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Abstract: The fraction of absorbed photosynthetically active radiation (FAPAR) is an essential climate
variable (ECV) widely used for various ecological and climate models. However, all the current
FAPAR satellite products correspond to instantaneous FAPAR values acquired at the satellite transit
time only, which cannot represent the variations in photosynthetic processes over the diurnal period.
Most studies have directly used the instantaneous FAPAR as a reasonable approximation of the daily
integrated value. However, clearly, FAPAR varies a lot according to the weather conditions and
amount of incoming radiation. In this paper, a temporal upscaling method based on the cosine of the
solar zenith angle (SZA) at local noon (cos(SZAeon)) is proposed for converting instantaneous FAPAR
to daily integrated FAPAR. First, the diurnal variations in FAPAR were investigated using PROSAIL
(a model of Leaf Optical Properties Spectra (PROSPECT) integrating a canopy radiative transfer model
(Scattering from Arbitrarily Inclined Leaves, SAIL)) simulations with different leaf area index (LAI)
values corresponding to different latitudes. It was found that the instantaneous black sky FAPAR
at 09:30 AM provided a good approximation for the daily integrated black sky FAPAR; this gave
the highest correlation (R? = 0.995) and lowest Root Mean Square Error (RMSE = 0.013) among the
instantaneous black sky FAPAR values observed at different times. Secondly, the difference between
the instantaneous black sky FAPAR values acquired at different times and the daily integrated black
sky FAPAR was analyzed; this could be accurately modelled using the cosine value of solar zenith
angle at local noon (cos(SZAne0n)) for a given vegetation scene. Therefore, a temporal upscaling
method for typical satellite products was proposed using a cos(SZA)-based upscaling model. Finally,
the proposed cos(SZA)-based upscaling model was validated using both the PROSAIL simulated
data and the field measurements. The validated results indicated that the upscaled daily black sky
FAPAR was highly consistent with the daily integrated black sky FAPAR, giving very high mean R?
values (0.998, 0.972), low RMSEs (0.007, 0.014), and low rMAEs (0.596%, 1.378%) for the simulations
and the field measurements, respectively. Consequently, the cos(SZA)-based method performs well
for upscaling the instantaneous black sky FAPAR to its daily value, which is a simple but extremely
important approach for satellite remote sensing applications related to FAPAR.

Keywords: fraction of absorbed photosynthetically active radiation (FAPAR); temporal upscaling;
instantaneous scale; daily scale; satellite remote sensing
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1. Introduction

The fraction of absorbed photosynthetically active radiation (FAPAR) is defined as the fraction of
incoming solar radiation in the range of 400-700 nm that is absorbed by vegetation. FAPAR characterizes
the growth status of the vegetation and expresses its capacity to absorb energy. FAPAR is, therefore,
considered to be one of the key climate variables for tracing mass and energy exchanges, and is also
recognized as such by the Global Terrestrial Observing System (GTOS) and Global Climate Observing
System (GCOS) [1]. Additionally, numerous ecological and climate models, including the community
land model, the community earth system model, and crop growth models, generally use FAPAR as an
essential input variable [2-5].

Nowadays, several satellite FAPAR products have already emerged and can be obtained free of
charge, including the moderate resolution imaging spectroradiometer (MODIS) [6,7], multiangle
imaging spectroradiometer (MISR) [8], medium resolution imaging spectrometer (MERIS) [9],
carbon cycle and change in land observational products from an ensemble of satellites (CYCLOPES) [10],
global biophysical products terrestial carbon studies (GLOBCARBON) [11], global land surface satellite
(GLASS) [12], energy balance residual (EBR) [13], joint research center two-stream inversion package
(JRC-TIP) [14], and European Space Agency (ESA) products [15], which have been extensively validated
with RMSE values varying from 0.08 to 0.23 [12,16-21].

