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Abstract

Continuous and accurate ground measurements ofraélcgdion of absorbed (fAPAR) or
intercepted (fIPAR) photosynthetically active rdmia by green canopy components is
important to monitor canopy functioning. fAPAR afl®AR are sensitive to illumination
conditions and non-green components during thessenee stage. While several methods
have been developed to estimate fAPAR or fIPAR ha field from different methods
including AccuPAR, LAI-2200 and Digital Hemisphefhotograph Photography (DHP), the
differences among these methods still need momestigations. The principles on which they
are based are first reviewed with due attentiotheoassumptions used and approximations
made. Two field campaigns conducted in 2012 and3 201northeastern China over paddy
rice fields were then used to compare fAPAR andRHAneasured using AccuPAR, DHP and
LAI-2200. Results demonstrated that considering/ aanopy light transmittance (fIPAR),
measured with AccuPAR, DHP or LAI-2200, is a goadxy of fAPAR which is computed
from AccuPAR measurements of the four fluxes of theiation balance. However, when
canopy is senescing, downward looking DHP methoceec®@mmended since it is the only
method that directly measures the light intercefdigdgreen elements. Methods based on
upward looking (DHP upward, AccuPAR, LAI-2200) canmistinguish between the green
and senescent vegetation elements. Correctionsl aséndependent measurements of the
ratio of the green area index (GAl) to the plamaaindex (PAI) (GAI/PAI) need to be used in
this case, while assuming that green and senestements are well mixed in the canopy

volume. Downward looking DHP appears to be thegoretl method for relatively short and
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dense canopies such as rice since it does notlaifte canopy, it is sensitive to the green

elements only and allows to simulate fIPAR for dlymination conditions.

Keywords

fAPAR; fIPAR; Green fAPAR; Green fIPAR; Paddy rideiffuse fraction



52  Nomenclature
Incoming downward flux measured at the top of theopy
Upward flux reflected by the canopy
Downward fluxes measured at the bottom of the canop
Upward fluxes measured at the bottom of the canopy
Canopy reflectance
Black-sky canopy reflectance under direct illumioatconditions
White-sky canopy reflectance under diffuse illuntioa conditions
Canopy transmittance
Black-sky transmittance under direct illuminatianditions
White-sky transmittance under diffuse illuminaticonditions
Soil background reflectance
Black-sky soil reflectance under direct illuminatioonditions
White-sky soil reflectance under diffuse illumir@aticonditions

Canopy reflectance for very dense foliage

Rsen Reflectance of senescent layer
P Canopy gap fraction
Zenith angle

Leaf projection function

Canopy clumping index

DOY Day of Year
ESU Elementary Sampling Units
DHP Digital Hemispherical Photography

PAR Photosynthetically Active Radiation



fAPAR
fAPART
fAPARP:

fAPARY®

fIPAR
fIPAR(LAI-2200)
fIPAR"S(LAI-2200)
fIPAR(DHPyp)
fIPARP{(DHPyp)
fIPAR"S(DHPp)
GfIPAR(DHP4own)
GfIPAR®s
GfIPAR"S
GfAPAR
GfAPARop
GfAPARmix

GF

GAl

GLAI

PAI

Fraction of diffuse PAR in total PAR

Fraction of Absorbed PAR

fAPAR measured from the two-stream method usiagamittance only
Black-sky fAPAR under direct illumination conditis
White-sky fAPAR under diffuse illumination condifis
Black-sky fAPAR measured from the two-stream method
White-sky fAPAR measured from the two-stream method
Fraction of Intercepted PAR

fIPAR measured from LAI-2200

White-sky fIPAR measured from LAI-2200

fIPAR measured from the upward DHP

Black-sky fIPAR from the upward DHP

White-sky fIPAR from the upward DHP

fIPAR of green canopy components measured frondowenward DHP
Black-sky GfIPAR measured from the downward DHP
White-sky GfIPAR measured from the downward DHP
fAPAR of canopy green components

GfAPAR corrected from canopy fAPAR using Eq. (14)
GfAPAR corrected from canopy fAPAR using Eq. (15)
Green Fraction

Green Area Index

Green Leaf Area Index

Plant Area Index
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1 Introduction

The fraction of photosynthetically active radiatipAR, 400-700nm) absorbed by green
vegetation elements (fAPAR) is closely linked ton@py functioning processes such as
photosynthesis and transpiration. It also quarstifiee incoming radiation available at the soil
level that is mandatory for modeling soil temperatand evaporation. It is thus a key variable
required in many ecosystems and crop functioningletsoto simulate photosynthesis and
primary production (Goward and Huemmrich, 1992; Mi@n et al., 2010; Monteith, 2015).

fAPAR is listed as an essential climate variabl€Vi by the Global Climate Observing

System (GCOS, 2016). It is often approximated lgyftiaction of intercepted PAR (fIPAR)

because the vegetation pigments present a strawmion in this spectral domain and the
reflectivities from background are usually smalt #eell-developed canopies (Gower et al.,

1999).

