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Abstract

Sun-induced chlorophyll fluorescence (SIF) from spaceborne sensors is a promising tool for
global carbon cycle monitoring, but its application is constrained by insufficient understanding
of the drivers underlying diurnal SIF dynamics. SIF measurements from ground-based towers
can reveal diurnal SIF dynamics across biomes and environmental conditions; however,
meaningful interpretation of diurnal variations requires disentangling impacts from canopy
structure, plant physiology, instrument configuration and retrieval methods, which often interact
with and confound each other. This study aims to unpack these drivers using 1) concurrent
ground and airborne canopy-scale and leaf-scale measurements at a corn field, 2) a mechanistic
SIF model that explicitly considers the dynamics of photochemistry (via the fraction of open
photosystem II reaction centers, qL) and photoprotection (via nonphotochemical quenching,
NPQ) as well as their interactive dependence on the sub-canopy light environment, and 3) cross-
comparison of SIF instrument configurations and retrieval methods. We found that crop row
orientations and sun angles can introduce a distinctive midday dip in SIF in absence of stress,
due to a midday drop of absorbed photosynthetically active radiation (APAR) when crop rows
are north-south oriented. Canopy structure caused distinctive responses in both qL. and NPQ at
different positions within the vertical canopy that collectively influenced fluorescence quantum
yield (®r) at the leaf scale. Once integrated at the canopy scale, diurnal dynamics of both APAR
and canopy escape probability (¢) are critical for accurately shaping diurnal SIF variations.
While leaf-level qL and NPQ exhibited strong diurnal dynamics, their influence was attenuated
at the canopy scale due to opposing effects on SIF at different canopy layers. Furthermore,
different system configurations (i.e., bi-hemispherical vs. hemispherical-conical) and retrieval

methods can bias the SIF magnitude and distort its diurnal shapes, therefore confounding the
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interpretation of inherent strength and dynamics of SIF emission. Our findings demonstrate the
importance of crop row structures, interactive variations in canopy structure and plant
physiology, instrument configuration, and retrieval method in shaping the measured dynamics of
diurnal SIF. This study highlights the necessity to account for these factors to accurately interpret
satellite SIF, and informs future synthesis work with different SIF instrumentation and retrieval

methods across sites.
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1. Introduction

Accurate estimation of global photosynthesis or gross primary productivity (GPP) is critical
for monitoring the global carbon cycle. These processes are highly sensitive to climate change
and rising CO3, yet existing process-based models are susceptible to prediction errors, partly
because they are poorly constrained by reliable direct measurements at canopy scale and beyond
(Anav et al., 2015; Beer et al., 2010). Sun-induced chlorophyll fluorescence (SIF) offers a
promising solution to this limitation. SIF is the passive emission of light by chlorophyll
molecules that absorb more light energy than can be used for photosynthesis or dissipated via
non-photochemical quenching (NPQ) (Baker et al. 2008). It is a remotely detectable optical
signal that contains direct functional information related to photosynthesis (Porcar-Castell et al.

2014).

There has been a rapid accumulation of SIF measurements from satellites (e.g., Frankenberg
etal., 2011; Joiner et al., 2011; Kohler et al., 2020; Sun et al., 2018), ground-based towers (e.g.,
Campbell et al., 2019; Chang et al., 2020a; Dechant et al., 2020; Grossmann et al., 2018; Gu et
al., 2019b; Li et al., 2020; Liu et al., 2017; Magney et al., 2019; Miao et al., 2018; Wieneke et
al., 2018; Yang et al., 2018; Yang et al., 2015; Zhang et al., 2020) and airborne platforms
(Atherton et al., 2016; Bendig et al., 2019; Cendrero-Mateo et al., 2019; Chang et al., 2020b;
Colombo et al., 2018; Frankenberg et al., 2018; Rascher et al., 2015; Siegmann et al., 2019;
Wang et al., 2021; Wieneke et al., 2016). Early studies identified a consistent linear relationship
between satellite SIF and canopy GPP across biomes at the seasonal scale (Sun et al. 2017, Li et
al. 2018). The reported linearity was interpreted with the light use efficiency (LUE) based SIF-

GPP formulations, defined as:

GPP = LUE, X PAR X fPAR (Monteith 1972) (1a)
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SIF = LUEr X PAR X fPAR X ¢ (Porcar-Castell et al. 2014) (1b)

where LUEp represents the light use efficiency of photosynthesis (CO2 fixed per unit of absorbed
light); LUEF represents the light use efficiency of chlorophyll fluorescence (fluorescence
produced per unit of absorbed light); PAR represents the amount of incident photosynthetically
active radiation; fPAR represents the fraction of PAR absorbed by vegetation; and € represents
the probability for total emitted fluorescence photons to escape from the canopy. From these
LUE-type formulae, we can see that both SIF and GPP share absorbed PAR (APAR, i.e., fPAR X
PAR) as a common driver, which predominantly explains the previously identified SIF-GPP

linearity at seasonal scales or beyond or coarse spatial resolutions (Yang et al., 2015).

A growing number of studies demonstrate a nonlinear SIF-GPP relationship at finer
spatial/temporal scales or under stress (Campbell et al., 2019; Damm et al., 2010; He et al., 2020;
Li et al., 2020; Magney et al., 2020; Marrs et al., 2020; Tagliabue et al., 2019). Unlike
reflectance or vegetation indices, which are relatively stable over short timespans, SIF fluctuates
instantaneously with PAR and dynamic regulations of photosynthesis and NPQ (Porcar-Castell
et al., 2014). Existing satellites with SIF capabilities record discretely during an overpass,
requiring scaling of these instantaneous SIF measurements to daily values in order to match
GPP; this is usually based on a simplified harmonic diurnal variation of solar radiation
(Frankenberg et al., 2011; Hu et al., 2018; Sun et al., 2018). Consequently, a mechanistic
understanding of diurnal SIF dynamics and its underlying drivers is critical for accurately
upscaling and interpreting satellite SIF measurements as well as its dynamic relationships with
photosynthesis (e.g., Campbell et al., 2019; Miao et al., 2018, 2020; Xu et al., 2018; Yang et al.,

2018).
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At the diurnal scale, APAR should be the dominant driver of SIF at the canopy scale
(Dechant et al., 2020; Miao et al., 2018, 2020; Yang et al., 2018). However, recent leaf-level
studies have also reported important regulations from physiology, particularly the competing
influences of NPQ and photosynthesis on SIF yield at short time scales and under stress
(Acebron et al., 2021; Marrs et al., 2020). Reconciling these discrepancies requires a mechanistic
model that can guide the interpretation of underlying drivers. To date, attempts to do so have
relied upon simple statistical regressions of components of the LUE model; although useful as
initial exploration, such approaches are susceptible to measurement noise and do not disentangle
the contributions of plant physiology from other factors (e.g., canopy structure). Critically, the
LUE-type model (Eq. 1b) masks considerable complexity of physiological processes and their
interaction with canopy structural variations, making the interpretation of LUE} variations and its

linkage with NPQ dynamics elusive (Gu et al., 2019a).

Additional complexity in diurnal SIF dynamics can arise from non-homogeneous canopies,
which can create a highly dynamic light environment that influences photosynthesis and NPQ
within the canopy (Niinemets, 2010; Palmer, 1989; Stewart et al., 2003; Lappi & Stenberg, 1998;
Sinoquet & Bonhomme, 1992) and hence SIF emission. For example, at certain solar angles,
shaded leaves may be suddenly exposed to higher light intensities, e.g., sunflecks, causing more
photosystem II (PSII) reaction centers to be occupied (i.e., decreases in qL, which represents the
fraction of open PSII reaction centers) while NPQ concomitantly increases to offset the
absorption of excess light energy. As a result, canopy structure, plant physiology, and solar
geometry interactively impact the emission of SIF, and such interaction depends on canopy
architectures. Specifically, agricultural fields planted with row crops exhibit a distinctive regular

architecture; their canopy light interception is influenced by row spacing, orientation and plant
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traits (Awal et al., 2006; Maddonni et al., 2001; Stewart et al., 2003). Previous work by Zhao et
al. (2016) investigated the impact of row structures on SIF emission through modeling and field
measurements. By comparing row structures with homogeneous canopies, Zhao et al. suggested
that row structure has a large impact on SIF magnitude and directionality. If this is the case, we
may logically extrapolate that when satellite SIF is used for large-scale agriculture monitoring, it
may be influenced by crop row structures that could potentially impact the estimation of daily

SIF from instantaneous soundings.

