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Abstract: A remote sensing-integrated crop model (RSCM) able to simulate crop growth processes
using proximal or remote sensing data was formulated for simulation of soybean through estimating
parameters required for modelling. The RSCM-soybean was then evaluated for its capability of
simulating leaf area index (LAI), above-ground dry mass (AGDM), and yield, utilising the proximally
sensed data integration into the modelling procedure. Field experiments were performed at two
sites, one in 2017 and 2018 at Chonnam National University, Gwangju, and the other in 2017 at
Jonnam Agricultural Research and Extension Services in Naju, Chonnam province, South Korea. The
estimated parameters of radiation use efficiency, light extinction coefficient, and specific leaf area
were 1.65 g MJ−1, 0.71, and 0.017 m2 g−1, respectively. Simulated LAI and AGDM values agreed with
the measured values with significant model efficiencies in both calibration and validation, meaning
that the proximal sensing data were effectively integrated into the crop model. The RSCM reproduced
soybean yields in significant agreement with the measured yields in the model assessment. The study
results demonstrate that the well-calibrated RSCM-soybean scheme can reproduce soybean growth
and yield using simple input requirement and proximal sensing data. RSCM-soybean is easy to use
and applicable to various soybean monitoring projects.
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1. Introduction

Monitoring crop growth conditions and yield could be beneficial to stakeholders, including
researchers, agricultural policymakers, and on-farm decision-makers for smart farming and climate
change impact analysis and mitigation [1]. Crop models are one of the best tools for the crop monitoring
task as well as timely and cost-efficient decision-making. While empirical crop modelling is a practical
methodology, the models can be limited to particular sites and periods due to their dependence on the
ground measurement of fields of interest [2,3]. Process-based crop models can simulate biophysical
processes in the soil-crop-atmospheric system for different regions, providing a continuous description
of crop growth processes and development [4,5]. However, these models tend to be inadequate for
observing large regions in detail or with a geospatial variation. Meanwhile, proximal or remote
sensing (RS) is a practical and useful technique capable of identifying and monitoring crop growth
conditions [6,7]; RS data can offer a timely, reliable, synoptic, and up-to-date sketch of actual crop
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growing conditions over a large area at multiple developmental stages during the crop-growing
season. Vegetation indices (VIs) derived from RS are strongly related to the vegetation condition and
above-ground dry mass (AGDM) of a crop species [8,9]. Crop growth and yield can be monitored only
using crop growth and VI or yield and VI relationships, and some researchers have frequently applied
the empirical modelling approach to determine the crop conditions and variables of interest from
RS data [10,11]. However, applying the empirical model often has limitations due to its site-specific
characteristics. Also, VIs obtained from satellite images can be applied upon atmospheric correction,
mostly requiring extensive time-series data sets and having limited availability of remotely sensed
information at a definite time interval [12].

Monitoring crop growth conditions and yield adopting any of the techniques mentioned above
tends to require some detailed information on the crop (i.e., cultivar characteristics) and/or the field
of interest (e.g., management and environmental conditions). A crop model integrated with RS can
help the crop scouting practices. This integration approach likely improves estimation accuracy
owing to advancement in both physical and empirical relationships between crop growth variables.
Moreover, a crop simulation model incorporated with RS data can produce solid performances even
with no data about the objective crop and field available except for RS information [13,14]. RS data
assimilation in crop modelling has become widespread in crop growth and yield monitoring because of
its improved simulation performance in crop growth and yield estimation and forecasting [15,16]. RS
information can be integrated into a crop model in several ways: using a state variable directly obtained
from RS information; updating state variables based on regression coefficients; re-initializing the
model by changing initial conditions; and recalibrating the model by adjusting model parameters [17].
The GRAMI crop model proposed by Maas [18–20] employed a hybrid method of integrating RS
information into a crop model to simulate growth and yield of gramineous staple crops (i.e., maize,
sorghum, and wheat) based on a process modelling approach. This model was extended to simulate
cotton lint yield [21]. The model was also updated to simulate rice growth for monitoring regional
productivity and geographic variation [5]. The updated GRAMI model needs to be further extended to
simulate other major crops, such as soybean, based on proximal or remote sensing information.