Several methods have been developed to estimatéARARBNnd fIPAR from ground
measurements. Handheld optical devices, such asiPXd® (Meter Group, Inc., USA),
provide an efficient way to measure fAPAR underfetént illumination conditions
(Steinberg et al., 2006). AccuPAR measures the d@nth and upward PAR fluxes at the top
and bottom of the canopy by placing the probes alamd below the canopy. Other methods
such as Digital Hemispherical Photography (DHP) sneathe gap fraction (upward looking)
or green fraction (downward looking) to derive fIRAn all directions. Pixel classification of
the RGB images is mainly based on color contrastden leaves and the sky for the upward
looking DHP to get the gap, and between green teamel non-green elements including the
background to get the green pixels for the downwaaking DHP (Baret et al., 1993;

Demarez et al., 2008; Leblanc et al., 2005). Howeawgage segmentation may be affected by
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the illumination conditions, especially when shadowr specular reflection are observed
(Fang et al., 2014a, 2018; Ye et al., 2015). LAOR2LI-COR Inc., Lincoln, Nebraska, USA)
measures the transmittance in the blue wavelengthaah in five zenithal directions from
which fIPAR can be estimated. However LAI-2200 meaments are also sensitive to the
illumination conditions (Asner et al., 1998; Kobakaet al., 2013; Leblanc and Chen, 2001).

A thorough intercomparison of these instrumentilslacking.

fAPAR depends on solar zenith angle and illumimatonditions, e.g., overcast or clear sky
condition. The instantaneous fAPAR is highly sewsito variations of the solar zenith angle
and presents diurnal variations under clear skyitimms (Fensholt et al., 2004; Rahman et
al., 2015; Zhao et al., 2018), while it shows a mamaller diurnal variations under cloudy
conditions (Nouvellon, 2000; Thomas et al., 2008)e daily integrated fAPAR, which is a
variable used by many canopy functioning models,ldeen demonstrated to be smaller under
clear sky as compared to overcast conditions (Gateasl., 1999; Thomas et al., 2006).
Therefore, it is required to compare the fAPAR dites measured by different instruments
under a range of illumination conditions and sakanith angles. However, direct comparison
between instruments is not always feasible duéeairitrinsic properties of each device. As
an example, the fAPAR measured by AccuPAR accotortshe diffuse fraction, while
devices based on gap fraction measurements (DHP)agwount both for the direct sunlight
and the diffuse illumination. To facilitate the cpamison between those different instruments,
we used the decomposition proposed by Martonchat. ¢2000): fAPAR is considered as the
sum of a black-sky and a white-sky components, ke by the PAR diffuse fraction. The
black-sky fAPAR, fAPARS, corresponds to the direct component (collimatahbirradiance

in the sun direction only) while the white-sky fARA fAPAR", corresponds to diffuse

illumination conditions generally assumed perfedtigtropic (GCOS, 2016). Although the
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impact of diffuse fraction on fAPAR has been invgstied (Gu et al., 2002; Jongschaap et al.,
2006; Lizaso et al., 2005), few studies focusedhenestimation of the black-sky and white-
sky components of fAPAR or fIPAR in crops (Coherakt 1997; Hanan and Bégué, 1995)
and none of them have intercompared the abilitthefcurrent instruments to well measure

these quantities.

Since only the green photosynthetically active @ets contribute directly to key processes
such as photosynthesis and transpiration, greeetagn elements should be isolated to
estimate fAPAR (Huemmrich et al., 2005; Pinter, 3;99/eiss et al., 2007; Xiao, 2004; Zhang
et al., 2005). The presence of senescent leavasgdiate crop growth stages have a
significant impact on fAPAR, and the relationshgtween fAPAR and vegetation indices (Di

Bella et al., 2004; Rahman et al., 2019; Viia antkl&n, 2005). The ground measured
canopy fAPAR can be partitioned into fAPAR of greeomponents and non-green

components. Among optical instruments listed abowyy downward looking DHPs allow to

separate the green from the non-green elementstimate the corresponded fraction of
intercepted light. Upward looking DHPs should na& bsed for such a purpose since
senescence often starts from the bottom layereottbp, while the light penetrates from the
top of the canopy (Baret et al., 2010). The othpward looking techniques, such as
AccuPAR and LAI-2200, do not allow distinguishingttveen green and non-green elements.
Some corrections have been proposed to considgrtioalgreen elements depending on the
canopy type, either assuming that the green elesremet located at the top of the canopy
(Chen, 1996), or assuming that green and non-geksments are well mixed in the canopy

volume (Vifia and Gitelson, 2005).
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The objective of this study is to compare the salvaerethods proposed and evaluate the
impact of the presence of non-green vegetation eadsnduring the senescence phase, under
different illumination conditions. For this purposededicated experiment was conducted in
2012 and 2013 where AccuPAR, DHP and LAI-2200 deviwere concurrently used over

paddy rice fields in northeastern China.

2 Methods

2.1 Theoretical background

fAPAR is calculated from the radiation balancehia PAR domain:

(1)

where and are the downward and upward fluxes measured d@bthef the canopy.

is the radiation absorbed by the soil backgrousdutated as the difference between the
downward ( 'and upward () fluxes measured at the bottom of the canopy. Natthe net
horizontal PAR fluxes are considered negligiblenssfocus on rice crops which are short
canopies that do not present major heterogeneitiieascale investigated corresponding to
few square meters located in an homogeneous f\dli¢wski, 2010). Eq. (1) can be

expressed more simply as:

(2)
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where —is the canopy reflectance, —is the canopy transmittance, and —is the

soil background reflectance in the PAR spectral @iomFor short canopies such as paddy
rice, it is usually difficult to measure the upwdhak at the bottom of the canopy because of
the short distance between the sensors and thewtace and the large spatial heterogeneity
of this flux. However, the soil background refleata can be estimated from other

independent measurements in the laboratory orloaer soils at nearby locations.

