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Abstract: Understanding crop phenology is crucial for predicting crop yields and identifying poten-
tial risks to food security. The objective was to investigate the effectiveness of satellite sensor data,
compared to field observations and proximal sensing, in detecting crop phenological stages. Time
series data from 122 winter wheat, 99 silage maize, and 77 late potato fields were analyzed during
2015-2017. The spectral signals derived from Digital Hemispherical Photographs (DHP), Disaster
Monitoring Constellation (DMC), and Sentinel-2 (52) were crop-specific and sensor-independent.
Models fitted to sensor-derived fAPAR (fraction of absorbed photosynthetically active radiation)
demonstrated a higher goodness of fit as compared to fCover (fraction of vegetation cover), with
the best model fits obtained for maize, followed by wheat and potato. S2-derived fAPAR showed
decreasing variability as the growing season progressed. The use of a double sigmoid model fit al-
lowed defining inflection points corresponding to stem elongation (upward sigmoid) and senescence
(downward sigmoid), while the upward endpoint corresponded to canopy closure and the maximum
values to flowering and fruit development. Furthermore, increasing the frequency of sensor revisits
is beneficial for detecting short-duration crop phenological stages. The results have implications for
data assimilation to improve crop yield forecasting and agri-environmental modeling.

Keywords: precision agriculture; Copernicus Sentinel-2 (S2); disaster monitoring constellation
(DMC); digital agriculture; remote sensing; arable cop

1. Introduction

An important aspect of estimating crop yield and production concerns the stages of
crop growth and development, known as crop phenology. Crop phenology affects almost
all aspects of the agri-environment, including yield formation, water and carbon cycling,
agro-ecosystem services, and food webs. Changes in crop phenological processes such
as flowering are among the most sensitive biological responses to climate change [1], so
crop phenological development stages allow comparisons of impacts between regions and
seasons. Globally, many phenological stages, including the start and end of the growing
season, are occurring earlier in the spring and later in the autumn [2-4]. However, not
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all species and regions are affected at the same rate, leading to mismatches and making
phenology a leading indicator of climate change impacts [5,6].

The occurrence of meteorological events, such as frost or drought, during the crop life
cycle or at specific phenological stages explains yield variation in common crops [7-10].
Crop phenology and canopy development help improve the effectiveness of management
practices and the accuracy of decision support systems [11,12]. Farmers need to know the
timing of crop development to decide when to apply fertilizers, pesticides, or remedial
measures and to implement certain practices, such as irrigation, in a more sustainable
way. Crop phenology models are the basis of all crop models, and crop emergence, flower-
ing, and maturity are typically simulated from weather variables [13-15]. Comparisons
with measured crop data consist of observations and intensive within-season time series
information on soil water content, crop biomass, and yield [15-17].

The accuracy of arable crop models largely depends on a reliable estimation of the crop
phenological stages to which the processes of crop performance and yield formation are
tuned. Understanding crop phenology is crucial for predicting crop yields and identifying
potential climate risks to food security [14,18,19]. The productivity of a crop depends on
its development and ability to intercept incident radiation, which is a function of the leaf
area and structure of the crop [20]. All 27 crop models included in [16] simulate wheat
(Triticum aestivum) phenology based on planting date (n = 27) and temperature summation
approaches (1 = 27); some models also consider the effects of daylength and vernalization
(n = 21) or water/nutrient stress (n = 6). Based on 23 participating models, the maize (Zea
mays) crop model intercomparison [17] shows that days after sowing and temperature
(n = 23) are the most important factors used for deriving phenological stages, followed
by day length (n = 15) and nutrient or water stress (1 = 5). An intercomparison review of
33 potato (Solanum tuberosum) models showed that most research has been carried out in
relation to soil-water-nitrogen dynamics, with the phenological compartment being driven
by days after planting (1 = 33), or temperature (n = 30) in combination with daylength
(n=13) [21].

Vegetation phenology can be monitored with vegetation indices (VI) derived from
optical remote sensing [22,23]. The need for monitoring crop phenology at the farm-
to-regional scale has become apparent to, inter alia, clarify crop responses to seasonal
variation, elucidate effective farm management practices, and improve crop performance
prediction and yield forecasting. As the growing season progresses, the crop’s greenness
increases, leaving a distinct and detectable spectral signature that changes with different
stages of development [24,25]. Methods to detect phenological stages range from the
detection of single phenological events based on NDVI to complex mathematical modeling
methods using VI time series analysis and sensor fusion methods to infer crop phenological
development [26-29]. Despite the disadvantage of requiring a priori information such as
the number of cropping seasons during the year [30] and planting/sowing dates [31], model
fitting offers the possibility to mathematically characterize specific transitions in the crop
phenological cycle [32,33]. Most methods determine crop growth after the growing season
using time-series smoothing techniques such as splines or neural networks [34,35]. Similar
smoothing and machine learning methods have been developed to evaluate yield estimates
at farm-to-regional scales [36,37], compare different growing seasons [38], and support
decisions on farming practices [11]. However, model fitting would enable a mathematical
characterization of changes in crop growth rate and, therefore, crop phenology during the
growing season, providing information on crop performance independent of currently
used weather-based crop modeling methods.

Since crop phenology is a leading indicator of climate impacts, crop performance
processes, and yield formation, its detection during the growing season may provide
data that is independent of current weather-based modeling methods for simulating crop
phenological stages. We hypothesized that biophysical variables derived from satellite
sensors provide a valid set of measurements for inferring crop phenology. The objectives of
this study are therefore to relate in-situ field phenological observations to proximal and
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satellite sensor data and investigate how well modeling using sensor data can be used
to infer crop phenological stages during the growing season. A unique dataset of field
observations was constructed during three growing seasons (2015-2017) for three major
arable crops in Belgium, i.e., silage maize, winter wheat, and late potato.

2. Materials and Methods

The proximal sensor data consisted of field-based digital hemispherical photographs
(DHP) acquired by a digital camera with a fisheye lens, while the satellite sensor data
consisted of disaster monitoring constellation-2/Deimos-1 satellite (DMC) images at a
22 m resolution from Deimos Imaging and Copernicus Sentinel-2 (S2) images at a 10 m
resolution from the European Space Agency. All sensor data were processed and analyzed
at the parcel level following the flow diagram of data processing presented in Figure 1.
Parcel boundaries were retrieved from the Land Parcel Information System (LPIS) used to
administer farmers’ income support through the European Common Agricultural Policy.

DHP
biophysical
variables

DHP
acquisitions

Parcel
inward
buffering

LPIS
database

Pixel-level Parcel-level Time series
biophysical median S2 / DMC

variable neural biophysical biophysical
network (BV-NET) variable variables

Figure 1. Flow diagram of data processing.