Soybean (Glycine max), a species of legume native to East Asia, is a globally important food crop
as a primary provider of oil and protein [22]. Many researchers have studied simulating soybean
growth and development for estimating and monitoring productivity. Distinguished work was
the CROPGRO-soybean model [23] that can predict leaf area index (LAI), biomass, and grain yield.
SOYGRO [24] was developed earlier as a process-based crop model by an interdisciplinary research
group at the University of Florida to predict daily soybean growth, development, and pulse yield. The
SOYWEED model [25] can also reproduce the growth of soybean competing with weeds. Sinclair [26]
developed a model to simulate soybean growth and yield with the combination of carbon, nitrogen,
and water-limited conditions. The SoySim model [27] was designed to simulate photosynthesis and
biomass partitioning by using different phenological determinants. APSIM [28] is a model that can
simulate soybean yield, improving risk management and adaptation through linking crop growth and
soil processes. Problems related to most common models for simulating soybean are that they require
either a large number of crop-specific inputs to execute the model or phenological determinants that
are difficult to obtain and need expert supervision. It can be of assistance for crop model users to have
a user-friendly soybean model that is executable with a simple input requirement.

It would add practical values to the scientific and industrial advancement in crop ecology to
have an efficient monitoring system for soybean (i.e., one of the five main food crops) using the RS
integrated crop modelling regime as an extended GRAMI version. Therefore, the objectives of this
study were to (1) estimate the growth and yield parameters of soybean required for the model input;
and (2) simulate the soybean growth responses using the estimated growth specific parameters and
with a concept of using proximal or remote sensing data and simple inputs. The model calibration
and validation processes were performed according to both LAI and VIs input options, assuming
these variables of canopy growth would be commonly obtained. We also updated the model name
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to a common terminology as the Remote Sensing-Integrated Crop Model (RSCM) since the GRAMI
(GRAMIneous) model definition is limited to grain crops only. We calibrated and evaluated RSCM to
produce consistent simulation outputs for different crop characteristics and environments.

2. Materials and Methods

2.1. Site Description

Field experiments were performed to estimate crop-specific parameters and evaluate RSCM for
simulating soybean growth and yield for two years (2017 and 2018) at Chonnam National University
(CNU, 35◦10′ N, 126◦53′ E; 33 m), Gwangju and one year (2017) at Jeonnam Agricultural Research
and Extension Services (JARES, 35◦02′ N, 126◦83′ E; 37.0 m) in Naju, Chonnam province, South Korea.
These study sites belong to a typical East Asian monsoon climate zone, recording a yearly average
rainfall of 1391-1520 mm for the last 20 years; most of the precipitation (~60 %) occurred during
the summer monsoon season (July-August). The topmost soil layers (0-30 cm) are classified as a
loam at the CNU field and a silty clay loam at the JARES field, according to the soil characteristic
map (http://soil.rda.go.kr/soil/) by the National Institute of Agricultural Sciences, South Korea. At
the CNU site, four germplasms or cultivars of soybean each in 2017 (SS0903, SS0908, Daewon, and
Poongsanamul) and 2018 (Hengbuk, Daewon, Daepung, and Poongsan) were sown on 22 June 2017
and 22 June 2018 with a randomized complete block design at three replications. At the JARES site,
four soybean cultivars (Daewon, Haepum, Poongsanamul, and Taekwang) were likewise sown on 23
June 2017 with a randomized complete block design at three replications. The plant populations were
19.05 plants m−2 with a planting space of 0.70 × 0.15 m at the CNU site and 22.22 plants m−2 with a
planting space of 0.60 × 0.15 m at the JARES site. Nitrogen (N), phosphorus (P), and potassium (K)
fertilizers were applied at 30 N, 30 P, and 34 K kg ha−1, respectively.