In the PAR domain, the canopy reflectance can Ipeoxpnated as a linear decomposition of

soil and foliage reflectance:

¥ 0$ " ! 3)

where is the reflectance for very dense foliage. Comgricgs. (2) and (3), fAPAR can

be approximated using two terms:

%&Y% # " (4)

For dense vegetation, is very small ( »0.04) because of the strong absorption by

chlorophyll pigments in the PAR domain (Weiss et aD18). Therefore, Eq. (4) can be

further simplified as:

fAPAR » fAPART=1- T 5)

The accuracy of this simplification depends onfthres reflected by the canopy and the soil

background, which vary with canopy structure, illoation conditions, and background
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properties (Widlowski, 2010). If leaves are consideopaque, the fraction of intercepted
PAR (fIPAR) can be calculated from the gap fract®Eq. (6)). In these condition®, is

closely approximated by canopy transmittanBeand ' # (-

&% 1" &#" # ( (6)

At a given time of the day, the total canopy fAPARhe sum of the black-sky and white-sky

fAPAR, weighted by the fraction of the incomingfdge PAR radiation ():

%&Y% " ) %&% $ ) %&% )

The same black-sky and white-sky components am @é$ined for the fIPAR quantities.
During a day, if clear-skyo&% and white-sky observation8p&% , are measured,

instantaneous black-sky fAPAR (fAPARcan be estimated based on Eq. (8):

L S LA /0

%&% T (8)

Similarly, transmittance measured in the five digets by the LAI-2200 allows to compute

the black-sky fIPAR, fIPARY ) for 2 68° by linear interpolation between the five crowns
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The fraction of intercepted black-sky PAR (fIP&R )) was calculated from the green
fraction (GF) for downward looking DHP or gap friact (P) for upward looking DHP after

classifying the green (downward) or sky (upwarcets:

48% " 4 56175898:67!:<
4 8% PS " & 56!1=>8:67!:<

9)

For each zenith directiom, with 2 60°, the green or gap fraction is averaged acatiss
azimuthal directions from all images in an ESU eonputeGF(g) or&  (Weiss and Baret,
2010). Data for ? 60° were not considered because of the large tawcees in the green

fraction estimation due to the degraded resolutonhese directions.

White-sky fIPAR (fIPAR") for LAI-2200 and DHP devices can be derived biggnating
4 &%  over the hemisphere (Weiss and Baret, 2010):

48% @A 48% BCD DEF G (10)

For ? 60° (DHP) or ? 68° (LAI-2200), the term4 &% BCD DEF was
approximated by linear interpolation betweenLMN or LON and PMN with

4 &% PMN BCD PMNDEFPMN M

Assuming that all canopy elements are randomlyridiged in the canopy volume, the

canopy transmittance can be derived using the &ois®del (Nilson, 1971):
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Q R.)+) 1S (11)

where G(g) is the projection function that depends on thef leclination distribution and
direction @), and is the canopy clumping index. It is here assunmeti®(g) and (g)

values are the same for the green and non-greerests. The four-stream fAPAR (Eg. (2))

can then be approximated as:

%&% " " )QR.),+) 1S (12)

When there are no senescent elements, GFAPAR=fAR@dtwversely, for canopies having

senescent elements, GfAPAR can be estimated froAR\ measurements using an

independent estimate of GAI/PAI and assumptionsualioe distribution of the senescent
elements in the canopy. When the green leaveeateld at the top of the canopy above the
senescent elements, Chen (1996) proposed to esti@G8APAR using the following

formulation:

% &% ST u " UV )QR.)R+) 1S (13)

where y is the reflectance of the senescent layer abowesdil background. It plays the
same role as in EqQ. (12) when there is no senescent elemenallifj GAl in Eg. (13) can

be replaced by PAI in EqQ. (12) using the GAI/PAloa

W—X\S[V N TXZXA

%8&% ST " T )@ e (14)
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Conversely, Vifia and Gitelson (2005) assumed thatgreen and non-green elements are
well mixed within the canopy volume, proposed tlodoiving formulation of the green

fAPAR as a function of the total canopy fAPAR ahd GAI/PAI ratio:

%8&% 3¢ %&% ) % I&% (15)

Based on the same considerations, Egs. (14) andcébsbe applied to fIPAR values derived

from upward DHP and LAI-2200 devices to get theesponding green fIPAR, GfIPAR:

&% ST o Q %‘[Vl*#- (16)

&% ¢ &% ) % 1&% (17)

Table 1 lists the fAPAR and fIPAR quantities dedvieom the several instruments and the
associated notations and equations used. All theastities can be computed for both black-

sky and white-sky conditions.

Table 1 Quantities estimated from AccuPAR, DHP, and LRDBQ.R;, Rs, Rsen and T
represent the canopy reflectance, the backgrouihers senescent layer reflectance, and the

canopy transmittance, respectiveélyis the canopy gap fraction atF is the green fraction.

Instruments Notation Equation Eq. #

%&% %BBd&Y " " (2)
AccuPAR
%&% ( %BBd&Y " (5)
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%&% ST %BBd&Y s, WV e (44
%&% 2° %BBd&Y %&% 1% | &% (15)
Downward DHP &%  ef& 45y 4 %)
&% ef& it " & 9)
Upward DHP &% ST ef& e VRIS (16)
&% ° ef& it &% ) % 1&% (17)
&% % @@l " & ©)
LAI-2200 &n STi% @@ . Vi (16)
&% ¢ % @@ &% ) % 1&% (17)

2.2 Study area

The study area is located at the Honghe Farm (4MK5133.52° E) in the Heilongjiang
Province, China. The area is subjected to a huemtireental monsoon climate with long and
cold winter and warm, short, and humid summer. Wager and soil are frozen from late
October to April and thaw in late April. A singleee cultivar Longjing 29 is grown in flat
fields sharing the same soil properties and whieeesame cropping practices are applied.
Rice crops are grown once a year from May to Selpeer(Fig. Al). The fields are flooded

during most of the growing season.