However, the above FAPAR products have the following drawbacks. First, for most current
FAPAR products acquired by satellites, the FAPAR values only correspond to the instantaneous FAPAR
at the satellite transit time and cannot represent the diurnal FAPAR. Second, the daily integrated
FAPAR is acquired for the productivity models instead of the instantaneous FAPAR obtained by
satellites, especially for GPP estimates. Furthermore, FAPAR is dependent on the incident radiation;
it is correlated with the sun zenith angle (SZA) and also the atmospheric conditions or diffuse light
intensity [22]. Therefore, the diurnal FAPAR is dynamic and closely related to vegetation structure
and solar illumination [23]. Thus, it can be seen that the current FAPAR products can not satisfy the
requirements of vegetation productivity or the carbon cycle estimates.

Due to the lack of diurnal FAPAR products, the assumption that the instantaneous FAPAR at
the satellite transit time (about 10:00 AM) is a good approximation of the daily integrated black sky
FAPAR [17,23-26] is widely accepted, and satellite FAPAR products are approximated to represent
the daily integrated FAPAR in most cases. Nevertheless, it is not clear how well the instantaneous
FAPAR agrees with the daily integrated FAPAR, and relying on this assumption definitely leads to
the propagation of errors in vegetation productivity and growth models [27]. Moreover, the absolute
bias of the daily integrated FAPAR approximated by the instantaneous FAPAR is larger than 0.05 [28],
which is the maximum acceptable error in FAPAR for agricultural and other applications. Moreover,
there are several studies that have focused on the diurnal variation in FAPAR, and the results have
demonstrated that there are obvious diurnal variations in FAPAR. For example, Majasalmi et al. found
that diurnal FAPAR values for a young pine stand ranged from 0.63 to 0.98 [29], and Xie et al. observed
wide fluctuations in diurnal FAPAR [30]. The upscaling of instantaneous FAPAR to the daily scale is,
therefore, highly necessary.

Generally, daily integrated FAPAR is obtained by integrating the instantaneous the black sky
FAPAR from sunrise to sunset and from white sky FAPAR weighted by the diffuse ratio [22,31],
as shown in Equation (1):

sunrise

fsunset cos ( 9)d9

sunrise

[24" cos(0) FAPAR s (0)dO
X

FAPARg,, = (1~ f) + f X FAPARys 1)

where FAPAR 451, is the daily integrated FAPAR; FAPARy; is the instantaneous black sky FAPAR for
direct radiation from sunrise to sunset; FAPARy; is the white sky FAPAR under diffuse radiation
conditions; f is the ratio of diffuse PAR; and 0 is the sun zenith angle. However, all the current global
FAPAR products are acquired by satellites in synchronous orbits and only the instantaneous value of
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FAPAR corresponding to the satellite overpass time is available. The question is how to convert the
instantaneous observations to the daily integrated value. Until now, this problem has not been solved.

This study focused on developing a temporal upscaling method for converting an instantaneous
FAPAR observation to the corresponding daily integrated value for the currently available satellite
products. Using both simulated and measured data, we aimed to: (1) investigate the diurnal variation
in the black sky FAPAR for different vegetation canopies in different seasons and locations, and to
clarify the main variable driving the diurnal FAPAR variation; (2) present a cosine value of solar zenith
angle (cos(SZA))-based correction model for upscaling the instantaneous FAPAR to a daily value;
and (3) assess the performance of the cos(SZA)-based FAPAR upscaling model and give a solution for
how to upscale the current instantaneous satellite FAPAR products to daily products.

2. Materials and Methods

In this section, the materials and methods used for modeling and validating the upscaling method
of the instantaneous FAPAR are described below, presenting two separate parts, including both the
synthetical analysis (Sections 2.1-2.4) and the in situ analysis (Section 2.5).