2.1. Satellite Sensor Observations

A time series of cloud-free ortho-rectified 22 m resolution DMC and 10 m resolution
52 satellite images were used for deriving the biophysical variables fAPAR (fraction of ab-
sorbed photosynthetically active radiation) and fCover (vegetation cover fraction) (Table 1).
Pre-processing included atmospheric correction [39]; cloud and shadow detection [40] for
DMC; [41] for S2; and calculation of the biophysical variables [42].

Table 1. Cropping calendar for winter wheat, silage maize, and late potato, and number of fort-
nightly cloud-free images used during the growing seasons of April-November 2015, 2016, and 2017
in Belgium.

Crop

Apr. May Jun. Jul. Aug. Sep. Oct. Now.

Winter wheat
Silage maize
Late potato

2015 DMC (22 m)

2016 DMC (22 m)

2015 Sentinel-2A (10 m)
2016 Sentinel-2A (10 m)
2017 Sentinel-2A&B (10 m)

4
s N
50 4[5 4 4 |5 4 5 4 4

s el 5 T B B B

3
5

s: sowing, p: planting (brown); e: emergence (green); f: flowering, t: tuber setting (light green); h: harvesting
(dark green). The number of images available is colored from red to dark green.
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The derivation of fAPAR and fCover products from Sentinel-2 and DMC was achieved
by using the BV-NET (biophysical variable neural network), initially developed for medium-
resolution sensors [43], adapted to higher spatial resolution sensors such as SPOT [44] and
Landsat-8 [45], and based on neural networks trained on a synthetic dataset of around
50,000 simulations using the PROSAIL model [46]. The distribution of the variables was
designed with an experimental plan, and constraints were applied to the co-distribution
of the leaf area index (LAI), soil brightness, chlorophyll, and average leaf angle [47]. For
Sentinel-2, neural networks derived from the same algorithm are available in the SNAP
(Sentinel Application Platform) toolbox [48]. This algorithm showed good performances
for Sentinel-2 against in situ measurements, with an RMSE of 0.32 for LAI for five different
crops, including wheat and maize [48] and an RMSE of 0.1 for sunflower for fAPAR

estimated from Landsat. Similar results were obtained using Formosat data [44].

Each neural network, i.e., one for each sensor and biophysical variable, was calibrated
using the same set of PROSAIL inputs: canopy architecture, leaf constituents, and soil
background. However, the simulations were adapted to each sensor by considering the
spectral bands and orbital characteristics of the particular sensor. To achieve a good
temporal and spatial consistency between the two sensors and for inter-comparison reasons,
we considered only similar spectral bands between DMC and Sentinel-2, i.e., green, red,
and near-infrared bands (Figure 2). Furthermore, this selection allowed us to use the best
Sentinel-2 spatial resolution (10 m) and the best accuracy when applying for registration
between the two sensors. The inputs of the different neural networks are the reflectance in

three spectral bands and the geometry of acquisition, which is determined by the cosine of
the sun, the view zenith angle, and the relative azimuth angle.
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Figure 2. Spectral Sensitivity of DMC-Deimos and Sentinel-2A in three spectral bands (green, red,
and near-infrared) as inputs to the neural network.

During 2015-2017, a total of 122 fields of winter wheat, 99 maize fields, and 77 potato
fields were monitored across Belgium (Table 2). The fields were located in the agroecological
regions of Belgium, where the crops occurred mostly (Figure 3). An inward buffer was

imposed such that only pure pixels were extracted per field (Figure 4), whereafter the
median value per bio-physical variable was retained.
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Table 2. Arable fields monitored. In brackets are the fields monitored with Digital Hemispheric

Photography (DHP).
Crop 2015 2016 2017 Total
Silage Maize 10 (10) 20 (09) 69 (15) 99 (34)
Late Potato 20 (01) 29 (05) 28 (06) 77 (12)
Winter wheat 37 (19) 22 (09) 63 (10) 122 (38)
Silage Maize Late Potato Winter Wheat

Figure 3. Location of arable fields in Belgium for 2015, 2016, and 2017 surveys of silage maize, late

potato, and winter wheat.

Figure 4. Extraction of pixel values contributing to the median satellite-derived biophysical variables
at the field scale. Example of DMC-derived fAPAR after inward buffering.
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2.2. Digital Hemispherical Photography and Ground Observations

Between March and September, all fields were regularly visited to record the pheno-
logical stage according to the BBCH-scale. BBCH stands for Biologische Bundesanstalt fiir
Forst und Landwirtschaft, Bundessortenamt fiir CHemische Industrie, and the description
should apply to at least 50% of the individual plants in a field [49]. Pictures were taken with
Digital Hemispherical Photography (DHP) in a subset of fields (Table 2; Figure 5). DHP
acquisitions were obtained along 2 transects of 15 m, with 5 images taken per transect [50].
The reflectances were established for an area of 20 m resolution centered along the tran-
sects. The camera and fish-eye lens was calibrated, and the physical position of the optical
center and the projection function were used to undistort the images. The plant area was
estimated from the identification of background (soil or sky) and plant (green) pixels and
the established geometric considerations. The images were processed using the CAN-EYE
software to extract the fraction of absorbed photosynthetically active radiation (fAPAR) and
the vegetation cover fraction (fCover) [51]. Commensurate with the BBCH descriptions,
median values per field were calculated.

a9, ;s - ¢ LY A b
BBCH65 BBCHS85 BBCH93
Figure 5. Examples of Digital Hemispherical Photos (DHP) and BBCH code for maize (top); potato
(middle); and, winter wheat (bottom). An overview of BBCH codes for the different crops is provided

in [49].

2.3. Statistical Modelling Methods

The dates of image acquisition were transformed to days after planting (DAP) based
on the sowing and planting dates recorded for the different winter wheat, potato, and



Remote Sens. 2023, 15, 2090

7 of 19

BBCH

40

80

60

20

maize

maize parcels. The coefficient of variation (CV) was used to represent the variation in
the biophysical variables fAPAR and fCover between crops, fields, and dates during the
cropping season. Using a two-way ANOVA [52], we tested the hypothesis that there were
statistically significant relationships between the biophysical variables fAPAR and fCover
during the crop growing season and crop type, field location, days after planting, and their
factorial interactions.

Subsequent model fitting of all DHP-, DMC-, and Sentinel-2-derived fAPAR and
fCover against DAP and/or against the day of the year (DOY) was done in R [52] us-
ing maximum likelihood estimation (MLE) for establishing model parameters. Different
models were compared for different sensors, i.e., cubic splines, single sigmoid models
(Equation (1)), and double sigmoid models, and discussed in terms of goodness-of-fit and
practical application. Double-sigmoid models were fitted simultaneously, whereby the
decay was defined for f(x) > f(x)max.

a

flx) = mforf(x) < f(x)max 1
where x was expressed in DAP or DOY, f(x) represented the biophysical parameter fAPAR
or fCover at time x; and 4, b, and c were fitting parameters. The best model fit was based on
the lowest estimators of prediction error using the Akaike information criterion (AIC, [53]).
The goodness-of-fit statistics between observed and estimated values were mean average
error (MAE), root mean square error (RMSE), coefficient of determination (R?), and model
agreement (d) [54]. For both the upward and downward sigmoid models, the inflection
points, the endpoint (saturation), and the maximum fAPAR and fCover values were derived
and subsequently related to the BBCH code.

