal
variability, suggesting that SIF may detect changes in LUE not detected
by optical VIs. Pagan et al. (2019) recently demonstrated the value of
global SIF data to serve as a benchmark in climate model formulations
of transpiration. By showing a high correlation of satellite-based SIF
(normalised by PAR) to in situ estimates of transpiration efficiency
derived from eddy-covariance measurements, their results suggested a
high potential to improve offline land surface model simulations of
water fluxes via SIF data assimilation. Rigden et al. (2018) found
transpiration as a fraction of total evapotranspiration (ET) to be pro-
portional to SIF divided by the local surface conductance. Moreover,
Stoy et al. (2019) recently reviewed the current spectrum of techniques
to partition transpiration and evaporation, and discussed the potential
of SIF as a means to discriminate the transpiration component of ET.

The mechanistic links between SIF and transpiration are complex,
and can perhaps be best examined in a coupled canopy radiation and
land surface framework. The Soil Canopy Observation of
Photochemistry and Energy fluxes (SCOPE) model (van der Tol et al.,
2009) is an integrated radiative transfer and energy balance model and
is well-suited for assimilation of SIF to constrain transpiration. SCOPE
calculates the illumination of leaves with respect to their position and
orientation in the canopy, and the spectra of reflected and emitted ra-
diation above the canopy in the observation direction. Because it is a
vertical one-dimensional model, running SCOPE at the global scale
presents inherent challenges, especially related to its parametrization.
However, the mechanistic representation of the biochemical processes
related to SIF in SCOPE was incorporated in land surface models to
constrain the photosynthesis estimates with SIF observations such as in
the Community Land Model (CLM) 4 (Lee et al., 2015), in the Simplified
Simple Biosphere Model 2.0 (SSiB2) (Qiu et al., 2018) or in the Bio-
sphere Energy Transfer Hydrology (BETHY) land surface model
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(Norton et al., 2018). Damm et al. (2018b) presented the first canopy-
scale study using SCOPE to assess the link between SIF and transpira-
tion and its dependency on multiple meteorological and plant specific
variables over multiple eddy-covariance sites, suggesting that SIF may
be more sensitive to transpiration under water stress conditions. More
recently, Maes et al. (private communication) applied the SCOPE model
to the entire FLUXNET2015 database, and concluded that the re-
lationship between SIF and transpiration is regulated by WUE. Despite
the multiple environmental and biological factors determining WUE, it
was concluded that accounting for the atmospheric demand for water,
and in particular air temperature, helps explain most of the variability
in the SIF-transpiration relationship at ecosystem scale. The line pro-
posed by Maes et al. (private communication) to integrate observations
(satellite, eddy covariance, and meteorological data) into RTMs appears
a necessary step to increase understanding of the mechanistic relation
between SIF and transpiration prior to using this relation to constrain
hydrological and land surface models.

3.5. Remotely sensed SIF as an (early) drought diagnostic

Droughts cause agricultural loss, water scarcity, plant mortality
(Choat et al., 2018) and air pollution (Demetillo et al., 2019), si-
multaneously increasing the occurrences of wild fires and endangering
the sustainability of ecosystems and food production systems. As such,
it is critical to forecast such events well in advance based on the water
availability (through soil moisture and meteorology) and on the water
demand (based on ET). As forecasting systems typically do not include
any direct information concerning plant physiological functioning (see
e.g., Otkin et al., 2018), these systems leave room for improvement
concerning the detection of drought stress at the onset of drought
(Sheffield et al., 2014; Weisheimer and Palmer, 2014). Accurate early
warning is however imperative to allow the implementation of miti-
gation measures.

The three components of light energy partitioning (photosynthesis,
heat dissipation, and chlorophyll fluorescence) behave differently when
vegetation stress occurs. Negative anomalies in SIF, especially if nor-
malized by APARcy,, are expected to integrate the effects of different
environmental stressors on transpiration (Alemohammad et al., 2017;
Cendrero-Mateo et al., 2015; Lu et al., 2018; Pagan et al., 2019). Dis-
entangling the APARcy; and ¢y components (see Eq. (1)) (Sun et al.,
2015; Yang et al., 2019) as well as detecting the type of plant stress
(drought, flooding, high/low temperature, wind, wildfire, nutrient
availability, pesticides, plant disease, fungi, bacteria, insects, soil sali-
nity, etc.) (AC et al., 2015) is still an unresolved challenge for remotely-
sensed SIF or simulations at larger scales (regional, continental). The
fPARcp, component—typically retrieved from the MODerate resolution
Imaging Spectroradiometer (MODIS) aboard the National Aeronautics
and Space Administration (NASA) Terra and Aqua satellites—is ex-
pected not to be sensitive to rapid changes in plant photosynthetic
status (Song et al., 2018; Stocker et al., 2019). The ¢r component may
be prone to faster changes during stress conditions (minutes to day) due
to changes in the splitting of energy at PSII (van der Tol et al., 2014),
hence it is the variable that holds the potential for early warning di-
agnosis.