2.1. PROSAIL Simulated Datasets

For assessing the performance of the temporal upscaling method proposed in this paper,
an instantaneous black sky FAPAR dataset from the 15th day of each month in the year 2017
was simulated using the PROSAIL model [32]. The PROSAIL model integrates a leaf radiative transfer
model (a model of Leaf Optical Properties Spectra, PROSPECT) [33] and a canopy radiative transfer
model (scattering from arbitrarily inclined leaves, SAIL) [34]. The PROSPECT model contains four main
leaf optical parameters, including the leaf chlorophyll content (Cy,), leaf water-equivalent thickness
(Cw), leaf dry matter content (Cqp,), and a leaf internal structure variable (N) that quantifies the
growth status of the vegetation. The SAIL model considers vegetation to be a turbid medium and
assumes a uniform blade azimuth distribution, taking into account any inclination to simulate the
directional reflectance of the vegetation canopy. The leaf reflectance and transmittance simulated by the
PROSPECT model are used as input parameters to the SAIL model. According to the statistical values
of the biochemical vegetation contents in related research [35-38], the fixed values or ranges were
assigned to these parameters to represent the most natural vegetation conditions, namely 40 pg/cm?
for C,p and a range from 1 to 7 for leaf area index (LAI), while the other parameters were set as
the default values of the PROSAIL model. In addition, a spherical structure type was selected as
an approximation for most vegetation canopy types. The main input includes the leaf biochemical
properties, canopy structure parameters, imaging geometry, and time information (Table 1). In the end,
the diurnal instantaneous black sky FAPAR data covering the most common vegetation statuses and
most global regions (latitude range corresponding to 0° to 60°) were obtained.

Table 1. The main input variables of the PROSAIL (a model of Leaf Optical Properties Spectra
(PROSPECT) integrating a canopy radiative transfer model (Scattering from Arbitrarily Inclined Leaves,
SAIL)) model in the simulation experiment.

Parameter Definition Units Range or Values
Leaf biochemical properties

Cap Chlorophyll ab content pg/em? 40

Cw Leaf water-equivalent thickness cm 0.009

Cam Dry matter content g/cm? 0.012
N Leaf internal scatter parameter — 15

Canopy structure parameters
LAI Leaf area index m?2/m? 1,2,3,4,56,7
LIDF parameter a, which controls the average leaf slope; LIDF .
(LIDF a, LIDF'b) parameltaer b, which depicts the bimodality di;gtribution r;Jroperties o spherical (=035, -0.15)
Imaging geometry
latitude the latitude values degree 0,15,30,45,60

Ratiogyy Ratio of diffuse light — 0
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Table 1. Cont.

Parameter Definition Units Range or Values
Time information
year the year information — 2017
interval the time intervals minute 15
startDOY start day of year — 15
endDOY end day of year — 349

2.2. 6S Simulated Datasets

To model the atmospheric radiation transfer processes, the second simulation of the satellite signal
in the solar spectrum radiative transfer model (6S model) [39] was employed.

Here, in order to retrieve the diffuse ratio f, we used the 65 model (Version 1.0B) to simulate the
radiation under different illumination conditions, including direct and diffuse radiation. Based on
the model parameters, including the total atmospheric water vapor content, ozone, aerosol optical
thickness (AOT), and solar zenith angle (SZA), the direct and diffuse radiation could be modelled for
the given parameters, which covered most natural atmospheric and illumination conditions. Finally,
a total of 589 simulations were generated. Table 2 shows the main parameters used in the 6S model in
this paper.

Table 2. The main inputs to the 6S model.

Parameter Units Values or Modes
Solar zenith angle degrees 0-90 (10° intervals)
Atmospheric model — midlatitude summer
Aerosol model — continental model
Aerosol optical thickness — 0-0.6 (0.01 intervals)
Sensor level at ground
Spectral conditions pum 0.4-0.7
Ground reflectance type — homogeneous surface
Values of the reflectance — green vegetation

2.3. Field FAPAR Measurements

All of the field FAPAR measurements were collected using a FAPARp; system (StarViewer,
Beijing, China) to make observations of a summer maize canopy at Gucheng, Baoding City, China,
as described in the study by Zhao et al. [40]. The experimental area covered a rectangular plot of
2x4 m2. The photosynthetically active radiation (PAR) values were automatically and continuously
measured between 07:00 AM and 18:00 PM every day from 15th July to 2nd August, 2017, at the
top and bottom of the canopy, respectively, during the jointing growth period and tasseling stage.
Four PAR components were recorded by the FAPARy¢t, including the total PAR arriving at the top
of the canopy (PAR,), the PAR reflected to the atmosphere (PAR,;), the PAR transmitted to the soil
background (PARg;), and the soil reflected PAR (PARgy). The canopy FAPAR can be calculated using
the four PAR components [41,42]:

PAR; — PAR;; — (PARg; — PARy)

FAPAR =
PAR,;

@

The average values for each PAR component, as measured by nine independent sensors, were used
in Equation (2) to calculate FAPAR. As illustrated in Figure 1, these sensors were assembled into a metal
container with an equal interval (5 cm), and all the PAR signals were measured using double-sided
metal rods placed above and below the canopy (a distance of 15 cm was retained for the lower rod and
the soil background).
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Figure 1. Diagram showing the fraction of absorbed photosynthetically active radiation (FAPAR)
automatic observation system.