A total of 55 Elementary Sampling Units (ESUs) bbat 20 x 20 rheach were selected in
five fields closely located and chosen to be homegas and similar in terms of soils and
management practices. This allows to consider &&ld as representative of all the other

ESUs. All ESUs were located at least at 1.5 m ftomfield border to limit potential edge
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effects. More details about the site and samplirefegy can be found in Fang et al. (20144,

2014b).

2.3 Ground measurements

Ground measurements were carried out frequentiy frone 11 to September 17 in 2012, and
from June 22 to August 29 in 2013 (Fig. 1). We uged“moving ESU strategy” as described
by Fang et al. (2014a), considering that the memsents achieved in one ESU at a given
date are representative of all the other ESUs. @lasvs to prevent disturbances caused by
the handheld measurements along the growing seasbmakes destructive measurements
possible. In 2012, all the measurements were taltese to sunset or under overcast
conditions to estimate the white-sky fAPAR. In 20Wite-sky fAPAR was also measured
near sunset or under overcast conditions and coegptbe same day by black-sky fAPAR
measurements when the sky was clear in the mor(®80 to 10:30 am). The field
measurement dates and the corresponding solahzemgles and diffuse fraction are shown

in Fig. 1 for the several instruments consideretthis study.
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301 Fig. 1. Measurement dates for AccuPAR (blue diamond), &R green square), DHP
302 (pink asterisk) and LAI-2200 (cyan triangle) in @)12 and (b) 2013 under cloudy (filled
303 marker) and clear (open marker, 2013) conditionaciBfilled and open downward-pointing
304 triangles represent solar zenith angles for cloany clear conditions (first right y-axis). Gray
305 dashed line with open circles in (b) indicate th#ude fraction measured for clear sky
306 conditions in 2013 (second right y-axis).

307

308 Decagon’s AccuPAR LP-80 PAR/LAI Ceptometer meas®&R using 80 individual sensors
309 with a 180° field of view on a 1-m probe (Huemmrehal., 2005; Senna, 2005; Steinberg et
310 al., 2006; Thomas et al., 2006). The downward afléated PAR fluxes at the top of canopy
311 were measured by placing the probe approximat&yniabove the canopy, facing upward
312 and downward, respectively. The canopy transmR@agR was measured by placing the probe
313 below the canopy looking upward. The below-canogasurements were repeated four times
314 in different directions to account for the row etfdCampos et al., 2017; Timlin et al., 2014,

315 Zhong et al., 2015). The soil reflected PAR was suezd twice in two different rows by
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placing the probe approximately 5 cm above the mplolwoking downward. Prior to each
measurement, the AccuPAR was calibrated when tbeeatanopy PAR was > 600 pmotsn
as recommended in the user manual (Decagon Ded6&8). Under clear skies in 2013, the
diffuse PAR was measured by blocking the direcarsitiumination with a black board placed
0.5 m from the sensor. The diffuse fraction wasitbemputed as the ratio of the diffuse to
the total downward PAR. The measurement was repehairee times within one minute
before, during, and after fAPAR measurements. Bszdhe three replicates were generally
consistent, their average value was considereleaditfuse fraction at the time of the fAPAR

measurements.

The DHP images were taken using a Nikon D5100 carequipped with a 4.5 mm F2.8 EX
DC fisheye convertor. The DHP camera was calibréeidre measurements following the
CAN-EYE manual (Weiss and Baret, 2010) to obtaia d¢iptical center and the projection
function of the camera and fish-eye system. The tagight of the camera, including the lens,
was about 16.5 cm. Two bubble levels were attatbate camera to keep it horizontal for
both downward and upward measurements. In each ESth 20 DHPs were acquired for
both downward and upward directions (Fang et @l142). The downward images were taken
by holding the camera G.8.5 m above the canopy. When the rice was highar #0 cm,
upward images were taken by placing the camera algbve the background soil or water in
the row. All DHP images were processed using theNEXE version 6.3.3 software
(https://wwwe6.paca.inrae.fr/can-eye). Green pixe&e manually separated from senescent
and background pixels for the downward images duitire classification step. This step was

performed by the same operator throughout the seaso
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LAI-2200 measures the blue radiation in 5 concenirigs centered at 7°, 23°, 38°, 53° and
68°. LAI-2200 measurements were conducted alwaydewrdiffuse conditions. Each

measurement was repeated twice, with one abovefandbelow canopy readings along

diagonal transects between the rows. For the bedowpy readings, the instrument was held
about 5 cm above the background. Throughout theosea 270° view cap was used to shield
the operator. The four measurements over an ESl& aeeraged to obtain the mean
transmittance (Fang et al., 2014a, 2014b). All A&R, DHP, and LAI-2200 measurements

were made within a maximum time difference of 10unés.

In addition to the optical measurements, canopgrgaea index (GAI) and plant area index
(PAI) were measured in 2012 using a destructivehotef{Fang et al., 2014a, 2014b). Five
plants were randomly harvested in the ESU andris@ @f green and non-green leaves, stems
and ears were measured using a LI-3100C Area MEet&LOR, Lincoln, NE, USA). Leaf,
stem, and ear area are the sum of the correspogdieg and non-green measured areas. The
corresponding area indices were then computed ub@glant density to get the area of
elements per unit ground area. GLAI correspondsht green leaves only, while LAl
includes green and non-green parts. GAl correspamtise area of all green elements, while

PAI includes the senescent parts as well.