Climate data at the CNU site were recorded using an automated weather station (WS-GP1, Delta-T
Devices, Cambridge, UK), while those at the JARES site were obtained from the nearby (~7.3 km)
Automatic Weather Station by the Korea Meteorological Administration (https://data.kma.go.kr). At
the CNU experimental site, the mean solar radiation values during the years 2017 and 2018 were 16.80
and 18.29 MJ m−2 d−1, respectively. The mean precipitation was 3.55 mm d−1 in 2017 and 7.76 mm d−1

in 2018. The average precipitation during the 2017 growing season was ~13.24 mm d−1 with a total
amount of 728.4 mm, and in 2018, the average was ~22.83 mm d−1 with a total amount of 958.9 mm.
Average relative humidity during the growing season was 78.41% in 2017 and 76.08 % in 2018. At
the JARES site, the mean solar radiation and mean precipitation were 15.58 MJ m−2 d−1 and 2.52 mm
d−1, respectively. The average precipitation during the growing season was ~5.86 mm d−1 with a total
amount of 697.0 mm. The average relative humidity during the growing season was 87.94 %.

2.2. Measurement of Soybean Growth Variables

Soybean growth-specific variables such as LAI, AGDM, interception of photosynthetically active
radiation (PAR), and canopy reflectance were measured at the different crop growth stages. LAI was
measured on DOY 206, 215, 222, 244, 251, 261, 273, and 282 in 2017 and on DOY 198, 205, 213, 219, 231,
248, 275, and 287 in 2018 using an LAI-2200C (LI-COR, Inc., Lincoln, NE, USA). An LAI-2200C can be
applied to measure canopy LAI in diffuse sunlight, even in daylight, using light-scattering correction
with precise accuracy. It measures the LAI using a fish-eye lens based on gap fraction [29].

PAR intercepts were measured using a 1-m long line quantum sensor (LI-190R, LI-COR, Inc.)
between two hours before and after the solar noon at an approximate time interval of seven days.
Measurements were taken two to four times above the canopy and four times below the canopy; the
measurements below the canopy were made placing the sensor perpendicular to the row. Finally, the
fraction of light interception was estimated as a mean for all the measurements for the whole population.

The plant samples were harvested for estimating AGDM on DOY 205, 223, 247, and 284 in 2017
and on DOY 198, 205, 212, 221, and 289 in 2018 except root in each plot. The plant samples were

http://soil.rda.go.kr/soil/
https://data.kma.go.kr
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then separated into leaves, stem, and pods and dried in an oven at 70 ◦C for one to two weeks,
depending on the sample condition. Plants were sampled to estimate biomass partitioning by means
of photosynthesis utilizing PAR.

2.3. Ground-based Proximal Sensing

A hand-held multispectral radiometer, MSR16R (CROPSCAN Inc., Rochester, MN, USA), was
employed to survey the canopy reflectance as a percentage to determine crop growth status at
critical growth stages. The hand-held ground-based system consists of a multispectral radiometer
(MSR), a data logger controller, a terminal, a telescopic support pole, attaching cables, and operating
software. MSR16R has several advantages in that it is easy to use and economical compared with most
hyperspectral radiometers. Upward and downward sensors measure both incoming and reflected
radiation nearly simultaneously, which provides useful reflectance readings in lightly cloudy conditions
with incident irradiance down to approximately 300 W m−2. This indicates that measuring reflectance
is possible in the nonhomogeneous sky conditions that often occur in monsoon regions, such as East
Asia, including our study site. The MSR 16 model used in this study was equipped with 16 waveband
filters in the 450-1750 nm region; more detail on the theory of operation and the system components,
operation, and characteristics can be found on the CROPSCAN website (http://www.cropscan.com/).
Measurements were taken on DOY 206, 215, 222, 244, 251, 261, 273, and 282 in 2017 and DOY 198, 205,
213, 219, 231, 248, 275, and 287 in 2018 to estimate four VIs in the clear sky during one hour before and
after the solar noon. The following four VIs were adopted in the RSCM model. Normalized difference
vegetation index, NDVI [30], optimized soil adjusted vegetation index, OSAVI [9], modified triangular
vegetation index, MTVI1 [8], and renormalized vegetation index, RDVI [31] were determined using
the following formulas:

NDVI = (R800 −R660)/(R800 + R660) (1)

RDVI = (R800 −R660)/
√
(R800 + R660) (2)

OSAVI = (R800 − R660)/(R800 + R560 + 0.16) (3)

MTVI1 = 1.2 · [1.2 · (R800 − R560) − 2.5 · (R660 − R560)] (4)

where R800, R660, and R560 represent reflectance at 800, 660, and 560 nm, respectively.