Furthermore, when working with ground SIF observations, it is important to address potential
confounding factors, to avoid erroneously attributing biological significance to measurements
noise from system configurations and retrieval methods. For example, SIF retrieval methods
using the far-red telluric oxygen (O2A) band can greatly differ in SIF magnitude under cloudy
and clear conditions (Chang et al., 2020a). Moreover, this effect, which manifested as distortion
of the edges of the O2A band, differed between system configurations with hemispherical vs.
conical acquisition of upwelling radiance (Chang et al., 2020a). Despite the important
implications of such effects, the confounding factors from system configuration and retrievals
have not been explicitly considered in previous studies that examined the drivers of diurnal SIF

dynamics.

In this study, we seek to understand the factors that control the diurnal dynamics of SIF
retrieved at the canopy scale using ground-based tower systems. These include the biological
factors (canopy structure and plant physiology) that determine the inherent strength of SIF
emission, and the physical acquisition of SIF from the canopy, influenced by the instrument
system configuration and retrieval methods. Specifically, we aim to address: 1) How do canopy

structure (APAR and ¢€) and plant physiology (NPQ and qL) interactively influence the diurnal
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SIF dynamics? 2) To what extent can highly structured canopies (such as agricultural row
structures) impact diurnal SIF dynamics? 3) How do systematic errors introduced by system
configuration and retrieval methods confound the interpretation of biophysical processes driving
SIF dynamics? Answering these questions is necessary for correctly attributing biological factors
that determine the diurnal cycle of SIF, ensuring the accuracy of upscaling satellite SIF from
instantaneous to daily integrals, and informing future synthesis work with different SIF

instrumentation and retrieval methods across sites.

To achieve these objectives, we first utilized a mechanistic SIF model (Gu et al., 2019a;
section 2.3) that explicitly considers the NPQ and qL. dynamics as well as their interactive
dependence on canopy-structure regulated sub-canopy light environment to understand the
diurnal SIF patterns as well as the underlying drivers. Here we leveraged the unique canopy
architecture of corn row crops, which provide ideal targets for exploring the interactive influence
of canopy structure, plant physiology, and solar geometry on SIF dynamics. Second, we
performed diurnal canopy-level SIF measurements with ground and UAV instruments as well as
diurnal leaf-level chlorophyll fluorescence (ChlF) measurements for corn fields with contrasting
row orientations, to assess the extent to which highly structured canopies, as opposed to
horizontally more homogeneous canopies (i.e., broadleaf forests or grasslands), impact diurnal
SIF dynamics. Lastly, we compared the clear-day diurnal SIF patterns retrieved by two
hemispherical (FAME) and two conical (FloX) system configurations over four different
vegetation types, to determine whether there are artificial influences on the diurnal shape of SIF

which may be introduced by instrument setup and/or retrieval methods.

2. Methods



143 Here we describe SIF instrument configurations and field sites (section 2.1); canopy-level
144  SIF acquired with ground and UAV platforms (section 2.2); chlorophyll fluorescence acquired at
145  the leaf level (section 2.3); and mechanistic SIF modeling (section 2.4). An overview of the

146  measurements, site characteristics, and the associated research questions is described in Table 1.

147  Table 1. Overview of measurements and sites used in this study. Sites include Cornell
148  Musgrave Research Farm (CMRF), Missouri Ozark AmeriFlux (MOFLUX), Grossetto Italy
149  (GROS) and Jiilich Germany (JULI). Sites and platforms are described in Section 2.1.

Research Questions Sites Platform Measurements

How do agricultural row CMRF FAME-1 Canopy APAR, SIF, NDVI, pnir,
structures impact SIF NIRv

emission? CMRF FAME-1-UAV Canopy SIF

How do they influence CMRF GFS-3000 Leaf-level chlorophyll fluorescence
canopy structure and plant MOFLUX FAME-2 Canopy APAR, SIF

physiology?

What confounding impacts =~ CMRF FAME-1 Canopy SIF

from instrumentation and MOFLUX FAME-2 Canopy SIF

retrieval methods influence =~ GROS FloX-1 Canopy SIF

the detected SIF signal? JULI FloX-2 Canopy SIF

150

151 2.1 Description of tower SIF systems and field site characteristics

152 Concurrent SIF and hyperspectral reflectance measurements were collected at four stationary
153  tower sites with different canopies and instrument configurations (Table 2). The two

154  configurations include a bi-hemispherical system, i.e. ~180° FOV collection of both upwelling
155  and downwelling irradiance, and a hemispherical-conical system, i.e. ~180° FOV for

156  downwelling but a narrower FOV (here, 25°) for upwelling radiance. The FAME bi-

157  hemispherical system (Gu et al., 2019b) was deployed at Cornell Musgrave Research Farm

158  (denoted as FAME-1) and the Missouri Ozark AmeriFlux site (FAME-2), while the commercial
159  hemispherical-conical FloX system (Julitta et al., 2016) was deployed at Grossetto, Italy (FloX-

160 1) and Jiilich, Germany (FloX-2). All four systems were positioned over the target canopies with
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a nadir viewing zenith angle. A description of the system specification is shown in Table 2, and

climate and vegetation type information for the four sites used in this study is shown in Table 3.

Table 2. Comparison of SIF systems. Bi-hemi denotes bi-hemispherical FOV configuration
(downwelling and upwelling both 180°). Hemi-con denotes hemispherical-conical FOV
configuration (downwelling ~180°, upwelling narrower FOV). Note that the 180° FOV listed for
all instruments are in reality closer to 160° in implementation due to manufacturing design of the
cosine corrector (Gu et al. 2019a), while ~85-92% of light is acquired within 100° (Chang et al.,
2020b).

Instrument  Config. Spectral  Spectral Spectral Signal-to- Upwelling
range resolution sampling  Noise Ratio Field-of-View
(nm) (nm FWHM) interval
(nm)
FAME Bi-hemi  730-784  ~0.15 ~0.05 1000:1 ~100°
FloX Hemi-con 640-800 ~0.30 ~0.17 1000:1 ~25°

Table 3. Description of sites used in this study. Meteorological data presented here are
historical mean climatology of 1981-2010, which were obtained from NOAA
(https://www.ncdc.noaa.gov/cdo-web/) for CMRF and MOFLUX, and from Julich climate
station (https://www.fz-juelich.de/gs/DE/UeberUns/Organisation/S-
U/Meteorologie/klima/statistik_node.html) and meteostat (https://meteostat.net/en/) for GROS.
For the purposes of footprint calculation, we use 100° FOV to calculate the effective footprint
diameter of the FAME systems.

Instrument Years Site Vegetation Average Average  Sensor Footprint
type annual annual height diameter
precip. temp. above (m)
(mm) (°O) canopy (m)
FAME-1 2018- CMRF Corn 918 9.2 ~1.5-2 ~4.6
2019
FAME-1-UAV 2019 CMRF Corn 918 9.2 10 ~23.8
FAME-2 2017 MOFLUX  Deciduous 1176 13.3 ~13.5 ~32.2
forest
FloX-1 2018 GROS Alfalfa 749 16.0 ~1.5 ~0.7
FloX -2 2018 JULI Grass 718 10.5 ~3 ~1.3
2.1.1 FAME

The core of the FAME tower system consists of a thermally stabilized hyperspectral

spectrometer (QE-Pro, Ocean Optics Inc., Dunedin, FL, USA) configured for far-red SIF
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retrieval (730-784 nm), maintained in a temperature-regulated enclosure and connected to an

armored and weatherproofed fiber optic equipped with an opaline glass cosine corrector (CC-3,
Ocean Optics Inc.) which rotates between zenith and nadir positions using an external motor. In
this manner, the system alternates between sampling hemispherical upwelling and downwelling

radiation. Further system details are provided in Chang et al. (2020a) and Gu et al. (2019b).

2.1.2 FAME-1: Cornell Musgrave Research Farm, USA

FAME-1 was deployed at Cornell Musgrave Research Farm (CMRF), an agricultural site
located in upstate New York (42° 43" 22" N, 76° 39" 46” W). The field, measured 520 m x 290
m, was planted with a commercial corn hybrid in 2018 and 2019 using 76 cm spacing between
rows, 15.25 cm spacing within row, and a north-south (N-S) row orientation to minimize soil
erosion. For further site details, see (Chang et al., 2020a). In 2019, in addition to the first field
where FAME-1 was deployed, a second field consisting of five 10 m x 10 m plots was planted
nearby with the same hybrid, planting density and row spacing but with east-west (E-W) row

orientation.

In addition to SIF, the FAME-1 tower system was equipped with a second hyperspectral
spectrometer (FLAME, Ocean Optics Inc.) for broadband reflectance (400-950 nm), with a
spectral resolution of 1.3 nm FWHM and SNR of 250:1. Both QE Pro and FLAME
spectrometers were connected to the same cosine-corrected fore-optic for collecting light using a
single-bifurcated fiber optic. FAME-1 utilized two dataloggers (CR1000, Campbell Scientific,
Logan, UT, USA) to record meteorological measurements including temperature and relative
humidity (CS215, Campbell Scientific), barometric pressure (CS106 PTB110, Vaisala, Helsinki,
Finland), PAR (PQS1, Kipp & Zonen B.V., Delft, the Netherlands), and APAR using a series of

line quantum sensors (SQ311, Apogee Instruments, Logan, UT, USA). The meteorological

11
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measurements were acquired at the same frequency as downwelling irradiance from the SIF and

hyperspectral spectrometers.