3 Results

3.1 Dynamics of LAI, GLAI, GAI and PAI

During the rice green-up stage from sowing to the ef July (Day of year (DOY) 210), no

senescence is observed: GAIl and PAIl are equal @igWhen the senescence starts to



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

progress, some leaves disappear, and both PAI &ddi€&rease gradually after DOY 210.
Once the stems and ears are fully developed ar&d 220, their total area keep about
constant. However, senescence is also progressatyaly up to almost full senescence at
maturity, i.e. DOY 265 (Fig. 2). Conversely, seras®e of leaves stops on DOY 240: LAl
and GLAI and PAI keep about constant up to matuntyile GAI still decreases because of
the senescing stems and ears. The high consistdrsgyved between measurements across

time demonstrates that the spatial variability agithe several ESUs sampled was very small.

Fig. 2. Seasonal variation of plant, leaf, stem and eea andex measured by destructive
method in 2012. The corresponding area of the gpaets are indicated by the dashed lines.

The black circles represent the actual measurendeyts

3.2 fAPAR from AccuPAR

Results show that for both 2012 and 2013, canofigctance R:) is slightly higher in the

beginning when the soil background is not fully emd by the vegetation, and at the end of
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season after the ears and senescent components toegppear. When the canopy is fully
covering the soilR: keeps about to a low and stable value viRth» 0.04 (Fig. 3). Soil
background reflectanceR{ shows little variation during the growing seasamd is low
because the soil was always wet or covered by w&@nopy transmittancel’( decreases
continuously from the beginning of the season uB@Y 210 and then increases slightly
during the senescent stage (Fig. 3) since palteofdaves are dead while another part of them
show a decrease in chlorophyll, leading to an medn leaf reflectance and transmittance in
the PAR domain. Accordingly, canopy fAPAR increaBesn the beginning of the season up
to DOY 210 and decreases during the senescent ¢Ege 3a). The influence of the
illumination conditions on the different componerman be analyzed in 2013 (Fig. 3b).
Canopy and soil reflectance are little impacted esmain stable. Conversely, the canopy
transmittance depends on the illumination condgionostly before DOY 210 when the
canopy is not fully covering the soil. The blackrgkansmittance is higher than its white-sky
counterpart, and consequently the black-sky fAPARSmaller than the white-sky fAPAR.
After DOY 210, the difference between black-sky amdnite-sky values for both
transmittance and fAPAR becomes very small due he saturation of the canopy

transmittance.
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Fig. 3. Seasonal variation of canopy reflectand),( soil reflectance Rs), canopy
transmittanceT), and fAPAR measured in 2012 (a) and 2013 (b) witcuPAR. The solid
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ws") conditions. The filled circles on lines represti@ actual measurement days.

Our experimental results (Fig. 4) show that fARMTCUPAR) estimated from the two-
stream assumption (Eg. (5)) agrees very well whk teference four-stream fAPAR,
fAPAR(AccuPAR) (Eg. (2)) under both black-sky anthite-sky conditions (R= 0.94~1,

RMSE = 0.03~0.08). These two fAPAR quantities diffom less than 0.03 (4%) under
black-sky conditions, the differences being langben fAPAR(AccuPAR) is higher than 0.7

and under white-sky conditions.
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Fig. 4. Comparison of four-stream fAPAR(AccuPAR) (Eq.)(@hd the two-stream fAPAR
(AccuPAR)(Eq. (5)) values derived from AccuPAR measents in 2012 and 2013 under

both black (magenta) and white-sky (blue) condgion

3.3 fAPAR and fIPAR of different instruments

White-sky fAPAR and fIPAR values rapidly increasgiuDOY 210 in 2012 and 2013 (Fig.
5). As expected, fAPARAccUPAR), fIPAR(DHR,) and fIPAR(LAI-2200) and fAPAR
(AccuPAR) are very close together during the erg@ason. Conversely, GfIPAR(DKR:) is
slightly higher than fAPAR(AccuPAR) during the sadievelopment stages and is much
lower than the other quantities during the latages: White-sky GfIPAR(DHRBwn) decreases
sharply after DOY 210. In contrast, the other qiigstremain stable from DOY 210 to DOY
250 and slightly decrease after DOY 250. In 201@netboth black-sky and white-sky values

were measured (Fig. 5b), the black-sky values abstantially smaller than the white-sky
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counterparts. However black-sky GfIPAR(DiFR) is higher than the white-sky values at the

end of the season (Fig. 5b).
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Fig. 5 Seasonal variation of fAPARNd fIPAR in 2012 (a) and 2013 (b). The solid and

dashed lines represent the black-sky (with supi@tsg¥) and white-sky (with superscripf’)

conditions, respectively. In 2012, only white-skonditions are presented.

We will focus here on the first growth period (befoDOY 210) where senescence is

marginal (Fig. 2) and GAI=PAI. As a consequenceAlPAR=fAPAR and GfIPAR=fIPAR.

We will therefore use here only the terms fAPAR &iftAR except for GFIPAR(DHPdown)

for which only the green elements are accessikdbl€lr'l). The comparison between fAPAR



439 and fIPAR will be made using fAPARACCUPAR) as a reference since we demonstrated
440 previously that fAPAR(AccuPAR.96xfAPARr(AccuPAR) (Fig. 4).