3. Results
3.1. Digital Hemispherical Photography and Ground Observations

The crop phenological stages through which maize, potato, and wheat crops passed
and their durations were expressed in time after planting. Despite the categorical scale
and crisp delineation of BBCH codes identified in the field, the crop phenological stages
showed a clear progression of growth stages toward maturity and harvest (Figure 6). The
BBCH codes were related to days after planting/sowing (DAP).

wheat potato

20
80 100

&0
60

BBCH

40

50

100
DAP

20

BBCH

40

20

150 0 50 100 150 200 0 30 100 150
DAP DAP

Figure 6. Observed BBCH codes versus days after planting/sowing (DAP) for maize, winter wheat,
and potato for the period 2015-2017.

For maize, leaf development (BBCH: 10-19) corresponded to 28-63 days after sowing,
stem elongation (BBCH: 30-39) to 48-84 DAP, heading or inflorescence emerging (BBCH:
51-59) to 76-91 DAP, flowering/anthesis (BBCH: 60-69) to 83-118 DAP, grain development
(BBCH: 70-79) to 100-141 DAP, ripening (BBCH: 80-89) to 126-158 DAP, and senescence
(BBCH: 90-95) to above 160 DAP.
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For winter wheat, emergence and early leaf development took place before winter.
Leaf development was re-commenced after winter and was followed by a period of stem
elongation between 102-141 days after sowing. The booting stage (138-146 DAP) preceded
heading (146-151 DAP) and anthesis (155-161 DAP). Maturity stages comprise grain devel-
opment and ripening between 170-194 DAP, followed by senescence. Harvest occurred
around 200-220 DAP.

Potato BBCH stages were distinctly different from cereal phenology. Sprouting and
germination (BBCH: 0-10) took one month on average and were closely followed by
leaf development and crop emergence (BBCH: 10-20). Formation of side shoots (BBCH:
20-30) stretched between 35-52 DAP, while main stem elongation (BBCH: 30-40) lasted
for 45-72 DAP. The onset of tuber formation (BBCH: 40-50) coincided with inflorescence
emerging (BBCH: 50-60) and flowering (BBCH: 60-70) during the period 65-96 DAP. The
duration of the above-ground development of fruit (BBCH: 70-80) was at 91-115 DAP,
whereas seed development (BBCH: 80-90) was at 96-138 DAP. Senescence covered a period
of 122-175 DAP.

Digital hemispherical photography (DHP) enabled in situ ground observations, whereby
the analysis of DHP-derived fCover and fAPAR provided a good insight into the ability
to detect crop phenology (Table 3 and Figure 7) that relates to satellite sensor-derived bio-
physical variables. Both variables changed during crop growth and development, and their
specific characteristics reflected different phenological stages. An excellent goodness-of-fit
was obtained for fitted growth models of fAPAR and fCover for individual silage maize
fields (Table 3). Compared to silage maize, the goodness-of-fit of the fAPAR and fCover
models for individual winter wheat fields was more variable. For individual late potato
fields, the growth models on fAPAR and fCover displayed the largest variability. Overall,
DHP-derived fAPAR captured the dynamics of phenological development and the retrieval
of canopy closure better at the field level than DHP-derived fCover.

Table 3. Goodness-of-fit metrics for model fitting per field of DHP-derived fAPAR and fCover.

Crop Variable MAE RMSE R? d
Silage Maize fAPAR 0.03-0.08 0.03-0.09 0.75-0.99 0.93-0.99
fCover 0.01-0.09 0.01-0.10 0.75-0.99 0.93-0.99
Late Potato fAPAR 0.00-0.11 0.00-0.13 0.46-0.99 0.81-0.99
fCover 0.00-0.14 0.00-0.15 0.55-0.99 0.50-0.99
fAPAR 0.00-0.09 0.00-0.09 0.60-0.99 0.53-0.99

Winter wheat fCover 0.00-0.18 0.00-0.24 0.43-0.99 0.82-0.99

3.2. Satellite Observations

The development of biophysical products from satellite sensors enabled the construc-
tion of time series per field (Figure 8), provided that cloud contamination was minimal
during the season.

Similar findings to DHP were observed for growth models fitted from DMC-derived
time series of f{Cover and fAPAR. In the case of maize, the obtained goodness-of-fit per field
was similar for fAPAR (MAE = 0.014-0.031; RMSE = 0.014-0.040; R? = 0.96-0.99; d = 0.99-1)
as for fCover (MAE = 0.019-0.039; RMSE = 0.024-0.048; R? = 0.95-0.99; d = 0.99-1) (Figure 9).
The biophysical variable fCover displayed less uncertainty during the onset of the crop
growing season, whereas fAPAR displayed less uncertainty during vegetative development
and mature crop growth stages.

The comparatively higher revisit frequency and higher spatial resolution increase the
probability and number of pure and cloud-free pixels per field for Sentinel-2 as compared
to DMC (Figure 10). Models that suited all fields per crop were difficult to develop since
the probability of cloud- or shadow-contaminated values also increased with higher revisit
frequencies, adding to the variability between fields and years.
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Figure 7. DHP-derived fCover and fAPAR versus days after planting/sowing (DAP) for maize,
winter wheat, and potato for the period 2015-2017.

DMC-fAPAR, maize, 2015
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Figure 8. DMC-derived fAPAR progression for maize and winter wheat fields during 2015, including
day/month of image acquisition.

Models per field highlighted the location-specific nature of crop development as
demonstrated by cubic spline fits for the three different crops (Figure 11). For maize, we
chose a time window for the growing period between 1st May and 1st October; for potatoes,
between 10 April and 1 October; and, for winter wheat, we considered the growing period
after vernalization between 10 February and 1 August. Three knots were defined at 50-day
intervals during the growing season, and cubic polynomials were subsequently fitted
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through the fAPAR and fCover points. However, the splined models could only be fitted
after the cropping season.
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Figure 9. DMC-derived fCover and fAPAR versus days after planting/sowing (DAP) for maize fields
in 2015 and related BBCH codes versus DAP.
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Figure 10. Sentinel-2 derived fAPAR progression for maize, winter wheat, and potato fields during
2016 and 2017, including the day/month of image acquisition.

3.3. Differences and Similarities between Sensors during the Cropping Season

A comparison between DHP, DMC, and Sentinel-2-derived fCover and fAPAR during
the growing season demonstrated similarities between the different sensors, whereby each
field is represented by the median value of pixels in the case of satellite sensors or by the
median of DHP measurements (Figure 12). The comparison showed a strong relationship
between DMC and DHP and between Sentinel-2 and DHP. Overall, the relationship was
stronger for fAPAR than for fCover.