A smaller, lightweight version of the FAME-1 system, comprised of similar spectrometer
configurations, was deployed on a UAV (herein referred to as FAME-1-UAV) to enable
monitoring of the two corn fields with contrasting row orientation in 2019. This system is

described in Chang et al., (2020b).

2.1.3 FAME-2: Missouri Ozark AmeriFlux site, USA

FAME-2 was deployed at the MOFLUX site (38° 44’ 39 "N, 92° 12’ 00" W), a second-
growth deciduous forest site of the oak-hickory (Quercus-Carya) type in central Missouri. For
field site details, including species descriptions, see Gu et al. (2016). In addition to SIF, the
FAME-2 tower system utilized a datalogger (CR6, Campbell Scientific) to record meteorological
measurements including temperature and relative humidity (CS215, Campbell Scientific) and
PAR (PQS1, Kipp & Zonen). The meteorological measurements are acquired at the same

frequency as downwelling irradiance.

2.1.4 FloX

The FloX system consists of one thermally stabilized hyperspectral spectrometer (QE-Pro)
configured for red to far-red SIF retrieval (650-800 nm) and a second hyperspectral spectrometer
(FLAME) for broadband reflectance (400-950 nm). Both non-imaging spectrometers are
maintained in a temperature-regulated compartment and connected via a bifurcated fiber optic to
an optical shutter, which switches sampled light between fixed upwelling and downwelling
channels. The down-welling light is measured through a cosine diffusor while the up-welling

light is measured through fiber optics with 25° FOV. The system is designed to function fully

12
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autonomously in the field and stores data on an internal SD card. Further details are provided in

Julitta et al., (2016) and Burkart et al., (2015).

2.1.5 FloX-1: Grossetto, Italy

FloX-1 was deployed in Grossetto (GROS), central Tuscany, Italy (42°49'41"N,
11°04'08"E). The site is characterized as a segmented agricultural area with various crops. A
solar-powered FloX was installed over a mature, closed canopy of alfalfa. The instrument was
installed with a few meters distance to canopy to allow for recording a reasonable area of
recording (ca. 1.0 m?) in a uniform and closed canopy while minimizing influences of
atmospheric distortion. The site was also used periodically for airborne measurement campaigns
in 2018 during the ESA-funded FleXsense campaign. For further site details, see Cogliati et al.

(2019).

2.1.6 FloX-2: Jiilich, Germany

FloX-2 was deployed at the Research Center Jiilich (JULI), in Jiilich, Germany (50°54'36"N
6°24'50"E) on a grass lawn in front of the institute IBG-2 Plant Sciences. The Jiilich weather
station is in close proximity to the Research Center, and provides a comprehensive record of
weather data, irradiance measurements, cloud cover, aerosols, emission and fluxes on a 124 m
high tower. The FloX was installed within a few meters’ distance of the tower to record a field of
view of ca. 1.5 m? over a uniform and closed canopy. The grass was initially mowed before the
instrument was installed and then left to grow naturally during the spring growth period,

reaching a closed, fully developed canopy in May.

2.2 Canopy-level measurements of SIF

2.2.1 Tower-based diurnal measurements of canopy SIF

13
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Measurements by all SIF towers were performed continuously during daylight hours with the
integration time of each measurement optimized to maximize spectrometer dynamic range. The
FAME-1 dataset used in this study included clear-sky measurements collected over the peak
growing seasons in 2018 (DOY 200-250) and 2019 (DOY 215-250) from the same corn field at
CMREF; planting occurred on DOY 145 in 2018 and 158 in 2019. The FAME-2 dataset used in
this study included eleven clear-sky days ranging from DOY 126 to 176 collected in 2017 from
the natural deciduous forest at MOFLUX. The FloX-1 dataset used in this study included six
clear days ranging from DOY 97 to 115 collected over mature alfalfa at GROS in 2018; planting
occurred on DOY 51. The FloX-2 dataset used in this study included twelve clear days ranging

from DOY 96 to 129 collected over a fully developed and closed grass canopy at JULI in 2018.

2.2.2 UAV-based diurnal measurements of canopy SIF

Measurement campaigns using FAME-1-UAV were performed at CMRF over two clear days
in 2019 across the peak and late growing seasons, consisting of one day in the N-S oriented field
and one day in the E-W oriented field. During each campaign, flights were performed hourly
from 9:00 h to 18:00 h (flights before 9:00 h were not possible due to mist and high humidity
impacts on the performance of the spectrometers). Each flight mission consisted of six stop-and-
go waypoints over the N-S field or five waypoints over the E-W field (for more details see
Chang et al., 2020b). Flight altitude was 12 m to maintain a minimum of 10 m over the crop
canopy, to avoid impacts of downdrafts from the drone on the canopy during measurement.
Because the payload containing the spectrometers was not thermally regulated, radiometric

calibrations and dark-current curves were performed immediately before or after each flight.

2.2.3 SIF retrieval and quality control

14
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For the purposes of this study, only clear days were used for analysis. This decision was
based on our prior study in which we identified that clouds not only decrease SIF magnitude but
could distort SIF retrieval (Chang et al., 2020a). Additionally, the inconsistency of clouds
appearing during the day would complicate discussion of canopy structural effects on light
interception. Identification of clear days was performed by calculating the clearness index,

following Chang et al. (2020a).

Our choice of SIF retrieval method was constrained by the instrument systems used in this
study. We focused our analysis on far-red SIF as the FAME systems are configured for far-red
SIF retrieval only (Table 2), although red SIF, a signal additionally complicated by canopy re-
absorption, is certainly deserving of further investigation. Furthermore, telluric SIF retrievals
from the O2A band are known to be susceptible to distortion at the edges of the O2A well, which
is avoided by retrieving SIF from solar Fraunhofer lines (Chang et al., 2020a). However, due to
the lower spectral resolution of the FloX systems and the high noise known to affect Fraunhofer
retrievals even from the FAME systems (Chang et al., 2020a), we chose to utilize O2A rather
than Fraunhofer retrievals. Thus, SIF was retrieved from the O2A band via the spectral fitting
method (SFM) using both the traditional wide (759-767.76 nm, denoted as SFMuide) and adjusted
narrow (759.5-761.5 nm for FAME, 758-764 nm for FloX, denoted as SFMnarrow) fitting
windows according to Chang et al. (2020a). The adjusted fitting window used for FloX was
slightly wider than that for FAME due to the lower spectral resolution of the QE Pro

spectrometer used in the FloX system. For FAME-1-UAYV, SIF was retrieved using SFMarrow.

Quality control was applied to all systems as follows: Measurements were only used if they
satisfied the criteria of < 70° solar zenith angle (SZA), sufficient goodness-of-fit (0.5 <> < 2),

where ¥ is the reduced y? of the retrieval residuals. Furthermore, to avoid complication of the

15
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result by atmospheric impacts, we only examined clear days where clearness index (CI), defined
as the ratio of actual to potential PAR, was between 0.9 and 1. More details on the screening

procedure are described in Chang et al. (2020a).

FloX measurements were filtered with the internal quality flags from the processing GUI.
Following Cogliati et al. (2015), measurements were excluded where the detector was saturated,
SZA > 70° and the relative difference between downwelling radiance measured at 750 nm just
prior and just after a given upwelling measurement was < 1%, to screen out measurements

recorded under unstable sky conditions.

2.3 Leaf-level measurements of chlorophyll fluorescence

Leaf-level chlorophyll fluorescence was measured at the FAME-1 site using a portable
photosynthesis system (GFS-3000, Heinz Walz GmbH, Effeltrich, Germany) equipped with a
pulse-amplitude-modulated (PAM) fluorescence measuring head (3056-FL, Walz). All leaf-level
measurements were performed using set cuvette conditions of 25°C, 400 ppm CO; and 50-60%
relative humidity. Diurnal measurements were collected during clear days in 2018 and 2019.
Measurements were made in the N-S row-oriented field, adjacent to the deployment location of
FAME-1, in 2018 (DOY 223, 227, 236, 267) and 2019 (DOY 241, 248). In 2019, measurements

were also taken in a nearby E-W row-oriented field (DOY 217, 261).