The relationship between SIF and soil moisture plays out in three
phases (Fig. 6). In the first phase, an increment in incoming radiation
leads to an increment in SIF and in photosynthesis, until all chlor-
ophyll/rubisco molecules are saturated (Tennessen et al., 1995;
Wieneke et al., 2018). If the soil water content drops below a certain
threshold (Phase II), the photosynthetic rate decreases due to stomatal
and non-stomatal limitations (Section 2). The decrease in photosynth-
esis is linked to an increase in NPQ (Frankenberg and Berry, 2018).
PAM-studies report an initial increase in ¢r caused by the decrease in
photosynthesis, under mild stress conditions (Chen et al., 2018; van der
Tol et al., 2014). However, in canopy-scale studies, stress results in a
decrease in SIF,¢q (e.g., Wieneke et al., 2018; Wohlfahrt et al., 2018).
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Fig. 6. Possible impact of soil water status on the water and energy balance and sun-induced chlorophyll fluorescence (SIF) at 687 nm and 760 nm (P: precipitation;
E: evaporation; AE: latent heat flux; H: sensible heat flux; Rn: net radiation; R: runoff).

The behaviour of SIFgg; is more ambiguous, since some canopy-scale
studies suggest an increase in SIF¢g; at the timescale of a few days
(Wohlfahrt et al., 2018) or an increase in SIFgg,/SIF;6 ratio (SIF o)
(Wieneke et al., 2016), while other studies suggest a decrease in SIF, o
(Ac et al., 2015). The reaction of the canopy-scale SIF is the ensemble of
the changes in the fluorescence emission at photosystem scale (van der
Tol et al., 2014) and of changes in the canopy structure (Dechant et al.,
2020; Yang et al., 2020, 2019). There are different possible explana-
tions for the stress-induced change in SIF ... A first explanation comes
from the photosystem level. Since the relative contribution of both
photosystems is different in both wavelengths (Mohammed et al.,
2019), and since both photosystems react differently to stress
(Agati et al., 2000), it is expected that a photosystem-driven change in
the fluorescence emission modifies the shape of the fluorescence
emission spectrum. A second explanation comes from structural
changes, resulting in changes in different reabsorption and canopy
scattering patterns (Yang et al., 2019). Looking beyond the timescale of
a few days, the chlorophyll content decreases (Phase III), lowering both
SIF¢g, and SIF,¢q (Buschmann, 2007; Sun et al., 2015; Wohlfahrt et al.,
2018). As the partition of energy at photosystem level reacts very
quickly to environmental stress, fluorescence may provide a means to
detect vegetation drought stress in its earliest stage i.e., before chlor-
ophyll reduction takes place.

Several studies at the global scale have shown that SIF is a good
proxy for estimating ecosystem productivity, given its link to photo-
synthesis, outperforming classical optical vegetation indices (VIs)
(Alemohammad et al., 2017; Koffi et al., 2015). This assessment is
motivated by a generally slower response of greenness indices (which
are more related to chlorophyll content and structural changes) to plant
stress as compared to SIF yield, i.e., SIF normalized by APAR (which is
directly affected by physiological regulation). The current state of the
art spectrometers dedicated to the retrieval of SIF from an airborne
platform are the imaging spectrometer HyPlant (Rascher et al., 2015;
Siegmann et al., 2019) and the Chlorophyll Fluorescence Imaging
Spectrometer (CFIS) (Frankenberg et al., 2018). Several studies with the
HyPlant airborne sensor have contributed to a better understanding of
the relationship between SIF and plant stress (Rossini et al., 2016;
Wieneke et al., 2016). HyPlant campaigns over the Rur catchment area
in Germany since 2015 have shown that SIF is linked to soil moisture
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and water availability in deeper soil layers (von Hebel et al., 2018), and
combining airborne SIF and thermal observations has provided a fra-
mework on how to link several remote sensing approaches to map the
complex functional properties of vegetation drought stress
(Gerhards et al., 2018). It should be noted that airborne campaigns are
logistically demanding and require clear-sky conditions, therefore only
providing a few measurements a year over a limited area. Currently,
prototypes of lightweight UAS-based spectrometers for SIF retrieval are
being developed. These would allow providing SIF observations with an
unprecedented spatial and temporal resolution (Gago et al., 2015). An
early UAS-based study has shown that SIF could serve as a proxy for
water potential and stomatal conductance at the local scale (Zarco-
Tejada et al., 2012).