2.4. Method of Upscaling Instantaneous FAPAR to Daily FAPAR

There is an obvious diurnal variation in black sky FAPAR, as observed in satellite FAPAR products,
which is related to latitudinal and temporal variations. The corresponding SZA values are generally
used to explicate the influence of the above factors. For clear sky observations, cos(SZA) can be
regarded as a proxy of solar radiation, and has been widely used to account for the influence of latitude
and seasons in solar-induced chlorophyll fluorescence (SIF) temporal upscaling [43-47]. Inspired by
this, in this study, a cos(SZA)-based upscaling method was developed to convert a single, instantaneous
FAPAR measurement to a daily integrated value.

A flowchart of the cos(SZA)-based upscaling method is shown in Figure 2. First, the mean daily
black sky FAPAR value was integrated using the continuous instantaneous black sky FAPAR simulations
according to Equation (3) (introduced in the next section). Secondly, the relative difference between the
daily integrated black sky FAPAR and the instantaneous black sky FAPAR at a certain moment (the
satellite transit time) was computed. Thirdly, the correction model based on the cosine value of the
noon SZA (cos(SZAoon)) was developed to convert the instantaneous black sky FAPAR from the time of
the satellite overpass (for example, 10:00 AM) to the daily integrated value. Finally, the cos(SZA)-based
upscaling method was validated using the PROSAIL simulated datasets as well as field measurements.

PROSAIL simulated datasets

[
sun zenith angle instantaneous black-sky FAPAR
per 15 minutes per 15 minutes
[ ]

I
daily ntegrated black-sky FAPAR

'

relative differenece
c08(SZA o) (between istantaneous black-sky FAPAR and
daily black-sky integrated FAPAR)

[

I
€08(SZ Ay on)-based upscaling model

mstantancous black-sky FAPAR
over satellite overpass

[ J

'

upscaled black-sky FAPAR iy

!
upscaled total FAPAR g,y

Figure 2. Flowchart of the upscaling method for the instantaneous black sky fraction of absorbed
photosynthetically active radiation (FAPAR).
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2.4.1. Integrating Continuous Observations to Daily Mean FAPAR

The instantaneous black sky FAPAR is a variable whose value depends on the illumination
angle, which, in turn, is correlated with the SZA. Generally, a simple integration formula is used to
approximate the daily integrated black sky FAPAR:

(24 cos(0) FAPAR s (0)dO

sunrise

fsunset cos ( 9) 40

sunrise

PAPAR‘;’”’” —
S

®)

where FAPARZZ ., depicts the daily integrated black sky FAPAR, FAPARy; is the instantaneous black

sky FAPAR at di&erent times from sunrise to sunset, and 0 is the sun zenith angle.

2.4.2. Correction Model for Converting Instantaneous FAPAR to Daily FAPAR

In order to correct the instantaneous black sky FAPAR acquired at a certain moment (that of the
satellite transit time) to daily integrated black sky FAPAR, the relative difference between these two
FAPAR values needed to be calculated first:

dif f, = (FAPARy(6) ~ FAPARI™™)/FAPAR!™" @)
where dif f, is the relative difference between the instantaneous black sky FAPAR and the daily
integrated black sky FAPAR; FAPAR{"" is the daily integrated black sky FAPAR.