For each of these measurement campaigns, pre-dawn measurements were first obtained on 5-
6 healthy, mature leaves at the top of the canopy (unshaded leaves at ~1.5-2 m above ground)
and 5-6 healthy, mature leaves at mid-canopy (ear leaf position, approximately 1 m above
ground) to record maximal dark-adapted fluorescence (F;) and basal dark-adapted fluorescence

(Fo). Saturating pulses for F;, and maximal light-adapted fluorescence (£ ) measurements were

16



315

316

317

318

319

320

321

322

323
324
325
326
327

328

329
330

331

332

333

334

335

336

337

set at ~8,000 pmol m™ s™! for 0.6 seconds. All subsequent measurements were made at the same
location on each leaf. Starting around 8:00 h local time, light-adapted fluorescence
measurements were performed at ~40-60 minute intervals, positioning the cuvette parallel to the
ground but carefully avoiding mechanical strain on each measured leaf. The actinic light applied
during each light-adapted PAM measurement was determined by the actual PAR sensed at each
position by the sensor attached to the measuring head. Measurements of steady-state
fluorescence (Fs) and F,* were recorded approximately 2-3 minutes after the leaf was inserted to

the cuvette. Chlorophyll fluorescence parameters were then calculated as follows:

Opsu = (Fn” — Fs)/[Fn’ (Genty et al., 1989) (2a)
Dpsiimax = (Fm — Fo)/Fn (Genty et al., 1989) (2b)
Onpg = (Fo/Fp') — (Fs/Fm) (Hendrickson et al., 2004) (2c)
Drp = Fy/Fn (Hendrickson et al., 2004)  (2d)
®p = O¢p - Dr (Hendrickson et al., 2004)  (2e)
Or = (1+kDF)X[(1+NPQ)1><_(Tf‘;I:Sr‘lI[Il:’Lax)+QL><‘I’PSIImax] (Gueetal, 2019) @)
QL = (Fn’ = F)/(Fu’ — Fo') * (Fo 'IFy) (Kramer et al., 2004) (2g)
NPQ = (Fn—Fn)Fn’ (Kramer et al., 2004) (2h)

Here ®psy represents the effective quantum yield of PSII; ®psiimax represents the maximum
quantum yield of PSII; ®npq represents the quantum yield of nonphotochemical quenching
(regulated heat dissipation), NPQ; ®rp represents fraction of energy constitutively dissipated as
heat or emitted as fluorescence; @p represents the quantum yield of constitutive heat dissipation;
®r represents the quantum yield of chlorophyll fluorescence at the leaf level; qL represents the
fraction of open PSII reaction centers under the lake connectivity of photosynthetic units

(Kramer et al., 2004).
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To realistically model the physiological response to diurnal changes in the light environment
within a complex canopy (detailed in section 2.4.3), we needed to estimate NPQ and qL at
different light intensities. Thus, we collected photosynthetic light response curves from six top-
of-canopy (sunlit) and six mid-canopy (some sunlit, some shaded) mature, healthy corn leaves in
2018 (Fig. S2). Leaves were fully dark-adapted for a minimum of 30 minutes before F,, and F,
were acquired. The leaves were then exposed to a sequence of eight steps with increasing actinic
light intensity (100, 200, 400, 800, 1200, 1800, 2500 umol quanta m™ s!) for 7-10 minutes per
step. At each light intensity, Fi, F,,” and F,” were acquired. Following Kramer et al. (2004), qL

and NPQ were then calculated using Egs. 2g,h.
2.4 A mechanistic model to estimate SIF and mechanistically attribute underlying drivers

In this study, we employed a mechanistic model to compute leaf-level SIF (Gu et al., 2019a)
that explicitly considers the NPQ and qL. We decided to use this model because we can utilize
real-time APAR to constrain the model, which is a considerably more parsimonious approach
than a complex 3D radiative transfer model such as DART for simulating SIF. We did not use
SCOPE to simulate SIF in this study, because 1) it is a 1D model that cannot adequately
characterize 3D row structures or orientations, and 2) it derives fluorescence from simulated
photosynthesis and NPQ, which can carry uncertainties from assumptions of inputs or
parameters; such uncertainties have previously been shown to propagate into SIF estimations
(Parazoo et al., 2019; Yang et al., 2021). The mechanistic approach employed here enables an in-
depth analysis of how diurnal NPQ and gL dynamics affect SIF emissions, without concerning
the potential uncertainties propagated from the photosynthesis or NPQ parameterizations. The
leaf-level SIF was then integrated to the total canopy-level emission using the multi-layer

approach, which was further converted to the at-sensor SIF observations using the parsimonious
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escape probability formulation € (Zeng et al., 2019). Collectively, the canopy-level SIF

simulation is formulated as:
LAI
SIF =X ZL:O((pFrL X APARL) X B (3)

Here we use @r,1 (calculated via Eq. 2f) to represent the leaf-level quantum yield of
chlorophyll fluorescence at layer L; B represents the fraction of absorbed light energy directed to
PSII. Unit conversion was then performed according to Text S2 to match that of measured SIF
retrieved at 760nm. From Egs. 2f and 3, components related to plant physiology (®psiimax, qL,
NPQ) as well as canopy structure (g, fPAR), in addition to the environmental driver PAR,
influence SIF emission. Furthermore, these physiological terms are influenced by environmental
conditions such as temperature and water availability, suggesting that these physiological
responses are critical components of SIF (Marrs et al., 2020). The mechanistic SIF model
(described in Egs. 2f and 3) thereby provides a clear advantage over the traditional LUE model
(Eq. 1) due to its explicit representation of physiological processes. Moreover, it accounts for
interactions between physiology (represented by ®psimax, qL, NPQ) and canopy structural
variations (represented by APAR and €), that modulate within-canopy light conditions, which are

all hidden in the LUEFf term.

SIF simulations were performed using the FAME-1 (CMRF) dataset only, due to the lack of
APAR, reflectance and leaf level physiological measurements needed to derive the model input
factors in the other three sites. Continuous instantaneous measurements used as inputs to these
simulations were recorded over three clear days (DOY 214, 217 and 238) in 2019, with detailed
descriptions of each component (either direct measurements or derived from direct

measurements) below.
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2.4.1 APAR measurements

Canopy APAR was measured at CMRF during the 2019 growing season concurrently with
SIF measurements. APAR measurements at MOFLUX were only available from 2018 and 2019
as quantum line sensors were not yet installed in 2017, while APAR measurements were not

available from GROS or JULI. APAR was calculated according to Gitelson & Gamon (2015):

APAR = PARln - PARout — PARtransm + PARsoll (4a)
fPAR = APAR / PARi, (4b)

where PARi, represents the incident PAR at the top of the canopy; PARw represents the PAR
reflected by the vegetation, measured at the top of the canopy; PARansm represents the PAR
transmitted through the canopy; PARoi represents the PAR reflected by the soil, measured at the

bottom of the canopy.

At CMRF, PARi, and PARo: were each measured by a single line quantum sensor (SQ311,
Apogee Instruments) positioned approximately 1 m above the mature canopy. The SQ311 line
quantum sensors consist of a series of ten-point photodiode sensors covering 70 cm length.
PARGsoil was measured by a single downward-facing SQ311 line sensor positioned across a row,
approximately 5 cm above the soil surface. PARansm Was calculated as the average of readings
from five upward-facing SQ311 line sensors positioned in series across a total of four rows,
positioned approximately 6 cm above the soil surface. At MOFLUX, PAR;, and PARou were
each measured by a single line sensor (SQ311, Apogee Instruments) positioned approximately
10 m above the mature canopy. PARuansm and PARsoi were measured at two different locations

within the trunk-space using upward and downward facing line quantum sensors.

2.4.2 Estimation of canopy escape probability of SIF (¢)
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Hyperspectral reflectance was measured using the FAME-1 deployed at CMRF and used to
derive the canopy escape probability of SIF (¢) following Zeng et al. (2019), using the APAR

measurements (described in 2.3.1) in combination with NIRv:

NDV] = PNIRZPred (5a)
PNIRtPred
_ NIRy
€% Tpar (50)

where py;r and p,.q Were the reflectance values at 858 nm and 648 nm, respectively, based on
wavelengths used to calculate NDVI from MODIS; NDVI is the normalized difference

vegetation index; and NIRv is the near-infrared reflectance of vegetation.

2.4.3 Calculation of sub-canopy qL, NPQ, and SIF quantum yield (®r)

We employed a multi-layer strategy to compute the total SIF emission, prior to multiplication
with ¢ (as formulated in Eq. 3). For each given layer L, we first computed incident PAR; and

APAR, as follows, constrained by actual measurements of canopy APAR and PAR;, (section

23.1):
—kLrq_,—kdL

APAR, = APAR x *—4= (62)

PAR, = PAR;, X e~** (6b)

Here the total canopy LAI at peak season approximated to be 4. We then divided our corn
canopy into eight layers, ranging from 0 to 3.5 with 0.5 canopy optical depth per layer. k£ denotes
the extinction coefficient according to Beer’s law, dynamically computed for each time step

constrained by APAR measurements, as follows:

APAR
lOg(l_PARhg

k=——F—" (7
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Note the extinction coefficient k is diurnally varying with solar elevation angle. Using actual
APAR measurements to constrain k can effectively account for the effect of highly structured
canopy due to row spacing. The use of actual APAR measurements (here aggregated to S-minute
intervals) also implicitly corrects for uncertainty in the approximate LAI used in equations 6-7.