441 GfIPAR(DHPsowny) shows a high agreement with fAPARccuPAR) under white-sky
442  conditions (Fig. 6a) (R= 0.82) with almost no bias. A strong correlatisnaiso observed
443 under black-sky conditions (Fig. 6a) with howevesyatematic overestimation (Bias=0.13).
444  The correlation between fAPARAcCCUPAR) and the fIPAR(DHI) is weak both for the
445  white-sky and black-sky values (Fig. 6b). fIPAR(:2200) shows a high agreement with

446 fAPART(AccuPAR) (Fig. 6¢), particularly under white-skyrditions.
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450 Fig. 6. Comparison between fAPARAcCCcUPAR) used as a reference and GfIPAR (Y48,
451 fIPAR(DHPyp) and fIPAR(LAI-2200). Data from the first perioddfore DOY 210) when no
452 senescent elements are present. Black-sky (pinkles)r and white-sky illumination
453 conditions (blue crosses) are presented.

454

455 3.4 GfAPAR and GfIPAR during the senescence stage
456
457  We focus on the period starting after DOY 210 wkenescence increases up to the maturity

458 stage (Fig. 2). As a consequence, the GAI/PAI rddoreases regularly with time (Fig. 7).
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The canopy fAPAR measured by AccuPAR shows smalbttans due to saturation when
PAIl is generally higher than 4.0. Conversely, theeg fIPAR derived from downward

looking DHP, which can be taken as the best prdX@ftPAR, decreases swiftly from 0.9 to
0.3 (Fig. 7). Assuming that green and non-greemetgs are mixed within the canopy (Vifia
and Gitelson, 2005), GFAPAR measured by AccuPAR. (#§)) and GfIPAR measured by
LAI-2200 (Eq. (17)) show a temporal profile clogethe reference GfIPAR from downward
looking DHP. Conversely, all green quantities dediwith Chen (1996), (Eq. (14)) (e.g.
assuming that the green elements are distributetieatop of canopy) are systematically
higher than the reference GfIPAR from downward lngkDHP. GfIPAR"™ estimated from

LAI-2200 and upward looking DHP are similar and g than GFAPAR™ derived from

AccuPAR.
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Fig. 7. Seasonal variation of fAPAR and fIPAR quantitiemsidered in Table 1 during the
senescent stage (after DOY 210). GAI/PAI is theoraf GAI to PAI (right y-axis). All

measurements were performed under white-sky illatrons in 2012.
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Fig. 8 shows that GFAPAR(AccuPAR), GfIPAR(DH and GfIPAR(LAI-2200) are well
correlated with GfIPAR(DHRwn) considered as the reference. However, signifitaases
are observed. Under the assumption that the gneg@man-green elements are mixed in the
canopy (Vifia and Gitelson, 2005, Eq. (15)), GTAPRRAccuPAR) is closer to the reference
GfIPAR(DHPyown) (Bias = 0.02, Fig. 8a), while the GfIPARDHP,,) and GfIPAR™(LAI-
2200) are larger by around 0.1 (Fig. 8b and 8chvweosely, assuming that the green elements
are distributed at the top of canopy as proposedChgn (1996), GFAPARP(AccuPAR),
GfIPAR"P(DHP,,) and GfIPARPP(LAI-2200) are systematically higher by 0.13 ~ 0tRan

reference GfIPAR(DH&Rwn).

Fig. 8. After DOY 210 (senescence), from left to righanmgarison of GFAPAR derived from
AccuPAR, GfIPAR by upward DHP and LAI-2200 with t#IPAR from downward DHP
used as a reference. “top” and “mix” refers to #Hssumptions used to derive the green
fAPAR, e.g. the senescence is occurring from the db the canopy (Chen, 1996) or is

randomly distributed within the canopy (Vifia andeBon, 2005).
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4  Discussion

4.1 Four-stream fAPAR versus two-stream fAPAR: estimation from AccuPAR

AccuPAR is appropriate to measure the fAPAR basethe four-stream approach (Eqg. (2)).
However, application of the four-stream assumptmmrompute fAPAR requires measuring
simultaneously canopy reflectance and transmittartogether with the background
reflectance. Measurement of the background refheetas difficult since it requires setting
the sensors close to the background which may rfistbe canopy and influence the
measurement. Furthermore, the spatial represeata&bs may also be an issue considering
the high local spatial variability of the radiatifield at the bottom of the canopy, due to the
row spacing and canopy cover (Timlin et al., 20X2Z9nversely, the two-stream assumption
(Eq. (5)) based on the sole measurement of can@mgnittance is appealing to estimate

fAPAR.