An analysis of variance (ANOVA) demonstrated clear effects of crops, fields, dates,
and their factorial interactions on fAPAR (p < 0.001) and fCover (p < 0.001). For maize in
2015, fAPAR (fCover) showed the largest variability during the onset of the season, with
the coefficient of variation (cv) dropping exponentially as the season progressed, from 87%
(125%) at sowing to 12% (12%) at stem elongation, 3% (3%) at maturity, and 5% (5%) at
senescence. For wheat in 2015, the cv in fAPAR (fCover) dropped from 46% (67%) at stem
elongation to 9% (11%) at maturity and back up to 21% (25%) at senescence. The variability
(cv) in fAPAR (fCover) ranged between 32% and 56% for maize fields and between 36%
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(41%) and 65% (78%) for wheat fields; these ranges were overall larger than the variability
between dates. For all crops, fAPAR consistently showed less variability for the different
crop development stages.
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Figure 11. S2-derived fAPAR and cubic splines projected on days after planting/sowing (DAP) for
selected fields of maize, potato, and winter wheat during the 2017 growing season.

3.4. Crop Phenology Detection Differences and Similarities between Sensors during the
Cropping Season

Model fitting of crop phenological development concentrated on relating field obser-
vations in the BBCH scale to Sentinel-2-derived fAPAR time series, since this biophysical
variable provided better results than fCover during the crop growing season. A numerical
solution of fitting models through fAPAR time series enabled the mathematical derivation
of inflection points and the subsequent detection of changes in green vegetation status and
growth rate. The inflection points (Figure 13) represented the times of rapid, peak, and
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Figure 12. Relationship between Sentinel-2-, DMC-, and DHP-derived fCover during three years
of measurement in arable fields. Each dot represents the median value for a field. The straight line
represents the 1:1 line.
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Figure 13. Examples of model fit of fAPAR for two maize, potato, and wheat fields during the 2017
season. The red squares depict the inflection points.

For the three arable crops, the first inflection point (midpoint 1, Figure 14) was charac-
terized by low Sentinel-2-derived fAPAR values at the onset of the crop growing season
and corresponded predominantly to the phenological stage of stem elongation, reflecting a
point of maximum growth and subsequent increase in fAPAR (Figure 14). The endpoint
of the upward sigmoid model marked the stage of canopy closure and extended to the
stage of inflorescence emergence. Maximum fAPAR values (Max Point) were associated
with flowering and fruit development, whereby the phenological stages of canopy closure,
inflorescence emergence, and fruit development follow each other very closely in time. The
inflection point of the downward sigmoid model (Mid Point 2) corresponded with low
fAPAR values towards the end of the season when fruit ripening and senescence take place.
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Figure 14. BBCH codes and mathematically derived model points of Sentinel-2 fAPAR for all maize,
potato, and wheat fields during 2016-2017.

The DHP derived fAPAR values (Figure 15) displayed similar values and patterns as
compared to Sentinel-2-derived fAPAR. Stem elongation (BBCH [30-40[, Figure 14) covered
the largest range of fAPAR values and corresponded to vegetative crop growth.
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Figure 15. BBCH codes and DHP-derived fAPAR for maize, potato, and wheat for the period
2015-2017. See Figure 14 for BBCH codes.

4. Discussion

The demand for crop development stages, i.e., crop phenology, is high in an operational
farming context, particularly in a changing climate with an increase in extreme weather
events [55]. For farmers, the preferred unit of communication is days, to which field
operations can be adjusted depending on the weather [56]. We reported crop development
according to crop phenological stages as recorded by agronomists using the categorical
BBCH scale [49], and we used calendar days in relation to the planting or sowing date. The
BBCH observations and DHP acquisitions required regular field visits, certainly during the
exponential growth phase, which was not always feasible in an operational context and did
not allow a large number of agricultural parcels to be covered. Fixed pheno-cameras [57]
or citizen science data acquisitions [58] may provide additional perspectives to augment
in-situ observations. The disadvantages of fixed pheno-cameras and citizen science data
acquisitions, such as their limited spatial coverage and observational bias, can be overcome
by remote sensing.

Most remote sensing applications use time series smoothing algorithms to derive
vegetation or crop development and relate this to yield [36,59]. We compared modeling
methods such as cubic splines and sigmoid models to derive crop development. Cubic
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splines required the definition of knots to fit cubic polynomials to the windows confined
by the knots or cutpoints. However, the definition of cutpoints could only take place after
the crop growing season and was therefore less suitable for an operational context within
the growing season. The application of cubic splines in our case was limited to post-season
assessments, as the models could only be successfully fitted after the harvest. Similar
to our findings, sigmoid models have been successfully used to describe crop develop-
ment throughout the growing season in maize [24,35] and winter wheat [25,34]. We have
extended their use to within-season model fitting and included potato crop development.

A common presumption is that the requirements for field-scale monitoring are ac-
complished with the availability of global Sentinel-2 images at 10 to 20 m resolution every
five days. The prerequisite to realizing improved crop monitoring through optical remote
sensing data is that cloud-free images are available. Deep learning techniques have helped
improve the detection of clouds and shadows and subsequently allowed the removal
of contaminated observations prior to further time series analysis [60]. However, dur-
ing periods of rapid change in the crop growing cycle, the number of observations may
dwindle to a low number, necessitating a combination with other sensors such as UAV
acquisitions [61], Sentinel-1-derived information [62], or high- and low-resolution data
fusion [28]. Sentinel-1/2 integration is promising for parcel-based mapping and phenology
detection [27,63]. In our study, we explored the use of models for single-sensor-derived
biophysical variables such as fAPAR and fCover. f{APAR is integrated over the hemisphere
to capture photosynthetic activity, whereas fCover is a near-nadir observation to obtain the
fraction of soil covered by green vegetation.

Our results using satellite sensor-derived biophysical variables demonstrated that
fCover displayed less variability than fAPAR during the onset of vegetative growth, while
fAPAR showed less variability from vegetative growth to crop maturity stages. While
satellite sensor-derived fCover is successful in detecting green-up and canopy closure,
fAPAR provides information on the crop’s photosynthetic activity [42,47]. Therefore, we
preferred fAPAR to infer crop phenology and used sigmoid models to describe crop pheno-
logical development. Sigmoid models have the advantage that they can be fitted within the
season when the vegetation indicator values are close to their maximum. Prior to this point,
models can be fitted with less certainty, for example, by incorporating crop establishment
and exponential vegetative growth. Both DHP and satellite sensor-derived biophysical
variables may occur in the saturated zone at their highest values when the crop canopy
is dense [50,64]. The difference between satellite-derived and DHP-derived biophysical
variables can be explained by the differences in observation frequency, sampling, and
calculation methods. While DHP images were processed using fisheye distortion correction
followed by can-eye software, satellite images were processed using a biophysical variable
and neural network (Figure 1).