The detailed derivation of Eqs. 6-7 is provided in Text S1.

Next, we computed instantaneous qL. and NPQ for each layer, which in turn were used to
calculate the corresponding @r ;. To achieve this, we employed empirical light response
formulae to model qL and NPQ as a function of incident PAR at each layer, i.e., PAR;. This
approach allowed us to generate instantaneous qL and NPQ that changed across the day within

each layer.
For gL at each layer (qLr), we used a parsimonious exponential model:

qL, = a x eP*PARL 4 ¢ (8)
Here a, b and c are empirical coefficients.

For NPQ at each layer (NPQL), we used the model developed by Serddio & Lavaud (2011):

PAR,™

NPQL = NPQmax X oo e €

where NPQmax represents the maximum NPQ value; PARso represents the light intensity required
to activate half of the maximum NPQ; n is an empirical coefficient. Empirical coefficients for
Egs. 8-9, i.e., a, b and ¢ for calculating qL, and PARso and » for calculating NPQ, were
determined by fitting with leaf-level light response curve measurements collected across top and

mid canopy leaves (section 2.3, Fig. S2).
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Lastly, utilizing Eq. 3, O was computed using NPQr and qLr. ®psiimax Was held at a
constant value of 0.83 (Bjorkman & Demmig, 1987); B was assumed 0.4 for C4 plants (Yin &
Struik, 2012). kpr was assumed to be a constant value of 15, which was slightly adjusted from
previously published value of 19 (Gu et al., 2019a; van der Tol et al., 2014) to match the

magnitude of simulated total canopy SIF with measured SIF.

2.3.4 Scenario simulations

Using Eqs. 2f and 3, three scenario simulations were constructed to demonstrate the combined
and individual contributions of canopy structure, plant physiology, and environmental drivers to
the collective signal of SIF, as shown in Table 4. Where the factor was being tested,
instantaneous data was simulated across layers using inputs derived from direct canopy-scale
measurements taken at CMRF. Where the factor was not being tested, it was set to a constant
value representing the average across time for each layer (for ®r1) or across time at the canopy

scale (¢).

Table 4. Simulation scenarios testing the canopy structural, plant physiological, and
environmental factors that control SIF dynamics.

Factor type Instantaneous input Constants
Canopy absorption + escape + physiology APARy, €, kL -
Canopy absorption + escape APARy, ¢ ®r L
Canopy absorption only APARL g, DrL

3. Results

3.1 Diurnal SIF dynamics and its dependence on agricultural row orientations

We observed a midday dip in canopy SIF exhibited in the field with a north-south (N-S) row
orientation, consistently from both tower and UAV platforms (Fig. 1). However, such pattern

was absent in the field with east-west row orientation (E-W) (Fig. 1b), even though it was
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planted with the same variety of corn and row spacing and developed under the same
meteorological conditions as the N-S field. Such contrast indicates that agricultural row
orientations can strongly impact the diurnal dynamics of SIF observations. When row crops such
as corn are oriented more perpendicular to the trajectory of the sun (e.g., N-S), larger diurnal
changes have been reported in the proportion of light intercepted by crops and soil, in
comparison with row orientation more parallel to the trajectory of the sun (e.g., E-W) (Tsubo et
al., 2001). This row structural effect could introduce a sudden drop in canopy light absorption
while more light penetrates to soil in N-S planted corn fields (such as that measured at CMRF,
Fig. 2a) when the solar zenith angle aligns with the row at midday, which in turn can result in a
midday dip in SIF emission. This should also result in exposure of leaves positioned lower
within the canopy to higher light intensities at such solar angles, as we explore below. The
difference in magnitude of tower and UAV SIF in the N-S field was due to within-field

heterogeneity between the positions measured by tower and UAV, as described in Chang et al.

(2020Db).
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Figure 1. Diurnal dynamics of SIF measured over CMRF. a) SIF7¢o retrieved from the
FAME-1 tower during clear days at peak growing season from the FAME-1 tower. b) SIF760
retrieved from the FAME-1 UAV flown over two corn fields at CMRF with north-south (N-S) or
east-west (E-W) row orientation. Here, SIF is retrieved using SFMuarrow (759.5-761.5 nm). For a),
markers indicate half-hour average of all clear sky measurements recorded over 2019 from peak
growing season (DOY 200 to DOY 250). For b), markers represent average for 6 plots for N-S
field or 5 plots for E-W field measured in 2019. Error bars in both panels indicate one standard
deviation. Dashed vertical lines indicate average solar noon for this location.

To explore whether the row structure indeed contributed to a midday dip in light absorbed by
the canopy, we first contrasted the canopy APAR and fPAR at CMRF and MOFLUX (Fig. 2).
Since the SIF tower at MOFLUX is installed over a mature, closed, deciduous forest canopy, we
anticipated no midday dip in that data. As observed with SIF (Fig. 1), the measurements of
APAR recorded in the N-S row-oriented field at CMRF exhibited a midday dip at approximately
13 h, local solar noon (Fig. 2a), which was due to a midday dip in fPAR (Fig. 2¢). In
comparison, measurements recorded at MOFLUX did not exhibit a midday dip in APAR (Fig.

2b) or fPAR (Fig. 2d).
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Figure 2. Absorbed photosynthetically active radiation (APAR, top row) and fraction of
absorbed photosynthetically active radiation (fPAR, bottom row) at (a,c) CMRF and (b,d)
MOFLUX sites on clear-sky conditions. Data shown for panels (a,c) were measured
concurrently with 2019 SIF measurements presented in Fig. 1a. The corn field measured by the
tower at CMRF has N-S row orientation. Points indicate half-hourly average of instantaneous
measurements for CMRF and MOFLUZX. Error bars in all panels indicate one standard deviation.

Canopy structure also affects the probability of photons escaping from the canopy (g), which
influences the amount of SIF that can be retrieved from above the canopy. Here we estimated ¢
as the ratio between NIRv and fPAR according to Eq. 5c (Fig. 3). A midday decrease was
observed for both NIRv (Fig. 3b) and fPAR (Fig. 2¢) but produced a net outcome of a midday
spike (rather than dip) in € (Fig. 3a). This was because the diurnal pattern of NIRv (Fig. 3b),
calculated as the product of NDVI and pnir according to Eq. 5b, was dominated by the gradual
diurnal pattern of pnir (Fig. 3d). Note that NDVI also exhibited a minor dip at midday, possibly
due to the reflectance of bare soil at noon time (Fig. 4c). This midday increase in € might
therefore reflect a systematic bias due to the contamination of NDVI by bare soil at midday when
light can actually penetrate to the ground, since light is almost fully intercepted by the canopy at
other times of day (Fig. 2c). Alternatively, the increase in € may act to slightly offset decrease in
fPAR when solar position aligns with gaps in the canopy (e.g. row structures), although in our
case it could not fully compensate for fPAR and resulted in the midday dip in SIF in the N-S
field (Fig. 1). To aid conceptualization of the impacts of row structure and row orientation on
light interception by canopy and bare soil, we provide a simplified video illustration of light
interception on a summer day across N-S vs. E-W row orientations in Fig. S3. As shown in the
video, sunlight hits bare soil at midday in the N-S scenario at both latitudes. In contrast, E-W
rows are shaded at midday, indicating that there is no loss of APAR that could result in a midday
dip of SIF. Note that sunlight does not hit bare soil at all in the E-W field at the equatorial

latitude, while it partially illuminates soil along E-W rows at the higher latitude in the morning
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and late afternoon. The difference in patterns of diurnal light interception in the E-W field will

vary based on season due to changing solar azimuth angles.
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Figure 3. Diurnal patterns of a) canopy escape probability (¢), b) near-infrared radiance of
vegetation (NIRv), ¢) normalized difference vegetation index (NDVI) and near-infrared
reflectance (pnir) recorded by FAME-1 over a N-S oriented corn field at CMRF.
Measurements indicate average (black line) and one standard deviation (gray shading) recorded
by FAME-1 over five clear days of the peak growing season in 2019.