The high consistency between fAPAR(AccuPAR) andARP(AccuPAR) (Fig. 4) is mainly
due to the small values of canopy and soil reflemta(Fig. 3). Furthermore, both terms are
partly counterbalancing each other: in Eq. (2),omnreflectance (B varies between &or
PAI=0 to R for very large PAI values. Conversely, the termy Varies between Rfor
PAI=0 to O for large PAI values. These experimengsllts are consistent with that of other
studies (Gallo and Daughtry, 1986; Gobron et &0& Gower et al., 1999; Kukal and Irmak,
2020). However, as shown by Eq. (4), the measuesdmittance includes the contribution
from multiple scattering between the bottom of tamopy and the ground, leading to an
overestimation of the actual transmittance ands tnufAPAR: (Eklundh et al., 2011). Closer
inspection of the values shows that fAPARCCUPAR) is systematically higher than

fAPAR(AccuPAR), particularly for the well-developednopies fAPAR(AccuPAR»1 when
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fAPAR(AccuPAR»1-R »0.96 as expected from Eq. (4) since»B.04 (Fig. 3). We also
computed the actual transmittance which is smaian the measured one by -0.78% to -
0.14% under cloudy conditions and -0.41% to -0.Qidder clear sky conditions. Similarly,
fAPART computed when considering multiple scatteringlightly larger than the fAPAR
we estimated by 0.22% to 3.3% under cloudy conaftiand 0.2% to 3.09% under clear
conditions. This small uncertainty is mainly duddw background reflectance of paddy rice.
Nevertheless, higher uncertainties may occur foopaes with brighter backgrounds (Asner

et al., 1998; Gower et al., 1999; Widlowski, 2010).

4.2 Comparison of fAPAR and fIPAR measured from different instruments during the

green-up stage

The overestimations observed between GfIPBHPiown) and fAPARYAccuPAR) under
black-sky conditions are mostly due to the limigpadtial sampling when considering only the
sun direction. In case of the black-sky conditiohscuPAR measurements provide a better
spatial sampling with the 80 sensors set alond.thelong device. Conversely, for white-sky
conditions, GfIPARSDHPqown) results from the integration of the black-skyued over all

the directions (Eg. (10)) which provides to a miariger area sampled.

fIPAR(DHPyp) has a weak correlation with fAPARCcuPAR). This is mostly explained by

the limited range of variation of fAPARpoints available. DHP measurements looking
upward requires to set the camera at the bottottmeofanopy. When the back of the camera is
laying on the ground, the focal point of the lesasat about 16.5 cm above the ground. It is
therefore not possible to use this technique ferethrly growth stages when the canopy is too

short. This explains why no points are availabletfe low values of fAPAR or fIPAR (Fig.
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6b). Further, only part of the vegetation elements seen by the camera looking upward,
resulting in possible underestimation of fIPAR(DRPIn addition, setting the camera on the
ground disturbs canopy architecture and may alas the spatial sampling since it is not
possible to set the camera at the position of dlae Finally, the area sampled by the camera
looking upward from the bottom of the canopy is éovthan in the case of fIPAR(DE&Rn):

the distance between the camera and the top afahepy (upward looking DHP) is shorter
than the distance from the camera to the groundrfd@rd looking DHP). This explains why
significant scattering of data is observed betwd#AR(DHP,p) and fAPAR-(AccuPAR). It

Is therefore recommended to use a very small caar@tdo improve the spatial sampling by
taking more images. Nevertheless, fIPAR(RFBhould be used mostly for relatively high
and sparse canopies such as maize crops to linthit the disturbances when taking the
pictures and the parts not sampled at the bottothettanopy because of the height of the

lens above the ground.

The small discrepancies observed between both ijeantiemonstrate that the spatial
sampling was sufficient for LAI-2200 (8 points gegU), although more limited than that of
the AccuPAR (4 readings of the 80 PAR sensors Isegahe 1m probe). Under black-sky
conditions, only three matching pairs were avadablecause the LAI-2200 was only
performed under cloudy conditions and the large semith angles prevent the black-sky

fIPARPYLAI-2200) calculations.

Among the three methods investigated (&R DHPyp and LAI2200), DHRown Shows
obvious advantages: it provides a good agreemehtfAPART, while not disturbing canopy
architecture since the camera is placed aboveahepy. However, in the case of deriving

black-sky fIPAR values, more samples should bertakecompensate the small footprint of
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the camera in the sun direction. Further, grea¢ clould be taken when segmenting the
image which is more difficult and uncertain for dencanopies and sunny illumination
conditions (Garrigues et al., 2008). Indeed, maheaaced classification method is necessary

to improve the DHP data processing (Duveiller ardoDrny, 2010; Jonckheere et al., 2017).

4.3 Impacts of illumination conditions on fAPAR and fIPAR estimations

fAPAR and fIPAR present diurnal variations due tiations of the solar zenith angle and
the proportion of diffuse PAR in the total downwmedl radiation. These variations have a
significant impact on the photosynthetic efficieraayd on the canopy light regime (Aikman,
1989; Grant, 1999; Wang et al., 2006). We theretam@pared the ability of instruments to
retrieve the black-sky and white-sky fAPAR compadse®ur results show that instantaneous
fAPAR and fIPAR under white-sky conditions are btig higher than under black-sky
conditions, which is consistent with previous résulased on both model simulation and
ground measurements (Li and Fang, 2015; Nouvel@90; Thomas et al., 2006). The
resulting daily integrated fAPAR can be more oslaffected depending on the variation of
the diffuse PAR fraction throughout the day. Theref except for AccuPAR, accurate daily
fAPAR estimation requires auxiliary measurementshaf PAR diffuse fraction or specific

development such as proposed by Hanan and Bégas)(fg LAI-2200.