Secondly, the daily integrated black sky FAPAR was calculated by Equation (2) using the
instantaneous black sky FAPAR dataset simulated by the PROSAIL model. We investigated the
relationship between the relative difference between the instantaneous and daily FAPAR values and
the cosine value of sun zenith angle at local noon (12:00) (cos(SZAe0n)), and found that the relative
difference could be accurately fitted using a linear function of cos(SZAen) and the instantaneous black
sky FAPAR at the satellite transit time based on the PROSAIL simulated data:

diffp = axcos(SZAnoon) — b X FAPARZ:WP”SS 1 5)

where dif f, is the fitted relative difference between the instantaneous black sky FAPAR and the daily
integrated black sky FAPAR; FAPz‘lRZzs)emss is the instantaneous black sky FAPAR at the time of the
satellite overpass; and a, b, and c are the coefficients of the linear regression function.

Finally, the instantaneous black sky FAPAR was upscaled to a daily integrated value using:

FAPAR pscaied = FAPAR,"P"™ x (1 - dif f;) (6)

where FAPARpscated is the upscaled black sky FAPAR (daily integrated black sky FAPAR).

The cos(SZA)-based upscaling model was validated using a subset of the PROSAIL simulations;
70% of the simulations (training dataset) were randomly selected to model the linear cos(SZApon)
model and the remaining 30% were used for validation (validation dataset).

2.5. Validation Method for the Field Measurements

As explained in the field experiment section, we collected continuous observations of FAPAR for a
maize canopy. As the field experiment was conducted under incoming solar radiation, which included
both direct and diffuse radiation, these field measurements were of the total FAPAR—a weighted sum
of FAPAR values under both direct and diffuse radiation. In order to validate the cos(SZA)-based
correction model for black sky FAPAR, it was necessary to design an approach to retrieve the diffuse
ratio and also to separate the black sky FAPAR from the total FAPAR.
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2.5.1. Method Used to Retrieve the Diffuse Ratio

In the field experiment, no diffuse ratio measurements were made. Therefore, we designed a
look-up table (LUT) approach to retrieve the diffuse ratio. The 65 atmosphere radiation transfer model
was utilized to model both direct and diffuse radiation under most natural atmospheric conditions,
covering values of the atmospheric optical depth (AOD) from 0-0.6, with intervals of 0.01 and a solar
zenith angle range of 0°-90° with intervals of 5°. Based on the modelled 6S data, the diffuse ratio
corresponding to different atmospheric and illumination conditions was obtained, and a look-up table
(LUT) consisting of PAR was established. When the incoming PAR was recorded, the diffuse ratio
could then be retrieved by minimizing the following cost function:

x> = (PARpyT — PAR,)* @)

where x? is the squared error; PARy T and PAR;, are the PAR simulated by 6S and the field-measured
PAR, respectively.

In this paper, the LUT approach was constructed using the 70% randomly selected data simulated
by the 6S model, and the remaining 30% was retained to test the LUT-based method. The validation
results showed that the diffuse ratio was accurately retrieved, giving an R? of 0.773 and a relative
RMSE of 12.5%.

2.5.2. Separating Black Sky FAPAR From the Field-Measured Total FAPAR

The field measurements of FAPAR corresponded to the total FAPAR, which was computed as
a sum of FAPAR values weighted by the diffuse ratio (f) under both direct and diffuse radiation,
as shown in equation (8).

FAPAR iy = (1 — f) X FAPAR s + f X FAPAR s 8)

In order to obtain FAPAR under both direct and diffuse radiation, it was assumed that the black
sky FAPAR did not vary between two adjacent moments (an interval of five minutes) and the white sky
FAPAR was considered to be a constant within a day [48]. FAPAR measurements from two adjacent
moments when the instantaneous PAR changed dramatically (i.e., the weather conditions changed a
lot) were selected to build the equation set:

t t
FAPARéW = (1-f,)x FAPAR?} + fi, X FAPARys
FAPAR?, | = (1 f,) X FAPAR? + fi, X FAPARqs

)

where FAPARZWI denotes the total FAPAR at the selected moments; FAPARZS and f;, are the black sky

FAPAR and the diffuse ratio at these two times (i = 1, 2). Note that FAPAR?S is assumed to be equal to
FAPAR}.

Using Equation (9), FAPAR values under both direct and diffuse radiation could be obtained
simultaneously. If we also assumed that the white sky FAPAR did not vary at all during the whole
day, the instantaneous black sky FAPAR at other times could be easily calculated using Equation
(8), because the diffuse ratio and white sky FAPAR had already been determined. Finally, the daily
integrated black sky FAPAR could be calculated using the continuous field records of instantaneous
black sky FAPAR.