The crop phenological stages were related to fitted sigmoid fAPAR models, whereby
the inflection points indicated clear changes in the time series commensurate with changes
in the crop status. Crop phenological stages such as stem elongation, full cover, and
senescence were successfully detected. Certain phenological stages, such as inflorescence
emergence or flowering in cereals, are short in duration and therefore more difficult to
detect. According to the experimental results, the sowing stage appears to be more difficult
to detect. Similarly, crop emergence detection, though not the focus of this research,
proves challenging and requires multiple sensors at a high spatiotemporal resolution to
arrive at a 6 to 10-day accuracy [31]. Moreover, sowing and planting dates, when not
recorded, are important for crop modeling of current seasons and future scenarios [65,66].
Short duration phenological stages could therefore benefit from higher spatiotemporal
and spectral information. Information about variability during the cropping season helps
decide which biophysical variable to use for detecting crop phenological stages.

Variability between fields and years has an impact on the crop phenological progres-
sion and depends on soil moisture, temperature, and light incidence, as established in
model inter-model comparisons for maize, wheat, and potato [16,17,21], which simulated
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crop phenology well. Our methodology was tested on these three arable crops, which are
common in Belgium and can be applied to other crops and regions of the world. A further
comparison between crop phenological models and satellite sensor-derived biophysical
variables could benefit the advanced understanding of weather impacts on phenologi-
cal development and the subsequent scope of monitoring using remote sensing-derived
biophysical variables.

5. Conclusions

The biophysical variables fraction of absorbed photosynthetically active radiation
(fAPAR) and vegetation cover fraction (fCover) derived from digital hemispherical pho-
tographs (DHP), the disaster monitoring constellation (DMC), and Sentinel-2 (52) satellite
imagery were sensor-independent but crop-specific when monitoring the phenological
stages of maize, wheat, and potato in Belgium. fCover showed less variability at the
beginning of the crop-growing season, whereas fAPAR displayed less variability during
vegetative development and mature crop growth. Since the dynamics of phenological
development were well captured by fAPAR, a high goodness of fit was obtained. A nu-
merical solution to fit sigmoid models through time series of biophysical variables enabled
the derivation of inflection points and the subsequent detection of changes in green veg-
etation status and growth rate. In addition, the upward-sigmoid model demonstrated
the ability to infer within-season phenological stages of crops, enabling crop performance
assessment and within-season crop management decisions. Higher spatiotemporal sensor
data and additional spectral information would assist in the detection of crop phenological
stages, particularly short-duration stages, to support improved crop performance and
yield modeling.

Author Contributions: Conceptualization, A.G.; methodology, A.G., Y.C,,C.D., PD., J W, ]J.-PG. and
M.W.; software, A.G. and M.W,; validation, A.G., Y.C., JJW,, C.D,, PD. and J.-P.G.; formal analysis,
A.G,; investigation, A.G., A-H.M.S,, Y.C,, ] W. and C.D,; data curation, A.G., A.-HM.S,, Y.C,, C.D.
and I.P; writing—original draft preparation, A.G.; writing—review and editing, A.G., B.T., M.W,,
Y.C,, J.-P.G. and P.D,; visualization, A.G.; funding acquisition, P.D., VP, J.-P.G., A.G., LP. and B.T. All
authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by the Belgian Science Policy Office (BELSPO), grant numbers
SR/00/300 (BELCAM) and SR/67/392 (PHENOBEL).

Data Availability Statement: Data can be made available upon request and in agreement with the
data owners.

Acknowledgments: We are grateful to the Pilot Centres for Arable Crops in Belgium, who contributed
to the project with frequent field visits. We acknowledge the contribution of job student Brecht Bamps,
who cross-checked the archive of photographs for phenological classification.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Craufurd, P.Q.; Wheeler, T.R. Climate Change and the Flowering Time of Annual Crops. J. Exp. Bot. 2009, 60, 2529-2539.
[CrossRef] [PubMed]

2. Chmielewski, F.-M.; Miiller, A.; Bruns, E. Climate Changes and Trends in Phenology of Fruit Trees and Field Crops in Germany,
1961-2000. Agric. For. Meteorol. 2004, 121, 69-78. [CrossRef]

3. Eyshi Rezaei, E; Siebert, S.; Ewert, F. Climate and Management Interaction Cause Diverse Crop Phenology Trends. Agric. For.
Meteorol. 2017, 233, 55-70. [CrossRef]

4. Menzel, A.; Yuan, Y.; Matiu, M.; Sparks, T.; Scheifinger, H.; Gehrig, R.; Estrella, N. Climate Change Fingerprints in Recent
European Plant Phenology. Glob. Chang. Biol. 2020, 26, 2599-2612. [CrossRef] [PubMed]

5. Damien, M.; Tougeron, K. Prey—Predator Phenological Mismatch under Climate Change. Curr. Opin. Insect Sci. 2019, 35, 60-68.
[CrossRef] [PubMed]

6.  Donnelly, A.; Caffarra, A.; O'Neill, B.E. A Review of Climate-Driven Mismatches between Interdependent Phenophases in

Terrestrial and Aquatic Ecosystems. Int. ]. Biometeorol. 2011, 55, 805-817. [CrossRef] [PubMed]


https://doi.org/10.1093/jxb/erp196
https://www.ncbi.nlm.nih.gov/pubmed/19505929
https://doi.org/10.1016/S0168-1923(03)00161-8
https://doi.org/10.1016/j.agrformet.2016.11.003
https://doi.org/10.1111/gcb.15000
https://www.ncbi.nlm.nih.gov/pubmed/31950538
https://doi.org/10.1016/j.cois.2019.07.002
https://www.ncbi.nlm.nih.gov/pubmed/31401300
https://doi.org/10.1007/s00484-011-0426-5
https://www.ncbi.nlm.nih.gov/pubmed/21509461

Remote Sens. 2023, 15, 2090 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Eyshi Rezaei, E.; Webber, H.; Gaiser, T.; Naab, J.; Ewert, F. Heat Stress in Cereals: Mechanisms and Modelling. Eur. . Agron. 2015,
64,98-113. [CrossRef]

Gobin, A. Weather Related Risks in Belgian Arable Agriculture. Agric. Syst. 2018, 159, 225-236. [CrossRef]

Gobin, A.; Van de Vyver, H. Spatio-Temporal Variability of Dry and Wet Spells and Their Influence on Crop Yields. Agric. For.
Meteorol. 2021, 308-309, 108565. [CrossRef]

Drepper, B.; Gobin, A.; Van Orshoven, J. Spatio-Temporal Assessment of Frost Risks during the Flowering of Pear Trees in
Belgium for 1971-2068. Agric. For. Meteorol. 2022, 315, 108822. [CrossRef]

Tolomio, M.; Casa, R. Dynamic Crop Models and Remote Sensing Irrigation Decision Support Systems: A Review of Water Stress
Concepts for Improved Estimation of Water Requirements. Remote Sens. 2020, 12, 3945. [CrossRef]