SIF observations from space may not directly reflect the drought
impact on fluorescence quantum yield, but stress-induced changes in
chlorophyll content and canopy structure, especially given the lower
revisit time of current satellite observations. During a mild drought
event a SIF reduction alone may occur, without concurrent changes in
chlorophyll content and phenology (i.e., a decrease in ¢g, while APAR
remains unchanged in Eq. (1)). In contrast, during extreme droughts,
soil water deficit induces stomatal closure and hence a reduction of CO,
uptake, which in turn slows down photosynthesis. Here, SIF reduction
may be caused additionally by a reduction of APAR (Eq. (1)) that drives
electron transport for carbon assimilation (Sun et al., 2015) or by
higher VPD (Zhou et al., 2019). APAR can be reduced also by degraded
photosynthetic pigments and a change in vegetation structure (by leaf
wilting, plant turgor loss, leaf movement, leaf rolling) (Gentine et al.,
2018). Yang et al. (2020) developed a method to isolate the plant
physiological effects on the SIF signal from changes in chlorophyll
content or plant structure. This could potentially lead to the detection
of subtle, stress-induced changes in photosynthesis at large scale, en-
abling an early drought diagnostic. This detection can be enhanced by
coincident observations of soil and vegetation moisture conditions, e.g.,
from the NASA Soil Moisture Active and Passive (SMAP) satellite
(Fig. 7). Alternative stress conditions can easily be excluded in this way.
Finally, it is also worth noting that the satellite overpass time is critical
for using SIF to infer the vegetation photosynthesis response. Fluores-
cence yield can exhibit a diurnal variation related to diurnal changes of
drought stress. Using SIF observation at different time of the day may
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Fig. 7. Tower-based, UAS, and air-/space-borne remote sensing measurements of ecohydrologic variables (PAR: photosynthetically active radiation; VOD: vegetation
optical depth; ET: evapotranspiration; SIF: sun-induced chlorophyll fluorescence; SWC: soil water content) from canopy to ecosystem scale.

therefore give different drought severity predictions (Zhang et al.,
2018b).

4. Conclusion and challenges

In this paper we analyse the current status of using ChlF measure-
ments to provide information on hydrological processes such as root
water uptake, transpiration and the moisture status of the soil-root
zone. Previous findings have shown the potential in using these mea-
surements to constrain hydrological processes. In addition, new tech-
nologies have become available that are more accurate and allow up-
scaling from leaf to canopy and ecosystem scales. Several challenges
need to be addressed to reach this goal. A first major challenge concerns
the upscaling from leaf-scale fluorescence to canopy-scale SIF. At leaf-
scale, the measurement signal can clearly be linked to the photosystem
activity. Canopy-scale measurements are affected by reabsorption and
canopy scattering, both depending on the chlorophyll content and the
canopy structure. These factors have different effects on different wa-
velengths of the SIF emission spectrum. Relating canopy-scale SIF to
leaf-scale PAM measurements will allow separating the contribution
from the changes in physiological activity and changes in vegetation
structure to changes in canopy-scale SIF emission.

The next challenge concerns upscaling canopy-scale SIF emission to
the ecosystem scale. This is complicated both by spatial aggregation
and temporal sampling. In the spatial domain, difficulties include the
strong heterogeneity of the SIF emission due to spatial heterogeneity in
environmental controls. Remotely sensed SIF retrievals necessarily
confront the seasonal variations in each component of the SIF emission
(Eq. (1)), biomass growth, and changing canopy characteristics. Here,
UAS and airborne imagery (from, e.g., HyPlant or CFIS) play a crucial
role, as they can measure the SIF emission at a metre-scale spatial re-
solution and a kilometre-scale spatial extent.

To model the effect of drought stress on SIF emission, RTMs must be
adapted in a way that they can take drought stress into account.
Therefore RTMs need to be coupled to plant and soil models to char-
acterize the water status in both plant and soil compartments. In
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addition, field experiments, measuring both the water fluxes and ca-
nopy-scale SIF emission are needed to establish the link between soil
moisture, drought stress and SIF emission. Once a clear link between
SIF emission and drought stress has been established and incorporated
in RTMs, SIF can provide information on the vegetation water status.
This information can, in turn, be assimilated in land surface models and
crop models, allowing these models to correct vegetation growth,
carbon and water fluxes for drought stress.

The dependence of SIF emission on drought stress provides the
opportunity for potential applications at canopy and ecosystem scales.
At the canopy scale and for a constant APAR, the SIF signal would in-
dicate stressed plants, enabling the optimization of precision irrigation
systems. At the ecosystem scale, coupling SIF emission to a land surface
model could lead to more precise GPP, LAI, and ET estimations, im-
proving our understanding of the carbon and water cycle in the context
of climate change.

Finally, there is a strong need to improve the retrieval of
SIF—especially from satellites—and to quantify its uncertainty.
Currently, the potential to improve land surface/hydrological model-
ling, especially for drought and transpiration monitoring, is hampered
by the noise in the satellite SIF signal. Dedicated satellite missions such
as FLEX are expected to provide less noisy SIF data. More frequent
observations with a temporal resolution of less than one week are also
required for typical hydrological applications. This will require a multi-
sensor approach. To fully exploit the value of SIF, also the assimilation
frameworks and the conceptual understanding need to be improved by
the time these data streams will be available.
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