The diurnal patterns in APAR caused by crop row orientations alter diurnal physiological

responses within the canopy. Here we demonstrated this using leaf level measurements of ChlF

(Fig. 4). At the top of the canopy, in both N-S and E-W fields, the quantum yields of

photosynthesis (®@psi) and NPQ (Dnpg) followed a “bow-shaped” diurnal pattern, indicating a

gradual diurnal induction and relaxation of NPQ in response to the gradual movement of the sun

(Fig. 4a,c). However, at the middle canopy position, a striking difference in the energy

partitioning was observed between N-S and E-W row-oriented fields, i.e., ®npq spiking precisely
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at midday due to a larger proportion of leaves (within the canopy) receiving direct light exposure
as the sun positioned directly over the row for the former (Fig. 4c) while “bow-shaped” pattern
for the latter (Fig. 4d). ®@r, in general, exhibited a decrease concurrent with ®npq increase for
both top- and mid-canopy in both row orientations (Fig. 4, insets). These results suggest that
increased NPQ activities can draw energy away from SIF emission of leaves positioned at the
top- and mid- canopy.
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Figure 4. Energy partitioning in top of canopy and mid-canopy leaves of corn planted in
(a,b) N-S or (c,d) E-W row orientation. Measurements were taken at CMRF on DOY 236 in
2018 (for N-S) and DOY 217 in 2019 (E-W). Lines indicate average of 5-6 leaves at the top (a,c)
or mid canopy (b,d) position in each field. Panel insets highlight the diurnal patterns of ®r.

3.2 Mechanistically disentangling the impacts of canopy structure and plant physiology on

diurnal SIF dynamics
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We used the mechanistic SIF model (Egs. 2f and 3) to parse the interactive influences of the
structural and physiological factors on diurnal SIF dynamics. This was performed using three
simulations informed by SIF, hyperspectral reflectance, fPAR, and leaf-level chlorophyll
fluorescence measurements acquired at CMRF (Fig. 6, Table 4). Here, canopy structural aspects

were represented by APAR and &, while physiological factor was represented by Or.

The multi-layer simulated NPQL, qL1, and ®f, 1. are shown in Fig. 5. Prominent leaf-level
diurnal variations in NPQ, qL, and ®r were observed across the vertical canopy. Layers
positioned higher in the canopy exhibited lower qL and higher NPQ than lower canopy layers,
and a smooth diurnal shape (particularly at the top of the canopy) following the diurnal pattern of
incident PAR. This pattern of NPQ is consistent with our leaf-level measurements at the top of
the canopy (Fig. 3a). Conversely, layers positioned lower in the canopy exhibited a distinctive
peak shape (for NPQ); inverted for qL) at midday due to the influence of canopy structure on
APAR, consistent with results from our leaf-level measurements (Fig. 3b and inset). Together,
these two interacting physiological processes result in a diurnal midday peak in ®f . for layers in

lower canopy, but a midday dip in ®@r, for layers at the top of the canopy (Fig. 5c).
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Figure 5. qL, NPQ, and ®r generated for eight canopy layers from top (LAI = 0) to bottom
of the canopy. Total canopy LAI is assumed to be 4 for simulation purposes. The simulation
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approach is described in section 2.4.3. Each layer represents a canopy optical depth of LAI = 0.5,
e.g., the legend “LAI = 0” represents the layer from top of the canopy (i.e., LAl = 0) to LAl =
0.5.

Using the full combination of structural and physiological factors, i.e. APAR, € and ®r, the
simulated diurnal SIF pattern was highly consistent with measured SIF (R? = 0.80) (Fig. 6a).
When ®r did not diurnally vary, there were no detectable changes in performance (Fig. 6b). This
indicates that diurnal variations in leaf-level or even sub-canopy layer physiology (NPQ, qL)
become greatly attenuated when they are integrated at the canopy level; such effects tend to
cancel out (Gu et al., 2019a). Indeed, the opposing diurnal patterns of ®r at different canopy
layers (Fig. 5¢) may help to illustrate why total canopy SIF exhibits such an attenuated midday
dip. Furthermore, if only diurnal variation in APAR (and not €) was accounted for, the
performance of the SIF model decreased considerably, although APAR is clearly responsible for
the major diurnal variability of SIF (R? = 0.70, Fig. 6¢). The dominance of APAR in the SIF
signal has been previously demonstrated, particularly at seasonal scales (Yang et al. 2018,
Dechant et al. 2020). In this study, we wish to highlight importance of contributions from the
interactive dependence of physiological variations on the sub-canopy light environment shaped
by canopy structures and row orientations. Note that even though the presence or absence of
diurnal variation of @ did not greatly influence the SIF diurnal dynamics in our simulations, it is
still critical to obtain an accurate diurnal mean of ®r to obtain the correct magnitude of SIF

according to Eq. 3.
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Figure 6. Diurnal pattern of measured SIF760 contrasted with SIF760 retrieved using
SFMharrow, Simulated using three combinations of structure and physiology factors. The
function shown above each panel indicates which actual measurements were included in the
simulation; factors not shown in the function were held constant. R? value is shown for
correlation between simulated and measured SIF.

3.3 Confounding impacts on measured diurnal SIF dynamics from instrument configuration

and retrieval methods

We also attempted to identify impacts on diurnal SIF dynamics caused by the instrument or
retrieval method (Fig. 7) that may subsequently confound an accurate attribution to
environmental/eco-physiological factors. In a previous work, we identified that atmospheric
conditions may influence far-red SIF retrieval using the telluric oxygen absorption band
(traditionally ~759-770 nm) (Chang et al., 2020a), and showed that such influence can be
mitigated by adjusting the fitting window to a narrower range (e.g. 759.5-761.5 nm). Hence, here
we tested SIF retrieved with the spectral fitting method using both wide (SFMwide) and adjusted
narrow (SFMuamow) fitting windows. We also contrasted two instrument configurations, the bi-
hemispherical FAME, and the hemispherical-conical FloX system, which were each deployed at
two distinct sites. We compared an average of 6-11 clear days per year from peak growing

season across the four sites (Fig. 7).
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From FAME-1, using the traditional fitting window, we observed a midday dip which
resulted in an approximately 30% reduction in SIF magnitude at midday (Fig. 7a), which we
have observed in a previous study with the same system (Chang et al., 2020a) and appear to be
attributed to distortion at the edges of the O>A well. When using the adjusted fitting window
(SFMuarrow, as shown in Fig. 1), the severity of the dip was greatly dampened albeit still apparent;
also, the overall magnitude of SFMarmow increased, particularly at midday. Interestingly, a milder
dip or flattened peak shape was observed in SIF retrieved using FAME-2 using SFMuide (Fig.
7b), but not either of the FloX instruments (Fig. 7c-d). The pattern observed by FAME-2
disappeared when SIF was retrieved using SFMnarrow. We also found that the magnitude
difference between SFMuyide and SFMnarrow Was greater for the bi-hemispherical system. While in
this study we only used SFM to retrieve SIF, we have previously found that other O2A-based
retrieval methods (such as Fraunhofer line discrimination method, FLD, and singular vector
decomposition, SVD) are also susceptible to error due to distortion and are therefore likely to
exhibit similar performance degradation (Chang et al., 2020a). As we can see in Fig. 7a-b, these
distortion effects can potentially mimic or exacerbate natural diurnal patterns such as the midday
dip (Fig. 7a). Consequently, their greater impacts could be misattributed to canopy structural or
physiological influences, which may still underlie the signal but not actually produce such a
dramatic effect. Note that the total magnitude of SIF differs among the four sites due in part to
the disparate vegetative targets, climates/environments and growth conditions. The intention of
this figure is to compare retrieval method and system impacts on the detected SIF signal, not

total magnitude of SIF.
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Figure 7. Diurnal SIF dynamics retrieved using traditional and adjusted SFM fitting
windows by bi-hemispherical (FAME) and hemispherical-conical (FloX) system
configurations. (a) Measurements collected by FAME-1 over a corn field; points indicate
average of 3-6 clear days per year recorded over 2018-2019 from peak growing season. (b)
Measurements obtained by FAME-2 over a deciduous forest; points indicate average of 11 clear
days during May-June of 2017. (c) Measurements obtained by FloX-1 over a site consisting of
alfalfa and forage; points indicate average of 8 clear days recorded over April-June of 2018. (d)
Measurements obtained by FloX-2 over a grass site; points indicate average of 12 clear days
recorded over April-May of 2018. The dashed vertical lines indicate the average time of solar
noon across all clear days; error bars indicate standard deviation. Red markers denote SIF
retrieved using the wide fitting window (759-767.76 nm); blue markers denote SIF retrieved
using the adjusted narrow fitting window (759.5-761.5 nm for FAME, 758-764 nm for FloX).
Note that the y-axes have different scaling.

4. Discussion

4.1 Diurnal dynamics of SIF are driven by a combination of canopy structure and physiology
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Our comprehensive analysis of the FAME-1 site using tower, UAV, leaf-level measurements
and mechanistic modeling enabled us to understand the interactive structural and physiological
impacts on diurnal SIF dynamics. Several recent studies have stated that canopy structure, i.e.
APAR, drives diurnal SIF dynamics retrieved from ground-based towers (Dechant et al., 2020;
Z. Lietal., 2020; Miao et al., 2018; Yang et al., 2018). Here, we have shown that canopy
structure not only directly shape the diurnal dynamics of SIF via APAR, but also exert a strong
diurnal influence on the within-canopy response of photochemistry and non-photochemistry
(Fig. 5a,b) and therefore SIF (Fig. 5,c). However, the impacts of diurnal variations in physiology
on SIF are greatly attenuated at the canopy scale (Fig. 6a) due to the opposing responses of @r at
different positions within the canopy (Fig. 5c). This finding underscores the complexity of

interactions between canopy structure and leaf physiology within the vertical canopy.