Drepper, B.; Bamps, B.; Gobin, A.; Van Orshoven, J. Strategies for Managing Spring Frost Risks in Orchards: Effectiveness and
Conditionality—A Systematic Review Protocol. Environ. Evid. 2021, 10, 32. [CrossRef]

Kostkova, M.; Hlavinka, P.; Pohankova, E.; Kersebaum, K.C.; Nendel, C.; Gobin, A.; Olesen, J.E.; Ferrise, R.; Dibari, C.;
Takag, J.; et al. Performance of 13 Crop Simulation Models and Their Ensemble for Simulating Four Field Crops in Central Europe.
J. Agric. Sci. 2021, 159, 69-89. [CrossRef]

Seidel, S.J.; Palosuo, T.; Thorburn, P.; Wallach, D. Towards Improved Calibration of Crop Models—Where Are We Now and
Where Should We Go? Eur. |. Agron. 2018, 94, 25-35. [CrossRef]

Kersebaum, K.; Kroes, J.; Gobin, A.; Taka¢, ].; Hlavinka, P; Trnka, M.; Ventrella, D.; Giglio, L.; Ferrise, R.; Moriondo, M.; et al.
Assessing Uncertainties of Water Footprints Using an Ensemble of Crop Growth Models on Winter Wheat. Water 2016, 8, 571.
[CrossRef]

Asseng, S.; Ewert, F.; Rosenzweig, C.; Jones, J.W.; Hatfield, J.L.; Ruane, A.C.; Boote, K.J.; Thorburn, PJ.; Rétter, R.P;
Cammarano, D.; et al. Uncertainty in Simulating Wheat Yields under Climate Change. Nat. Clim. Change 2013, 3, 827-832.
[CrossRef]

Bassu, S.; Brisson, N.; Durand, J.-L.; Boote, K.; Lizaso, ].; Jones, ] W.; Rosenzweig, C.; Ruane, A.C.; Adam, M.; Baron, C.; et al.
How Do Various Maize Crop Models Vary in Their Responses to Climate Change Factors? Glob. Change Biol. 2014, 20, 2301-2320.
[CrossRef] [PubMed]

Jagermeyr, J.; Miiller, C.; Ruane, A.C.; Elliott, J.; Balkovic, J.; Castillo, O.; Faye, B.; Foster, I.; Folberth, C.; Franke, ].A.; et al. Climate
Impacts on Global Agriculture Emerge Earlier in New Generation of Climate and Crop Models. Nat. Food 2021, 2, 873-885.
[CrossRef]

Liu, L.; Wallach, D.; Li, J.; Liu, B.; Zhang, L.; Tang, L.; Zhang, Y.; Qiu, X.; Cao, W.; Zhu, Y. Uncertainty in Wheat Phenology
Simulation Induced by Cultivar Parameterization under Climate Warming. Eur. J. Agron. 2018, 94, 46-53. [CrossRef]

Wajid, A.; Hussain, K.; Ilyas, A.; Habib-ur-Rahman, M.; Shakil, Q.; Hoogenboom, G. Crop Models: Important Tools in Decision
Support System to Manage Wheat Production under Vulnerable Environments. Agriculture 2021, 11, 1166. [CrossRef]
Raymundo, R.; Asseng, S.; Cammarano, D.; Quiroz, R. Potato, Sweet Potato, and Yam Models for Climate Change: A Review.
Field Crops Res. 2014, 166, 173-185. [CrossRef]

Sakamoto, T.; Yokozawa, M.; Toritani, H.; Shibayama, M.; Ishitsuka, N.; Ohno, H. A Crop Phenology Detection Method Using
Time-Series MODIS Data. Remote Sens. Environ. 2005, 96, 366-374. [CrossRef]

Bolton, D.K,; Gray, ].M.; Melaas, E.K.; Moon, M.; Eklundh, L.; Friedl, M.A. Continental-Scale Land Surface Phenology from
Harmonized Landsat 8 and Sentinel-2 Imagery. Remote Sens. Environ. 2020, 240, 111685. [CrossRef]

Durgun, Y.; Gobin, A.; Van De Kerchove, R.; Tychon, B. Crop Area Mapping Using 100-m Proba-V Time Series. Remote Sens. 2016,
8, 585. [CrossRef]

Durgun, Y.O.; Gobin, A.; Duveiller, G.; Tychon, B. A Study on Trade-Offs between Spatial Resolution and Temporal Sampling
Density for Wheat Yield Estimation Using Both Thermal and Calendar Time. Int. ]. Appl. Earth Obs. Geoinf. 2020, 86, 101988.
[CrossRef]

Atzberger, C. Advances in Remote Sensing of Agriculture: Context Description, Existing Operational Monitoring Systems and
Major Information Needs. Remote Sens. 2013, 5, 949-981. [CrossRef]

Misra, G.; Cawkwell, F.; Wingler, A. Status of Phenological Research Using Sentinel-2 Data: A Review. Remote Sens. 2020, 12, 2760.
[CrossRef]

Rivas, H.; Delbart, N.; Ottlé, C.; Maignan, F.; Vaudour, E. Disaggregated PROBA-V Data Allows Monitoring Individual Crop
Phenology at a Higher Observation Frequency than Sentinel-2. Int. ]. Appl. Earth Obs. Geoinf. 2021, 104, 102569. [CrossRef]
Zeng, L.; Wardlow, B.D.; Xiang, D.; Hu, S.; Li, D. A Review of Vegetation Phenological Metrics Extraction Using Time-Series,
Multispectral Satellite Data. Remote Sens. Environ. 2020, 237, 111511. [CrossRef]

Beck, PS.A.; Atzberger, C.; Hogda, K.A.; Johansen, B.; Skidmore, A.K. Improved Monitoring of Vegetation Dynamics at Very
High Latitudes: A New Method Using MODIS NDVI. Remote Sens. Environ. 2006, 100, 321-334. [CrossRef]

Gao, F; Anderson, M.; Daughtry, C.; Karnieli, A.; Hively, D.; Kustas, W. A Within-Season Approach for Detecting Early Growth
Stages in Corn and Soybean Using High Temporal and Spatial Resolution Imagery. Remote Sens. Environ. 2020, 242, 111752.
[CrossRef]