4.4 Estimations of green fAPAR and fIPAR during the serescence period

During the senescence period, both green and sarteslements contribute to fAPAR at the
canopy level (Asner et al., 1998; Di Bella et 2004; Huemmrich et al., 2005; Rahman et al.,

2019). Since only the green components are use@hotosynthesis and transpiration, the
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green fAPAR should be the quantity to be consideBamvnward DHP is the only method
that provides a direct estimate of green fIPAR heeait minimizes problems due to
senescent elements generally located at the baifdhne canopy (Baret et al., 2010). Green
fIPAR from downward DHP is therefore used as tHeremce method. Conversely, the green
fAPAR cannot be directly measured by the other wdshsince the instruments are looking
from the bottom of the canopy and green and noergreomponents cannot be easily
distinguished. We evaluated two methods to derikeerg fAPAR or green fIPAR from
canopy fAPAR and fIPAR measured quantities usirgy @Al/PAI ratio, based on different
assumptions on the spatial distribution of greeth @mon-green elements. In paddy rice crops,
the senescence happens right after the ear appeaird is observed at leaf tips and at the
bottom of the canopy. The ears, distributed maatlyhe top layer and mixed with green
leaves, become yellow and brown, and the senetzmrds at the bottom layer grow upward
and mix with other green stems and leaves. Thiawehis thus closer to the random mixing
hypothesis of Vifa and Gitelson (2005) than to @len (1996) assumption that green
elements are concentrated in the top layer. Howekese two correction methods developed
to get the green fAPAR or fIPAR from the canopy B® or fIPAR requires the

measurement of the GAI/PAI ratio during the senese@eriod.

5 Conclusion

The main objective of this study was to compareessvnethods and instruments for fAPAR
or fIPAR estimates over paddy rice and investighteimpact of canopy senescence under
different illumination conditions. Results showelatt using only canopy transmittance

(fAPART(AccuPAR)) measured by AccuPAR provides a good yprok the four-stream
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reference fAPAR(AccuPAR). This allows to simplifhet AccuPAR measurements over

paddy rice fields while keeping a high degree alaacy.

Canopy transmittance can also be measured using IDéthg upward or downward and
LAI-2200, resulting respectively into fIPAR(DHE, GfIPAR(DHPRiown) and
fIPAR(LAI2200). Our results demonstrated that fIPERIPyp) was leading to uncertainties
mostly because of the dimensions of the camera, ubstirbing canopy architecture when
placed at the bottom of the crop and missing alsigaificant fraction of the vegetation
elements located below the lens of the camera.ttase reasons, downward looking DHP
(GfIPAR(DHPyour), AccuPAR (FAPAR(AccuPAR)) and LAI-2200 (fIPAR(LAI-2200)) are
better suited for rice crops that are dense aradively short. However, the spatial sampling
should be adapted to the actual footprint of easkrument. Three AccuPAR, four LAI-2200
or 15 to 20 DHPs seems sufficient to get precisenages of white-sky fAPAR or fIPAR over
an area of»100m2 of homogeneous rice crops. This minimum semgpappears also
sufficient under black-sky conditions, except fdlEs for which the footprint is very small in
the sun direction. To avoid taking more images ritleo to improve the area sampled, it is
advised to integrate canopy transmittance ovethallcompass directions as done for LAI-
2200. Nevertheless, the daily integrated green fRP#nd fIPAR are required in many
vegetation functional models (Baret and Guyot, 19@dwer et al., 1999; Weiss et al., 2007).
The daily integrated fAPAR and fIPAR values candegived from the DHP images, which
will also result in a much larger area sampled.eNtbat DHPs appear the best suited method
to estimate daily variation and daily integrateduea of fIPAR since a single image taken
during the day allows to derive canopy transmitéafoe all possible incoming light directions,

assuming that canopy architecture keeps stablengiutie day. This assumption seems
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reasonable for rice crops, but not realistic foidtepic species and species presenting leaf

rolling reaction to water stresses (Baret et 8l18).

Downward looking DHPs is the only method that meesuirectly GfIPAR, the fraction of
incoming light intercepted by the green photosytitadly active parts of the vegetation. This
offers a great advantage over the other instrumghen a significant part of the organs are
senescing as observed over rice crops after flogeAccuPAR and LAI-2200 are measuring
canopy transmittance from the bottom of the carmpy are not able to distinguish between
the green and non-green parts. Corrections areopeapfor these instruments, based on
independent measurement of the GAI/PAI ratio. Maaguthe GAI/PAI ratio is generally
done by destructive methods, which is laboriousetconsuming, and not well suited for crop
monitoring. Further, the corrections need assumption the vertical distribution of the
senescing parts. For rice crops, we demonstratedttie method proposed by Vifia and
Gitelson (2005), assuming that green and non-geéements are well mixed, provides the

best agreement with GfIPAR(DH&n) considered as the reference method.

Downward looking DHPs appears thus to be the beshod to estimate GfIPAR under
relatively short canopies. It is currently usecendively over a number of crops (Camacho et
al., 2013; Li et al., 2015; Weiss et al., 2007).r Raller canopies that prevents easy
characterization from the top, fAPAR\CccuPAR), fIPAR(DHPup) and fIPAR(LAI-2200)
should be preferred. Exploitation of DHPs requireages with good resolution and acquired
under favorable illumination conditions. As a maibé facts, sunny conditions are not ideal
since the distinction between green and non-greets background and senescent elements)
is difficult in the shadows because of the smaftaiyics of the pixel values as well as in the

specularly reflected areas where colors are losingJHDR (High Dynamic Range) features
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and applying a gamma factor should partly solve fhieblem. Nevertheless, image
segmentation to identify the green pixels is stdt fully automatic which is the main
limitation of the DHP downward looking method asmgared to AccuPAR and LAI-2200.
Additional work is therefore required to developgaithms capable of identifying

automatically the green pixels in the images withgh degree of accuracy.
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7 Appendix A. Rice field pictures during growing seasn

Fig. Al. Rice field pictures of Plot B from end of JulySeptember, 2012.
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