Several studies have demonstrated the critical impact of physiology on SIF by forcing a
decoupling between photosynthetic CO> assimilation and SIF. In a non-stressed, non-light-
limited environment, qL decreases while NPQ increases as light intensity increases (Baker,
2008). Chlorophyll fluorescence accommodates the energy remainder caused by the difference
between rates of NPQ activation and qL decrease at lower light intensities, but otherwise remains
fairly constant (van der Tol et al., 2014). Acebron et al. (2021) utilized Arabidopsis NPQ
knockout mutants to demonstrate that leaf-level SIF is enhanced while NPQ is inhibited and
photochemistry remains constant. In NPQ-intact plants, leaf-level SIF initially increased when
photochemistry is rapidly inhibited due to cold shock and the slower NPQ response was not yet
induced. Pinto et al. (2020) and Marrs et al. (2020) both artificially inhibited photosynthesis; the
former study applied an herbicide which inhibited photosynthetic electron transfer to a grass

lawn, while the latter study induced stomatal closure in trees using direct application of abscisic
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acid and by inducing xylem embolism. In both studies, SIF and NPQ also rapidly increased when
photosynthesis decreased. It is evident from these leaf-level studies that the magnitude of ®r
(and therefore SIF) is highly responsive to the regulation of both photosynthesis and NPQ at the
leaf scale. Our multi-layered simulation revealed that at the canopy level in an unstressed corn
field, the influences of physiology on diurnal SIF are attenuated because of counteracting
responses of gL and NPQ across different layers. However, substantially greater physiological

impacts on SIF may well be expected during extreme stress, which warrants future investigation.

4.2 Agricultural canopy structures influence the diurnal patterns of SIF

Our findings also illustrate the unique influence that the structure of agricultural rows can
have upon both leaf-level physiology and canopy-level SIF. Here, we observed how increased
light exposure at midday enhanced the induction of NPQ at midday in mid-canopy leaves of a
north-south row-oriented corn field. In our unstressed, rainfed corn field, this resulted in lower
®psir and @r (Fig. 4); however, as Acebron et al. (2021) demonstrated, under stress conditions
when NPQ is unable to fully compensate for excess absorbed light energy when qL decreases,
SIF would increase. Previous studies have found that row orientation can affect interception of
direct-beam radiation in row crops (Steiner 1987, Hunter et al. 2016, Campos et al. 2016), which
in turn influences development, photosynthesis, competitiveness against weeds, and crop yield
(Drouet et al. 1999, Liu & Song 2012, Borger et al. 2010, 2016, Hunter et al. 2016). Further
studies are needed to characterize the physiological/biological impacts of row structure on

biomass, photosynthetic efficiency, water use leading to changes in crop yield.

Note that the midday dip of SIF presented here was observed using a bi-hemispherical
system over a corn field (Fig. 7a) and was absent when using a similar bi-hemispherical system

over a forest (Fig. 7b). Row structures impact the bidirectional reflectance factor (BRF) which
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changes across viewing and solar zenith angles, as discussed by Zhao et al. (2010, 2016). This
influence has been studied using hemispherical-conical systems (Liu et al., 2016; Zhao et al.,
2015, 2016). However, diurnal changes in BRF which affect SIF may not be consistent between
hemispherical-conical and bi-hemispherical systems. Even if both systems are pointed nadir, the
wide field of view of the downward-pointing sensor in bi-hemispherical systems essentially
averages across multiple viewing zenith angles of hemispherical-conical systems. It has been
shown that hemispherical-conical BRF and SIF vary both diurnally and across viewing zenith
angles (Liu et al., 2016). Elucidating the comparative behavior of BRF measured by bi-
hemispherical and hemispherical-conical systems will require further investigation using 3d

radiative transfer models and would benefit from an in sifu side-by-side system comparison.

Furthermore, the productivity of east-west and north-south row orientations can vary based
on latitude and season. For example, optimization of row orientation has been shown to provide
up to 25% higher yield in corn, but the optimal orientation differs from high to low latitudes
(Borger et al. 2016, Borger et al. 2010, Mutsaers 1980). To illustrate this effect, we generated a
video demonstrating the movement of light and shadows of the sun across N-S and E-W row
structures at a higher latitude and an equatorial latitude on a day in mid-July (Fig. S3). From this
illustration, it is clear that row structure and orientation can greatly impact the consistency of
light interception across the day. Note that the impact of row structure on light interception is
dependent upon the height of the crop, row spacing and canopy closure. For corn, even at full
canopy closure, the canopy is not dense enough to fully intercept all light when the sun is
positioned directly overhead, leading to the midday dip in APAR that we observed.
Consequently, we suggest that crop row orientation, a highly important agricultural management

strategy in the agronomy community, may exert a yet-unexplored influence on satellite SIF
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retrieved over agricultural fields that would affect certain crops/regions more than others. It is
also expected that these row structure effects will change across the growing season, as a larger
proportion of light will penetrate through younger crops prior to canopy closure, and therefore a
stronger row orientation effect may be expected during early growing season. Depending on row
spacing, crops may close canopies later in the season, reducing the effect of rows on APAR and

SIF.

The row structural impacts on SIF may add an additional layer of complexity to interpret SIF
retrievals from satellite platforms, because none of the existing satellites with SIF capability are
geostationary. Thus, retrieval of SIF from such datasets necessitates the calculation of daily
integrals of SIF from their single overpass times. To date, two strategies have been used: 1)
assuming the SIF measurement was performed under clear skies and extrapolating the clear-sky
patterns using the cosine of the solar zenith angle (such as in Frankenberg et al., 2011; Sun et al.,
2018); or 2) calculating the ratio of instantaneous to daily PAR (such as proposed by Hu et al.,
2018). However, neither of these approaches can mitigate the impact of row structure on SIF
emission, because they only account for PAR and not fPAR, and do not account for
physiological changes in NPQ and qL. Fig. 8 illustrates the potential for over- or under-
estimation error, depending on specific overpass time, from omitting the diurnal complexity in
SIF based on these simple extrapolation approaches for a strongly structured canopy. In this
example, utilizing a morning overpass of 9:00 h results in overestimation of daily SIF by 10%,
while a midday overpass of 12:00 h underestimates by 27% and the afternoon overpass of 13:30h
only underestimates by 4% due to the opposing effects of underestimating in morning and
evening while overestimating at midday. These values are presented purely for illustrative

purposes but demonstrate how the complexity of diurnal SIF dynamics can greatly impact the
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daily integral estimation of satellite SIF. This is currently an insurmountable challenge, since no
diurnal fPAR is yet available from satellite platforms. However, the upcoming geostationary
platforms with SIF-observing capabilities, e.g., Tropospheric Emissions: Monitoring Pollution
(TEMPO) and Geostationary Carbon Observatory (GEOCarb), have strong potential to capture
the sub-daily variations in SIF as well as fPAR, and can therefore provide insights on how to
scale the existing SIF retrievals from sun-synchronized platforms to daily integrals in a more

physiologically realistic way.

127
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Figure 8. Illustration of potential for over- or under-estimation of SIF using a daily integral
of the cosine of the solar zenith angle. Colored points represent different satellite overpass
times (9:00, 12:00, 13:30 h). Colored dashed lines indicate SIF extrapolated from each point
using the cosine of the solar zenith angle. The black line is a representation of a “true” SIF signal
in a N-S oriented agricultural field, such as observed in our study.

4.3 Instrument configuration and retrieval method influence retrieval of diurnal SIF

Our findings demonstrate that two non-biological factors, the instrument configuration used
and the retrieval method, can heavily influence the diurnal shape and magnitude of retrieved SIF.
Previous studies (Liu & Liu, 2017; Sabater et al., 2018) have identified a distortion effect caused

by atmospheric in-filling that specifically affects SIF retrieved from telluric oxygen bands. In

this study, we observed that bi-hemispherical configurations tend to exhibit greater susceptibility
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to such in-filling effects, with clear underestimation of SIF even close to the canopy (1.5-2 m)
when retrieved using the spectral fitting method and traditional wide fitting window covering the
entire O2A band. We were able to mitigate this effect following the protocol developed in our

previous study (Chang et al., 2020a) by reducing the width of the fitting window (Fig. 7).