Zhang, X.; Friedl, M.A; Schaaf, C.B.; Strahler, A.H.; Hodges, ].C.E; Gao, F; Reed, B.C.; Huete, A. Monitoring Vegetation Phenology
Using MODIS. Remote Sens. Environ. 2003, 84, 471-475. [CrossRef]


https://doi.org/10.1016/j.eja.2014.10.003
https://doi.org/10.1016/j.agsy.2017.06.009
https://doi.org/10.1016/j.agrformet.2021.108565
https://doi.org/10.1016/j.agrformet.2022.108822
https://doi.org/10.3390/rs12233945
https://doi.org/10.1186/s13750-021-00247-7
https://doi.org/10.1017/S0021859621000216
https://doi.org/10.1016/j.eja.2018.01.006
https://doi.org/10.3390/w8120571
https://doi.org/10.1038/nclimate1916
https://doi.org/10.1111/gcb.12520
https://www.ncbi.nlm.nih.gov/pubmed/24395589
https://doi.org/10.1038/s43016-021-00400-y
https://doi.org/10.1016/j.eja.2017.12.001
https://doi.org/10.3390/agriculture11111166
https://doi.org/10.1016/j.fcr.2014.06.017
https://doi.org/10.1016/j.rse.2005.03.008
https://doi.org/10.1016/j.rse.2020.111685
https://doi.org/10.3390/rs8070585
https://doi.org/10.1016/j.jag.2019.101988
https://doi.org/10.3390/rs5020949
https://doi.org/10.3390/rs12172760
https://doi.org/10.1016/j.jag.2021.102569
https://doi.org/10.1016/j.rse.2019.111511
https://doi.org/10.1016/j.rse.2005.10.021
https://doi.org/10.1016/j.rse.2020.111752
https://doi.org/10.1016/S0034-4257(02)00135-9

Remote Sens. 2023, 15, 2090 18 of 19

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Gao, F; Anderson, M.C.; Zhang, X.; Yang, Z.; Alfieri, ].G.; Kustas, W.P.; Mueller, R.; Johnson, D.M.; Prueger, ] H. Toward Mapping
Crop Progress at Field Scales through Fusion of Landsat and MODIS Imagery. Remote Sens. Environ. 2017, 188, 9-25. [CrossRef]
Duveiller, G.; Weiss, M.; Baret, F; Defourny, P. Retrieving Wheat Green Area Index during the Growing Season from Optical
Time Series Measurements Based on Neural Network Radiative Transfer Inversion. Remote Sens. Environ. 2011, 115, 887-896.
[CrossRef]

Koetz, B.; Baret, F,; Poilvé, H.; Hill, J. Use of Coupled Canopy Structure Dynamic and Radiative Transfer Models to Estimate
Biophysical Canopy Characteristics. Remote Sens. Environ. 2005, 95, 115-124. [CrossRef]

Vannoppen, A.; Gobin, A.; Kotova, L.; Top, S.; De Cruz, L.; Viksna, A.; Aniskevich, S.; Bobylev, L.; Buntemeyer, L.;
Caluwaerts, S.; et al. Wheat Yield Estimation from NDVI and Regional Climate Models in Latvia. Remote Sens. 2020, 12, 2206.
[CrossRef]

Vannoppen, A.; Gobin, A. Estimating Farm Wheat Yields from NDVI and Meteorological Data. Agronomy 2021, 11, 946. [CrossRef]
Vannoppen, A.; Gobin, A. Estimating Yield from NDVI, Weather Data, and Soil Water Depletion for Sugar Beet and Potato in
Northern Belgium. Water 2022, 14, 1188. [CrossRef]

De Keukelaere, L.; Sterckx, S.; Adriaensen, S.; Knaeps, E.; Reusen, I.; Giardino, C.; Bresciani, M.; Hunter, P; Neil, C.; Van der
Zande, D.; et al. Atmospheric Correction of Landsat-8/OLI and Sentinel-2/MSI Data Using ICOR Algorithm: Validation for
Coastal and Inland Waters. Eur. J. Remote Sens. 2018, 51, 525-542. [CrossRef]

Irish, R.R.; Barker, J.L.; Goward, S.N.; Arvidson, T. Characterization of the Landsat-7 ETM+ Automated Cloud-Cover Assessment
(ACCA) Algorithm. Photogramm. Eng. Remote Sens. 2006, 72, 1179-1188. [CrossRef]

Zhang, Y.; Guindon, B.; Cihlar, J. An Image Transform to Characterize and Compensate for Spatial Variations in Thin Cloud
Contamination of Landsat Images. Remote Sens. Environ. 2002, 82, 173-187. [CrossRef]

Weiss, M.; Baret, F.; Myneni, R.B.; Pragnere, A.; Knyazikhin, Y. Investigation of a Model Inversion Technique to Estimate Canopy
Biophysical Variables from Spectral and Directional Reflectance Data. Agronomie 2000, 20, 3-22. [CrossRef]

Baret, E; Hagolle, O.; Geiger, B.; Bicheron, P.; Miras, B.; Huc, M.; Berthelot, B.; Nifio, F.; Weiss, M.; Samain, O.; et al. LAI, FAPAR
and FCover CYCLOPES Global Products Derived from VEGETATION. Remote Sens. Environ. 2007, 110, 275-286. [CrossRef]
Claverie, M.; Vermote, E.F.; Weiss, M.; Baret, F; Hagolle, O.; Demarez, V. Validation of Coarse Spatial Resolution LAI and FAPAR
Time Series over Cropland in Southwest France. Remote Sens. Environ. 2013, 139, 216-230. [CrossRef]

Li, W.; Weiss, M.; Waldner, E,; Defourny, P.; Demarez, V.; Morin, D.; Hagolle, O.; Baret, F. A Generic Algorithm to Estimate LAI,
FAPAR and FCOVER Variables from SPOT4_HRVIR and Landsat Sensors: Evaluation of the Consistency and Comparison with
Ground Measurements. Remote Sens. 2015, 7, 15494-15516. [CrossRef]

Jacquemoud, S.; Verhoef, W.; Baret, F.; Bacour, C.; Zarco-Tejada, PJ.; Asner, G.P; Frangois, C.; Ustin, S.L. PROSPECT+SAIL Models:
A Review of Use for Vegetation Characterization. Remote Sens. Environ. 2009, 113, S56-S66. [CrossRef]

Weiss, M.; Baret, F. S2ToolBox Level 2 Products: LAI, FAPAR, FCOVER. Version 1.1. 2016. Available online: http://step.esa.int/
docs/extra/ATBD_S2ToolBox_L2B_V1.1.pdf (accessed on 8 April 2023).

Vuolo, F; Zéttak, M.; Pipitone, C.; Zappa, L.; Wenng, H.; Immitzer, M.; Weiss, M.; Baret, E; Atzberger, C. Data Service Platform for
Sentinel-2 Surface Reflectance and Value-Added Products: System Use and Examples. Remote Sens. 2016, 8, 938. [CrossRef]
Meier, U.; Bleiholder, H.; Buhr, L.; Feller, C.; Hack, H.; Hef3, M.; Lancashire, P.D.; Schnock, U.; Stauf3, R.; Van Den Boom, T.; et al.
The BBCH System to Coding the Phenological Growth Stages of Plants-History and Publications. J. Fiir. Kult. 2009, 61, 41-52.
Delloye, C.; Weiss, M.; Defourny, P. Retrieval of the Canopy Chlorophyll Content from Sentinel-2 Spectral Bands to Estimate
Nitrogen Uptake in Intensive Winter Wheat Cropping Systems. Remote Sens. Environ. 2018, 216, 245-261. [CrossRef]

Weiss, M.; Baret, F. CAN-EYE V6.1 User Manual. 2010. EMMAH Laboratory (Mediterranean Environment and Agro-Hydro
System Modelisation). French National Institute of Agricultural Research (INRA). 2010. Available online: http://jecam.org/wp-
content/uploads/2018/07/CAN_EYE_User_Manual.pdf (accessed on 8 April 2023).