3. Results

3.1. Upscaling Model Based on the PROSAIL Model

Using the data simulated by PROSAIL, the cos(SZA)-based upscaling model for converting one
instantaneous black sky FAPAR value from the overpass time to its daily integrated value could
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be determined. Table 3 illustrates the model parameters for four current satellite FAPAR products
(the medium resolution imaging spectrometer (MERIS), geoland-2 version 1 (GEOV1), moderate
resolution imaging spectroradiometer (MODIS)/multiangle imaging spectroradiometer (MISR) and
sea wide field-of-view sensor (SeaWiFS) products) corresponding to the satellite overpass time.
The corresponding values of R? are also shown.

Table 3. The cosine value of solar zenith angle (cos(SZA))-based correction model and its parameters
for four current satellite FAPAR products.

Satellite Products Overpass Time Prediction Model

FAPAR pscaied = FAPAR, "™ x (1 - dif f,)

medium resolution imaging diffy, = —0.159 — 0.0188 X cos(SZAnoon ) + 0.185 x FAPAR] 0

spectrometer (MERIS) 10:00 AM R2=0914
S — 10:15
geoland-2 version 1 (GEOV1) 10:15 AM diffp = ~0203-0.0119x ;{28(502 ?;fon) 0222 X FAPAR,
moderate resolution imaging e _ P 10:30
spectroradiometer (MODIS)/multiangle 10:30 AM diffp = —0227-00151x ;(;SSSZA;;)O“) + 0247 X FAPAR o
imaging spectroradiometer (MISR) . =09 12:05
diff, = —0.294 - 0.0147 X c0s(SZAnoon) +0.312 X FAPAR, 2
sea wide field-of-view sensor (SeaWiFS) 12:05 PM R2 = 0.992

3.2. Validation of the Difference Prediction Model

3.2.1. Validation Based on the PROSAIL Model

The cos(SZA)-based correction models for the four current satellite FAPAR products listed in
Table 3 were validated using the validation dataset (Figure 3); both the instantaneous and upscaled
daily FAPAR values were compared to the “true” daily integrated FAPAR. A comparison of the results
indicated that the upscaled daily FAPAR samples were concentrated on the two sides of the 1:1 line
and had a very low RMSE and relatively low mean absolutely error (tMAE), while the values of the
instantaneous black sky FAPAR from the satellite overpass times were always lower than the true
value (below the 1:1 line) and had a larger RMSE (about three times of that of the upscaled FAPAR)
and larger relative Mean Absolute Errors (rMAEs).

MERIS GEOV1 MODIS/MISR SeaWiFS
1 o 1 g 1 g 1
=) ] < & V] <
Z y=1115c-0.111 Z y=1.139%-0.137 Z y=115Ix-0.151 = y=1224x-0.229
S |N=106 w|N=106 S |N=106 % |N=106
S 08 7 S 08 S 08 & 081
= [o? = S =
5 o 4 5 . g c08(SZAnoon)
= 0.6 2 _ = 0.6 o p2 _ = 0.6 2 _ =0.6 2 _
206 R = 0.996 2 06 R =0.997 2 06 R =0.997 e 06 AR =0.993 '
P RMSE = 0.022 = RMSE = 0.029 = RMSE = 0.033 = RMSE = 0.047
= IMAE = 1.807% | & IMAE = 2.495% | & rMAE =2.824% | £ | rMAE = 4.218%
044 044 044 0.4t 08
04 0.6 0.8 1 04 0.6 0.8 1 04 0.6 0.8 1 04 0.6 0.8 1
simulated black-sky FAPAR . simulated black-sky FAPAR , | simulated black-sky FAPAR simulated black-sky FAPAR
daily daily daily daily 0.6
Z ! | 2 ! z !
S |y=100ix-0001 S| y=1008x-0.008 y=1014x-0.014 T |y=1042c-0041 ok
S |N=106 = |N=106 o N =106 & |N=106
Z 08 Q = 08 ] Z 08}
R s 2 L 02
£06 R’ =0.997 £06 R’ =0.998 £06 R’ =0.999 £0.6} R’ =0.999 0
-] RMSE = 0.007 ] RMSE = 0.006 ] RMSE = 0.006 -] RMSE = 0.007
& . IMAE = 0.625% | = . IMAE = 0.574% | = . IMAE = 0.519% | = . rMAE = 0.666%
=04 = 044 w04 04k
04 0.6 0.8 1 04 0.6 08 1 04 0.6 08 1 04 0.6 08 1

simulated black-sky FAPAR . simulated black-sky FAPAR .. simulated black-sky FAPAR , . simulated black-sky FAPAR ; .