2.4. Model Description

RSCM (previously GRAMI) [20] is a simple crop model that simulates growth and yield of grain
crops using frequent RS observations and readily determinable specific crop growth parameters based
on a radiation use efficiency approach [32]. RSCM was designed for modelling gramineous crops
(i.e., maize, sorghum, and wheat), using simple inputs of weather variables and RS data, which was
extended to simulate cotton [21] and rice [5]. RSCM reproduces canopy growth, development, and
yield in four simple processes by integrating growth specific parameters (i.e., radiation use efficiency
[RUE], specific leaf area [SLA], light extinction coefficient [k], base temperature, and leaf partitioning
and senescence parameter).

The four processes of crop modelling (Figure 1a) comprise (1) accumulation of growing degree
days (GDDs) using daily air temperature and crop base temperature, (2) absorption of PAR in the
generated canopy LAI, (3) increase in daily AGDM by partitioning photosynthetic product, and (4)
determining LAI partitioning parameters or senescence using the following equations. Daily change
in GDD (∆D) is calculated by subtracting daily average temperature (T) from the base temperature (Tb,
10 ◦C) of soybean [33] as follows:

∆D = Max [T − Tb, 0] (5)

http://www.cropscan.com/
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Figure 1. Diagrammatic representation of the remote sensing-integrated crop model (RSCM) model: 
(a) crop simulation procedure and (b) ‘within-season calibration’ for model parameterization using 
proximal or remote sensing information. LAI, PAR, and RS represent leaf area index, 
photosynthetically active radiation, and remote sensing, respectively. 
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generated canopy LAI, (3) increase in daily AGDM by partitioning photosynthetic product, and (4) 
determining LAI partitioning parameters or senescence using the following equations. Daily change 
in GDD (ΔD) is calculated by subtracting daily average temperature (T) from the base temperature 
(Tb, 10 °C) of soybean [33] as follows: 

ΔD = Max [T ‒ Tb, 0] (5) 

Daily increase in AGDM (Δ) is calculated as a function of RUE (𝜀) and daily total intercepted 
PAR above the canopy (Q) as follows: 

ΔM = 𝜀 · Q, (6) 

Q = β · R · (1 ‒ exp (‒k · LAI)) (7) 

where Q is determined using the function of the fractional constant of solar radiation (β) to calculate 
PAR, daily solar radiation (R), light extinction coefficient (k), and LAI of the canopy. The daily 
increase in LAI (ΔL) is calculated by integrating SLA or S, ΔM, and the fraction of the ΔM partitioned 
to new leaves (P1) using the following formula: 

ΔL = ΔM · P1 · S, (8) 

P1 = Max[1 ‒ a · exp (b · D), 0] (9) 

where P1 is calculated using the above function where a and b are two parameters that control 
magnitude and shape of the function, and D is the cumulative GDD. The leaf senescence (Ls) used in 
the model was formulated as follows: 

Ls = c · (∆MR ‒ ∆M), (10) 

∆MR = fb · M (11) 

where c is a parameter that controls the magnitude of the function; ∆MR is daily maintenance 
respiration required to convert to biomass, and M is total AGDM; and fb is the maintenance coefficient, 
which is defined as a hypothetical max value of 0.03 d‒1. While the fb value is theoretically determined 

Figure 1. Diagrammatic representation of the remote sensing-integrated crop model (RSCM) model:
(a) crop simulation procedure and (b) ‘within-season calibration’ for model parameterization using
proximal or remote sensing information. LAI, PAR, and RS represent leaf area index, photosynthetically
active radiation, and remote sensing, respectively.