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna,
Austria, 2021.

Akaike, H. A New Look at the Statistical Model Identification. IEEE Trans. Automat. Contr. 1974, 19, 716-723. [CrossRef]
Zambrano-Bigiarini, M. HydroGOF: Goodness-of-Fit Functions for Comparison of Simulated and Observed Hydrological Time
Series. R Package Version 0.3-2. 2011. Available online: http://cran.r-project.org/web/packages/hydroGOF /hydroGOF.pdf
(accessed on 8 April 2023).

Perondi, D.; Fraisse, C.W.,; Staub, C.G.; Cerbaro, V.A.; Barreto, D.D.; Pequeno, D.N.L.; Mulvaney, M.].; Troy, P.; Pavan, W. Crop
Season Planning Tool: Adjusting Sowing Decisions to Reduce the Risk of Extreme Weather Events. Comput. Electron. Agric. 2019,
156, 62-70. [CrossRef]

Divya, K.L.; Mhatre, P.H.; Venkatasalam, E.P.; Sudha, R. Crop Simulation Models as Decision-Supporting Tools for Sustainable
Potato Production: A Review. Potato Res. 2021, 64, 387—-419. [CrossRef]

Post, A.K.; Hufkens, K.; Richardson, A.D. Predicting Spring Green-up across Diverse North American Grasslands. Agric. For.
Meteorol. 2022, 327, 109204. [CrossRef]

Minet, J.; Curnel, Y.; Gobin, A.; Goffart, J.-P.; Melard, F; Tychon, B.; Wellens, J.; Defourny, P. Crowdsourcing for Agricultural
Applications: A Review of Uses and Opportunities for a Farmsourcing Approach. Comput. Electron. Agric. 2017, 142, 126-138.
[CrossRef]


https://doi.org/10.1016/j.rse.2016.11.004
https://doi.org/10.1016/j.rse.2010.11.016
https://doi.org/10.1016/j.rse.2004.11.017
https://doi.org/10.3390/rs12142206
https://doi.org/10.3390/agronomy11050946
https://doi.org/10.3390/w14081188
https://doi.org/10.1080/22797254.2018.1457937
https://doi.org/10.14358/PERS.72.10.1179
https://doi.org/10.1016/S0034-4257(02)00034-2
https://doi.org/10.1051/agro:2000105
https://doi.org/10.1016/j.rse.2007.02.018
https://doi.org/10.1016/j.rse.2013.07.027
https://doi.org/10.3390/rs71115494
https://doi.org/10.1016/j.rse.2008.01.026
http://step.esa.int/docs/extra/ATBD_S2ToolBox_L2B_V1.1.pdf
http://step.esa.int/docs/extra/ATBD_S2ToolBox_L2B_V1.1.pdf
https://doi.org/10.3390/rs8110938
https://doi.org/10.1016/j.rse.2018.06.037
http://jecam.org/wp-content/uploads/2018/07/CAN_EYE_User_Manual.pdf
http://jecam.org/wp-content/uploads/2018/07/CAN_EYE_User_Manual.pdf
https://doi.org/10.1109/TAC.1974.1100705
http://cran.r-project.org/web/packages/hydroGOF/hydroGOF.pdf
https://doi.org/10.1016/j.compag.2018.11.013
https://doi.org/10.1007/s11540-020-09483-9
https://doi.org/10.1016/j.agrformet.2022.109204
https://doi.org/10.1016/j.compag.2017.08.026

Remote Sens. 2023, 15, 2090 19 of 19

59.

60.

61.

62.

63.

64.

65.
66.

Durgun, Y.; Gobin, A.; Gilliams, S.; Duveiller, G.; Tychon, B. Testing the Contribution of Stress Factors to Improve Wheat and
Maize Yield Estimations Derived from Remotely-Sensed Dry Matter Productivity. Remote Sens. 2016, 8, 170. [CrossRef]

Baetens, L.; Desjardins, C.; Hagolle, O. Validation of Copernicus Sentinel-2 Cloud Masks Obtained from MAJA, Sen2Cor, and
FMask Processors Using Reference Cloud Masks Generated with a Supervised Active Learning Procedure. Remote Sens. 2019,
11, 433. [CrossRef]

Li, D.; Miao, Y.; Gupta, S.K; Rosen, C.J.; Yuan, E; Wang, C.; Wang, L.; Huang, Y. Improving Potato Yield Prediction by Combining
Cultivar Information and UAV Remote Sensing Data Using Machine Learning. Remote Sens. 2021, 13, 3322. [CrossRef]

Van Tricht, K.; Gobin, A.; Gilliams, S.; Piccard, I. Synergistic Use of Radar Sentinel-1 and Optical Sentinel-2 Imagery for Crop
Mapping: A Case Study for Belgium. Remote Sens. 2018, 10, 1642. [CrossRef]

Wang, Y.; Fang, S.; Zhao, L.; Huang, X,; Jiang, X. Parcel-Based Summer Maize Mapping and Phenology Estimation Combined
Using Sentinel-2 and Time Series Sentinel-1 Data. Int. J. Appl. Earth Obs. Geoinf. 2022, 108, 102720. [CrossRef]

De Grave, C.; Verrelst, ].; Morcillo-Pallarés, P.; Pipia, L.; Rivera-Caicedo, ].P.; Amin, E.; Belda, S.; Moreno, J. Quantifying Vegetation
Biophysical Variables from the Sentinel-3/FLEX Tandem Mission: Evaluation of the Synergy of OLCI and FLORIS Data Sources.
Remote Sens. Environ. 2020, 251, 112101. [CrossRef]

Gobin, A. Modelling Climate Impacts on Crop Yields in Belgium. Clim. Res. 2010, 44, 55-68. [CrossRef]

Gobin, A. Impact of Heat and Drought Stress on Arable Crop Production in Belgium. Nat. Hazards Earth Syst. Sci. 2012, 12,
1911-1922. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/rs8030170
https://doi.org/10.3390/rs11040433
https://doi.org/10.3390/rs13163322
https://doi.org/10.3390/rs10101642
https://doi.org/10.1016/j.jag.2022.102720
https://doi.org/10.1016/j.rse.2020.112101
https://doi.org/10.3354/cr00925
https://doi.org/10.5194/nhess-12-1911-2012

	Introduction 
	Materials and Methods 
	Satellite Sensor Observations 
	Digital Hemispherical Photography and Ground Observations 
	Statistical Modelling Methods 

	Results 
	Digital Hemispherical Photography and Ground Observations 
	Satellite Observations 
	Differences and Similarities between Sensors during the Cropping Season 
	Crop Phenology Detection Differences and Similarities between Sensors during the Cropping Season 

	Discussion 
	Conclusions 
	References