Interestingly, the difference in magnitude of SIF retrieved using SFMyide and SFMnarrow from
the FAME-2 site deployed 32 m above the target forest canopy (Fig. 7d), was no greater than the
difference in SIF retrieved using the two methods at FAME-1. This result, together with the
much smaller difference between SFMyide and SFMyarmow reported from both FloX sites, suggests
that the source of the distortion in this study is likely from impacts of diffuse radiation on the
shoulders of the telluric oxygen bands, rather than the depth of the atmospheric column itself.
Naturally, bi-hemispherical systems such as the FAME will collect more diffuse radiation from
the much wider field of view using a cosine corrector, and therefore would be more susceptible
to such distortion effects. This result concurs with our previous study, where we compared
FAME-1 with a different hemispherical-conical system (PhotoSpec, Grossmann et al. 2018) and
observed a greater impact of diffuse radiation from variable atmospheric conditions on the
retrieval of SIF from FAME-1. Another study by Zhang et al. (2019) compared several bi-
hemispherical and hemispherical-conical systems. While their study did not discuss the impacts
of diffuse radiation on SIF retrieval, they also presented some evidence that bi-hemispherical
systems exhibit greater distortion around the edges of the oxygen bands than hemispherical-

conical configured systems.

It is important to point out that whether the bi-hemispherical or hemispherical-conical
systems should be used depend on the research objectives. The bi-hemispherical system, whose

SIF signal is from a large footprint, should be the option when the objective is to complement
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eddy flux observations for ecosystem process studies (Gu et al. 2019b). In contrast, the
hemispherical-conical system, which has a much smaller footprint, may offer better matching
potential if the objective is to validate the satellite measurements. Theoretically, the differences
in the measured SIF between the bi-hemispherical and hemispherical-conical systems can be
reconciled through advances in retrieval methods and SIF radiative transfer modeling. Such

advances are much needed.

4.4 Limitations and future directions

One limitation of this study is that its scope was constrained by limited data availability from
the MOFLUX, GROS and JULI sites. We did not obtain diurnal leaf level measurements at these
three sites. Furthermore, the lack of APAR measurements from GROS and JULI precluded our
ability to calculate € for these two sites, while the lack of hyperspectral measurements from
MOFLUX precluded our ability to calculate NIRv for this site. Thus, we were unable to perform
SIF simulations for these three datasets, although it would be certainly of great interest to
evaluate whether the model and findings hold across sites and instruments. This may be

examined in future work with growing availability of additional measurements.

Another limitation of the study is contained within the empirical formulation of the NPQ and
qL models used in the estimation of the physiological component in the SIF model. Here we use
parsimonious light response models for both NPQ and qL; however, both variables in reality
respond to a variety of environmental factors including light intensity, temperature, water,
nutrient availability, and CO; (Cendrero-Mateo et al., 2015; Chang et al., 2016; Porcar-Castell,
2011; Takahashi et al., 2021; Yamori et al., 2011). A realistic model formulation would include
these factors as well. For the purposes of this study (illustrating the contribution of the

physiological component to diurnal SIF), we considered the light response function sufficiently
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capture the first order pattern, as there were no heat, drought, or nutrient stress during our

measurement periods.

We have shown in this study that mechanistic modeling of the dynamics of SIF at the canopy
scale requires understanding not only of photosynthesis and NPQ at the leaf level but also an
understanding of behavior of leaves across positions within the vertical canopy, which may be
exposed to different light and even leaf temperature depending on sunlit or shaded status. These
varying microenvironments will influence both photosynthesis and NPQ and consequently SIF
dynamics. Future studies exploring the effects of stress within the vertical canopy across

different plant species are warranted to support efforts to scale from leaf to canopy.

5. Conclusions

In this study, we have mechanistically attributed the dynamics of diurnal SIF to canopy light
absorption, canopy escape probability, plant physiology, and additional confounding factors
from instrumental configuration and retrieval methods. We have shown that canopy architecture
and agricultural row structures, which govern diurnal APAR, can introduce a distinctive diurnal
midday dip, even in the absence of stress. These diurnal patterns in APAR strongly influence
within-canopy variations in photochemistry, nonphotochemical quenching and fluorescence
emission. However, these variations at the leaf level or from sub-canopy layers are attenuated
once they become integrated at the canopy scale. Furthermore, we have demonstrated that SIF
instrument configuration and retrieval method can cause underestimation and exaggeration of
diurnal features in measured diurnal SIF. Thus, care must be taken for physiologically
meaningful interpretation of diurnal SIF dynamics. Our study highlights the necessity to account

for these factors to accurately upscale satellite SIF from instantaneous to daily integrals, and
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informs future synthesis work with different SIF instrumentation and retrieval methods across

sites.
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Figure 1. Diurnal dynamics of SIF measured over CMRF. a) SIF7¢o retrieved from the
FAME-1 tower during clear days at peak growing season from the FAME-1 tower. b) SIF760
retrieved from the FAME-1 UAV flown over two corn fields at CMRF with north-south (N-S) or
east-west (E-W) row orientation. Here, SIF is retrieved using SFMarrow (759.5-761.5 nm). For a),
markers indicate half-hour average of all clear sky measurements recorded over 2019 from peak
growing season (DOY 200 to DOY 250). For b), markers represent average for 6 plots for N-S
field or 5 plots for E-W field measured in 2019. Error bars in both panels indicate one standard
deviation. Dashed vertical lines indicate average solar noon for this location.

Figure 2. Absorbed photosynthetically active radiation (APAR, top row) and fraction of
absorbed photosynthetically active radiation (fPAR, bottom row) at (a,c) CMRF and (b,d)
MOFLUX sites on clear-sky conditions. Data shown for panels (a,c) were measured
concurrently with 2019 SIF measurements presented in Fig. 1a. The corn field measured by the
tower at CMRF has N-S row orientation. Points indicate half-hourly average of instantaneous
measurements for CMRF and MOFLUX. Error bars in all panels indicate one standard deviation.

Figure 3. Diurnal patterns of a) canopy escape probability (¢), b) near-infrared radiance of
vegetation (NIRv), ¢) normalized difference vegetation index (NDVI) and near-infrared
reflectance (pnir) recorded by FAME-1 over a N-S oriented corn field at CMREF.
Measurements indicate average (black line) and one standard deviation (gray shading) recorded
by FAME-1 over five clear days of the peak growing season in 2019.

Figure 4. Energy partitioning in top of canopy and mid-canopy leaves of corn planted in
(a,b) N-S or (c,d) E-W row orientation. Measurements were taken at CMRF on DOY 236 in
2018 (for N-S) and DOY 217 in 2019 (E-W). Lines indicate average of 5-6 leaves at the top (a,c)
or mid canopy (b,d) position in each field. Panel insets highlight the diurnal patterns of ®r.

Figure 5. qL, NPQ, and ®r generated for eight canopy layers from top (LAI = 0) to bottom
of the canopy. Total canopy LAI is assumed to be 4 for simulation purposes. The simulation
approach is described in section 2.4.3. Each layer represents a canopy optical depth of LAI = 0.5,
e.g., the legend “LAI = 0” represents the layer from top of the canopy (i.e., LAI =0) to LAl =
0.5.

Figure 6. Diurnal pattern of measured SIF760 contrasted with SIF760 retrieved using
SFMhnarrow, simulated using three combinations of structure and physiology factors. The
function shown above each panel indicates which actual measurements were included in the
simulation; factors not shown in the function were held constant. R? value is shown for
correlation between simulated and measured SIF.

Figure 7. Diurnal SIF dynamics retrieved using traditional and adjusted SFM fitting
windows by bi-hemispherical (FAME) and hemispherical-conical (FloX) system
configurations. (a) Measurements collected by FAME-1 over a corn field; points indicate
average of 3-6 clear days per year recorded over 2018-2019 from peak growing season. (b)
Measurements obtained by FAME-2 over a deciduous forest; points indicate average of 11 clear
days during May-June of 2017. (c) Measurements obtained by FloX-1 over a site consisting of
alfalfa and forage; points indicate average of 8 clear days recorded over April-June of 2018. (d)
Measurements obtained by FloX-2 over a grass site; points indicate average of 12 clear days
recorded over April-May of 2018. The dashed vertical lines indicate the average time of solar
noon across all clear days; error bars indicate standard deviation. Red markers denote SIF
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retrieved using the wide fitting window (759-767.76 nm); blue markers denote SIF retrieved
using the adjusted narrow fitting window (759.5-761.5 nm for FAME, 758-764 nm for FloX).
Note that the y-axes have different scaling.

Figure 8. Illustration of potential for over- or under-estimation of SIF using a daily integral
of the cosine of the solar zenith angle. Colored points represent different satellite overpass
times (9:00, 12:00, 13:30 h). Colored dashed lines indicate SIF extrapolated from each point
using the cosine of the solar zenith angle. The black line is a representation of a “true” SIF signal
in a N-S oriented agricultural field, such as observed in our study.
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