ly ly

Figure 3. Scatterplots of the true daily integrated black sky FAPAR at different satellite overpass times
against the instantaneous black sky FAPAR (upper row) and the upscaled daily black-sky FAPAR
(upscaled FAPAR a1y, lower row). The legend represents the different values of the cosine value of
solar zenith angle at local noon (cos(SZAnoon))- N denotes the number of points.

Moreover, the instantaneous black sky FAPAR obtained at 09:30 AM was found to best approximate
the daily integrated black sky FAPAR, with an RMSE of 0.013, an rMAE of 1.072%, and an R? of 0.995
(Figure 4).
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= 0.6 R = 0.995 '
& RMSE = 0.013 02
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0.4«

04 05 06 07 08 09 1

simulatcd black-sky FAPAR daily
Figure 4. Scatterplot of the instantaneous black sky FAPAR from 09:30 AM against the simulated daily
integrated black sky FAPAR. N denotes the number of points.

3.2.2. Validation Based on the Field Measurements

The cos(SZA)-based correction models for the four current satellite FAPAR products were also
validated using the corresponding in situ measurements. However, for the field measurements,
only measurements of the total FAPAR were available, and there were some uncertainties involved in
retrieving black sky FAPAR for both upscaled and measured data. The cos(SZA)-based upscaling model
was, therefore, validated using the in situ daily total FAPAR data. Figure 5 illustrates scatterplots of the
upscaled daily total FAPAR (FAPAR,pscaleq) and the measured instantaneous total FAPAR (FAPAR;pst)
against the true daily total FAPAR (measured total FAPAR ;) at different satellite overpass times
(10:00 AM, 10:15 AM, 10:30 AM, and 12:05 PM). The results show a high agreement between the
upscaled total FAPAR 4,5, and the measured daily total FAPAR, with R? values ranging from 0.974 to
0.981, an RMSE value of about 0.013, and rMAE values varying from 1.360% to 1.412%. The systematic
underestimation between instantaneous total FAPAR at 12:00 AM and its daily FAPAR was well
corrected. Therefore, the cos(SZA)-based upscaling model accurately upscales a single instantaneous
black sky FAPAR measurement to the daily integrated value.
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Figure 5. Scatterplots of the measured daily total FAPAR against the instantaneous total FAPAR (upper
row), and the upscaled daily total FAPAR (lower row) for different satellite overpasses. The legend
represents the different values of cos(SZAuem ). N denotes the number of points.

4. Discussion

4.1. Significance of the Upscaling of Instantaneous FAPAR

As FAPAR is a function of the incident radiation, it varies with the sun zenith angle and
the atmospheric conditions. The diurnal variation in FAPAR may be dramatic under changing
irradiation conditions [45]. Therefore, a simple approximation of the daily integrated FAPAR using
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the instantaneous observation from the time of a satellite overpass may introduce a large bias. In this
paper, a method for upscaling the instantaneous black sky FAPAR from the satellite transit time to its
daily value has been proposed, and the validation results have demonstrated that the upscaled daily
FAPAR agrees well with both the simulated and the measured daily FAPAR.

Figure 6 shows the RMSE before and after upscaling of the instantaneous black sky FAPAR to
the daily averaged black sky FAPAR for different LAI conditions (an LAI range of 1-7); a similar
comparison between the upscaled daily FAPAR and the daily averaged black sky FAPAR is also shown.
The results show that the RMSE for the instantaneous black sky FAPAR is much bigger than that for
the upscaled daily FAPAR, especially for a canopy with a small LAI and for instantaneous observations
made at noon (12:05 PM: the SeaWiFs overpass time); this situation gives the largest RMSE (0.083),
which shows the necessity of acquiring the FAPAR products corresponding to a daily scale.