Daily increase in AGDM (∆) is calculated as a function of RUE (ε) and daily total intercepted PAR
above the canopy (Q) as follows:

∆M = ε · Q, (6)

Q = β · R · (1 − exp (−k · LAI)) (7)

where Q is determined using the function of the fractional constant of solar radiation (β) to calculate
PAR, daily solar radiation (R), light extinction coefficient (k), and LAI of the canopy. The daily increase
in LAI (∆L) is calculated by integrating SLA or S, ∆M, and the fraction of the ∆M partitioned to new
leaves (P1) using the following formula:

∆L = ∆M · P1 · S, (8)

P1 = Max [1 − a · exp (b · D), 0] (9)

where P1 is calculated using the above function where a and b are two parameters that control
magnitude and shape of the function, and D is the cumulative GDD. The leaf senescence (Ls) used in
the model was formulated as follows:

Ls = c · (∆MR − ∆M), (10)

∆MR = f b ·M (11)

where c is a parameter that controls the magnitude of the function; ∆MR is daily maintenance respiration
required to convert to biomass, and M is total AGDM; and f b is the maintenance coefficient, which
is defined as a hypothetical max value of 0.03 d−1. While the f b value is theoretically determined as
~1.5 % of the existing dry weight of a crop, we set the max value, as the current model is designed to
calibrate the maintenance respiration using the parameter c. It is designed that LAI starts to senesce
after reaching the maximum LAI. The senescence rate changes according to plant genetic traits and
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environmental conditions. Grain yield (∆G) is partitioned from the fraction of ∆M to grains using a
dimensionless grain-partitioning function (P2) as follows:

∆G = P2 · ∆M, (12)

P2 = Max [1 − Pa · exp (Pb · fGD), 0] (13)

where Pa and Pb are two parameters in the function that controls the magnitude and slope, and fGD is
the grain-partitioning factor based on the cumulative GDD.

RSCM can adjust the model parameters and initial conditions that control crop growth variables,
using the within-season calibration process to make an agreement between simulation and observation
of readily observable state variables such as LAI or VI. This calibration process is performed by
integrating observed values into the model using an iterative numerical procedure to mitigate the
uncertainty in crop modelling due to the probable inaccurate measurement of state variables or
inaccessibility (Figure 2b).Remote Sens. 2020, 12, 410 8 of 22 
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Figure 2. Determination of radiation use efficiency (ε), specific leaf area (SLA), and light extinction
coefficient (k): ε estimated from the linear regression relationship between the amounts of accumulated
photosynthetically active radiation (PAR) absorbed by soybean canopies and above-ground dry mass
(a); SLA from the linear regression relationship between leaf area index and leaf dry weight (b);
k derived from the exponential regression between transmitted and incoming PAR (T) and leaf area
index, LAI (c); and determined values of ε, SLA, and k (d). The data were obtained for four germplasms
or cultivars at Chonnam National University, Gwangju, South Korea, in 2017. Horizontal and vertical
error bars in the panels (b,c) represent ±1 SD of the corresponding mean values, and r is Pearson’s
correlation coefficient.
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The updated RSCM model for soybean also adopts the within-season calibration process to
receive proximal or remote sensing data as an input whereby the simulated and observed LAIs are
compared. The model employs parameters (L0, a, b, and c) to describe the soybean canopy growth
processes. These parameter values are obtained using the Bayesian method based on a prior distribution
chosen according to estimates of the seasonal LAI and VIs measured from previous studies (i.e., the
parameterization dataset in the current study). VI is technically a two-dimensional estimation of the
plant canopy, while LAI is a three-dimensional perception. Employing these different concepts, the
relationships between LAI and the four VIs, labelled ` = 1, 2, 3, and 4 (Equations (1)–(4)), are formulated
using log-log linear regression models. The description in detail is as follows. The regression model
below is designed for each VI:

log(VIt) = αVI + βVI log(LAIt) + εt (14)

where εt ∼ N
(
0, σ2

VI

)
. The RSCM-soybean model explains the evolution of LAI for each run using four

parameters θ = (L0, a, b, and c).
These parameters are assumed to be generated from the prior distribution ψ ∼ N(µ, D), using the

transformations as follows:

ψ = (ψ1,ψ2,ψ3,ψ4) =

(
log

a
1− a

, log
b

1− b
, log

c
1− c

, log
L0

1− L0

)
(15)

θ = θ(ψ) =

(
eψ1

1 + eψ1
,

eψ2

1 + eψ2
,

eψ3

1 + eψ3
,

eψ4

1 + eψ4

)
(16)

where ψ and θ represent the transformation functions using a logarithmic equation and an exponential
algebraic formula for the parameters. The procedures formulated above make all the four parameters (L0,
a, b, and c) range between 0 and 1. Both the regression coefficients

(
α`, β`, and σ2

` , ` = 1, 2, 3, and 4
)

and the hyper-parameters (µ, D) are obtained from data collected in the current studies for calibration
and validation that include both measured LAIs and VIs. The parameter µ is identified using the
default values (i.e., L0 = 0.2, a = 3.25 × 10−1, b = 1.25 × 10-3, and c = 1.25 × 10-3); parameter D is chosen
as a diagonal matrix with all diagonal elements equal to 0.5.

The following numerical procedure is employed to obtain the four parameters (θ) for each run.
In Phase 1, set µ as the initial estimation of ψ for each run.
In Phase 2, define LAIt = G̃(t;ψ) = G(t;θ(ψ)) and design the following objective formula:

5∑
`=1

 1
σ2
`

n∑
t=1

(
log VI`t − α` − β` log G̃(t;ψ)

)2
+ (ψ− µ)′D−1(ψ− µ) (17)

In Phase 3, generate the simulated curve for each run from the estimated ψ in Phase 2.
In Phase 4, update µ, D as the sample means and sample variances of the estimates in Phase 2.
In the procedure, the parameter ψ is estimated by minimizing the above formula. Optimisation

is achieved using the POWELL optimisation routine [34]. All the parameters are adequately
reparametrized to cause agreement between simulation and observation owing to the optimisation
(Table A1).

2.5. Statistical Analysis

In this study, four statistical indices were used to determine the crop parameters and evaluate the
performance of the RSCM regime: Pearson’s correlation coefficient (r), p according to the two-sample
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t-test, root mean square error (RMSE), and Nash-Sutcliffe efficiency (NSE) [35]. The RMSE and NSE
were determined using the following formulas:

RMSE =

√√
1
n

n∑
i=1

(Si −Mi)
2 (18)

NSE = 1−

∑n
i=1(Si −Mi)

2∑n
i=1(Mi −Mmean)

2 (19)

where Si is the ith simulated value, Mi is the ith measured value, Mmean is the mean measured value,
and n is the total number of observations. NSE can range between -∞ and one. The model performance
is assessed to be dependable when the value is closer to one. If the value becomes less than zero, it
means the model performance is less dependable.

3. Results

3.1. Estimation of Crop Growth-specific Parameters

The values of the three parameters of RUE, SLA, and light extinction coefficient (k) were estimated
based on the empirical relationships between the required crop growth variables that were determined
from the field experiments in this study. The estimated mean RUE for the four soybean germplasms
was 1.65 g MJ−1 from the slope of the linear regression between above-ground biomass and cumulative
intercepted PAR on the soybean canopy (Figure 2a). SLA for soybean was estimated as 0.017 m2 g−1

that was determined based on the regression line between leaf biomass weight and LAI (Figure 2b).
The k value was determined as 0.71 (Figure 2c) based on the assumption of light interception in the
soybean canopy according to Beer’s law.

3.2. Evaluation (Calibration and Validation) of RSCM

Simulated (S) LAI and AGDM were in agreement with the corresponding measured (M) LAI and
AGDM, with RMSE and NSE of 0.40 m2 m−2 and 0.86 in LAI and 155.5 g m−2 and 0.80 in AGDM,
obtained in 2017 for calibrating the RSCM scheme based on an LAI input option (Figure 3). RMSE
varied from 0.30 to 0.38 m2 m−2 in LAI and from 79.83 to 102.72 g m−2 in AGDM, while NSE showed a
range of 0.85–0.93 in LAI and a range of 0.92–0.95 in AGDM for each germplasm or cultivar (Table A2).
Likewise, SLAI and SAGDM were in agreement with the corresponding observed (O) LAI and AGDM,
with RMSE and NSE of 0.69 m2 m−2 and 0.66 in LAI and of 166.9 g m−2 and 0.90 in AGDM, obtained
in 2017 for calibrating RSCM based on a VI input option (Figure 4). RMSE ranged from 0.61 to 0.76
m2 m−2 in LAI and from 112.38 to 212.90 g m−2 in AGDM, while NSE showed a range of −0.40 to
0.37 in LAI and a range of 0.62–0.89 in AGDM for each germplasm or cultivar (Table A2). There were
no significant differences between simulated and measured yields for the LAI (p = 0.31) or VI (p =