10:00AM model 10:15AM model 10:30AM model 12:05PM model
0.048 0.064
—9—hef91’e upscaled 0048 —— befO.m upscaled —— befO.m upscaled 0.08 —o—before upscaled
0.036 ©—after upscaled O after upscaled 0048 | O—after upscaled vost o—after upscaled
m o g O F
«\ 17} 172}
5 0.024 5 0.032 5 0.048
0.032
0.012 0.016 |
o 0016 ¢
0 . 0 . 999 0 L oo o
1 1 2 3 4 5 6 17 1 2 3 4 5 6 7 1 2 3 4 5 6 7
LAI LAI LAI

Figure 6. The root mean square error (RMSE) of the instantaneous black sky FAPAR to the daily
averaged black sky FAPAR before and after upscaled under different leaf area index (LAI) conditions.

4.2. Uncertainty Due to Differences in Vegetation Types

As described above, FAPAR is closely related to the incident radiation, and the difference between
the instantaneous FAPAR and daily integrated FAPAR is related to the sun zenith angle and the
canopy structure, as measured by the LAI, leaf angle distribution (LAD), and clumping index (CI).
In this paper, canopies with different LAIs but only a spherical LAD were simulated and investigated.
The differences due to other canopy structural types (such as differences in LAD and CI) were not
taken into consideration, which will have introduced some uncertainties. Nonetheless, according to
the validations made using the PROSAIL simulated data under different LAI conditions (as shown
in Table 4), the RMSE in the upscaled FAPAR 4, was quite small, ranging from 0.0022 to 0.0138.
This indicates that the errors caused by the differences in LAI were of an acceptable size, and the
impact of other canopy structure parameters, such as the leaf angle distribution (LAD), will be further
analyzed in future studies.

Table 4. The mean RMSE and the RMSE ranges for different satellite models under different LAI
conditions (LAl range 1-7).

Overpass Time 10:00 AM 10:15 AM 10:30 AM 12:05 PM

mean RMSE 0.0064 0.0056 0.0050 0.0063
RMSE range 0.0033-0.0135  0.0026-0.0117  0.0024-0.0116  0.0022-0.0138

4.3. Uncertainty Involved in Retrieving the Black Sky FAPAR from the Field Measurements

As the black sky FAPAR was obtained from the measured total FAPAR using the diffuse ratio f
retrieved from the 65 model, the retrieval errors of the diffuse ratio certainly caused uncertainties. The
input parameters in the 6S model, such as Aerosol Optical Thickness (AOT), the ground reflectance
type, and the aerosol model, were set with fixed values or ranges covering most atmospheric conditions.
The impacts of other atmospheric parameters and cloudy conditions were not considered in this study.
Therefore, if a measured dataset of the diffuse ratio f is available, it could be used to calculate the black
sky FAPAR directly.
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5. Conclusions

Current global FAPAR products are based on instantaneous measurements of FAPAR from the time
of satellite overpasses, and no daily satellite FAPAR products are yet available. Although instantaneous
FAPAR values have been widely used as the daily integrated FAPAR in many ecological and agricultural
applications, this approximation may introduce an unacceptable bias. In this paper, a cos(SZA)-based
method was presented to transform a single instantaneous black sky FAPAR measurement to its daily
mean value. Temporal upscaling models for the different current satellite FAPAR products, including
those based on MERIS, MODIS, GEOV1, and SeaWiFs data, were also developed. The temporal FAPAR
upscaling method was validated using both PROSAIL simulated data and field measurements made
on a maize canopy. The results showed that the upscaled daily FAPAR was highly consistent with
the daily integrated FAPAR, giving very high mean R? values (0.998, 0.972), low RMSEs (0.007, 0.014),
and low rMAEs (0.596%, 1.378%) for the simulated and measured datasets, respectively. Therefore,
it can be concluded that the proposed cos(SZA)-based method can accurately upscale instantaneous
black sky FAPAR to daily integrated FAPAR, thus providing a simple but extremely important method
for use in satellite remote sensing applications related to FAPAR.
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