0.54) input options according to two-sample t-tests (Figure 5). The simulated yields agreed with the
measured yields with RMSEs of 336.5 kg ha−1 for the LAI input option and of 625.6 kg ha−1 for the VI
input option.
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Figure 3. Model calibration: Simulated (S) and measured (M), observed (O) LAI and above-ground dry
mass (AGDM) for four soybean germplasms or cultivars, SS0903, SS0908, Daewon, and Poongsanamul
based on the leaf area index (LAI) input option (a) and comparisons between S and M values for
LAI and AGDM (b). Data were obtained at Chonnam National University, Gwangju, South Korea,
in 2017. Vertical and horizontal error bars represent the standard deviations ±1 SD of the mean
values. The solid and dotted lines in the panel (b) represent the ratio 1:1 and a linear fit, respectively.
NSE, RMSE, and r denote Nash-Sutcliffe efficiency, root mean square error, and Pearson’s correlation
coefficient, respectively.
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Figure 4. Model calibration: Simulated (S) and measured (M), observed (O) LAI and above-ground dry
mass (AGDM) for four soybean germplasms or cultivars, SS0903, SS0908, Daewon, and Poongsanamul
based on the vegetation index input option (a), and comparisons between S and M values for LAI
and AGDM (b). Data were obtained at Chonnam National University, Gwangju, South Korea in
2017. Vertical and horizontal error bars represent the standard deviations ±1 SD of the mean values.
The solid and dotted lines in the panel (b) represent the ratio 1:1 and a linear fit, respectively. NSE,
RMSE, and r denote Nash-Sutcliffe efficiency, root mean square error, and Pearson’s correlation
coefficient, respectively.
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Figure 5. Comparisons between simulated and measured soybean pulse using different input options,
measured leaf area index (MLAI) (a) and observed vegetation indices (OVI) based on proximal sensing
(b), at Chonnam National University, showing those for both options (c) Gwangju, South Korea in 2017.
Vertical error bars represent ±1 SE of the mean values. RMSE and p denote root mean square error and
the p value according to the two-sample t-test.

SLAI and SAGDM agreed with the corresponding MLAI and MAGDM, with RMSE and NSE
of 0.6 m2 m−2 and 0.89 in LAI and of 84.6 g m−2 and 0.96 in AGDM, obtained in 2018 for validating
RSCM based on an LAI input option (Figure 6). RMSE varied from 0.37 to 0.83 m2 m−2 in LAI and
from 39.25 to 101.49 g m−2 in AGDM, while NSE showed a range of 0.77-0.96 in LAI and a range of
0.94-0.99 in AGDM for each cultivar (Table A3). Likewise in the calibration, SLAI and SAGDM agreed
reasonably well with the corresponding OLAI and MAGDM, with RMSE and NSE of 0.83 m2 m−2

and 0.92 in LAI and 74.9 g m−2 and 0.92 in AGDM, obtained in 2018 for validating RSCM based on a
VI input option (Figure 7). RMSE ranged from 0.73 to 0.94 m2 m−2 in LAI and from 43.10 to 105.54 g
m−2 in AGDM, while NSE had a range of 0.56–0.74 in LAI and a range of 0.93–0.99 in AGDM for each
cultivar (Table A3). There was no significant difference between simulated and measured yields for
both the LAI (p = 0.31) and VI (p = 0.92) input options according to two-sample t-tests (Figure 8). The
simulated yields agreed with the measured yields, with RMSEs of 0.652 ton ha−1 for the LAI input
option and of 0.508 ton ha−1 for the VI input option.
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Hengbuk, and Poongsan based on the leaf area index (LAI) input option (a) and comparisons between 
S and M values in LAI and AGDM (b). Data were obtained at Chonnam National University, 
Gwangju, South Korea, in 2018. Vertical and horizontal error bars represent ±1 SD of the means values. 
The solid and dotted lines in the panel (b) represent the ratio 1:1 and a linear fit, respectively. NSE, 
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Figure 6. Model validation: Simulated (S) and measured (M), observed (O) values in LAI and S and M
values in above-ground dry mass (AGDM) for four soybean cultivars, Daepung, Daewon, Hengbuk,
and Poongsan based on the leaf area index (LAI) input option (a) and comparisons between S and M
values in LAI and AGDM (b). Data were obtained at Chonnam National University, Gwangju, South
Korea, in 2018. Vertical and horizontal error bars represent ±1 SD of the means values. The solid and
dotted lines in the panel (b) represent the ratio 1:1 and a linear fit, respectively. NSE, RMSE, and r denote
Nash-Sutcliffe efficiency, root mean square error, and Pearson’s correlation coefficient, respectively.
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in LAI and AGDM (b). Data were obtained at Chonnam National University, Gwangju, South Korea 
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Figure 7. Model validation: Simulated (S) and measured (M), observed (O) values in LAI and S and M
values in above-ground dry mass (AGDM) for four soybean cultivars, Daepung, Daewon, Hengbuk,
and Poongsan based on the VI input option (a) and comparisons between S and M values in LAI and
AGDM (b). Data were obtained at Chonnam National University, Gwangju, South Korea in 2018.
Vertical and horizontal error bars represent ±1 SD of the means values. The solid and dotted lines in the
panel (b) represent the ratio 1:1 and a linear fit, respectively. NSE, RMSE, and r denote Nash-Sutcliffe
efficiency, root mean square error, and Pearson’s correlation coefficient, respectively.
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In additional validation using a dataset obtained in 2017 at a separate site from the model 
calibration, SLAI agreed with the corresponding MLAI with RMSE and NSE of 1.2 m2 m-2 and 0.69, 
in which RSCM simulation was carried out based on an LAI input option (Figure 9a). RMSE and NSE 
for each cultivar ranged from 0.93 to 1.47 m2 m-2 and from 0.45 to 0.80, respectively (Table A4). There 
was no significant difference between simulated and measured yields (p = 0.58) according to a two-
sample t-test (Figure 9b). The simulated yields agreed with the measured yields, with an RMSE of 
596.3 kg ha-1. 
 

Figure 8. Comparisons between simulated and measured soybean pulse yields using different input
options, measured leaf area index (MLAI) (a), and observed vegetation indices (OVI) based on proximal
sensing (b), showing those for both options (c) at Chonnam National University, Gwangju, South Korea
in 2018. Vertical and horizontal error bars represent ±1 SE of the mean values. RMSE and p denote root
mean square error and the p value according to the two-sample t-test.

In additional validation using a dataset obtained in 2017 at a separate site from the model
calibration, SLAI agreed with the corresponding MLAI with RMSE and NSE of 1.2 m2 m−2 and 0.69,
in which RSCM simulation was carried out based on an LAI input option (Figure 9a). RMSE and
NSE for each cultivar ranged from 0.93 to 1.47 m2 m−2 and from 0.45 to 0.80, respectively (Table A4).
There was no significant difference between simulated and measured yields (p = 0.58) according to a
two-sample t-test (Figure 9b). The simulated yields agreed with the measured yields, with an RMSE of
596.3 kg ha−1.
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(LAI) and S values in above ground dry mass (AGDM) for four soybean cultivars, Daewon, Haepum, 
Poongsanamul, and Taekwang (a), and comparisons between S and M values in soybean yield (b) for 
model validation. The data set was obtained at Jeonnam Agricultural Research and Extension Services 
in Naju, Chonnam province, South Korea in 2017. Vertical and horizontal error bars represent the 
standard deviations of the means values. RMSE and p denote root mean square error and the p value 
according to the two-sample t-test. 

4. Discussion 

The current study results demonstrated that the RSCM-soybean regime integrated with ground-
based proximal sensing data was successfully calibrated and validated, which was performed 
according to the experimental estimation of the crop growth-specific parameters of RUE, SLA, and k. 
We hereby discuss the appropriateness of the estimated parameter values in association with earlier 
reports by other researchers below. Discussion on the model evaluation process follows that on the 
experimental parameterisation. 

RUE is a crucial crop growth-specific parameter that is broadly used in crop growth models to 
understand the physiological aspects of crop canopy responses to cumulative intercepted PAR. 
Wilson [36] reported RUE as a constant for specific crop growth during the demonstration of a 

Figure 9. Model validation: Simulated (S) and observed (O), measured (M) values in leaf area index
(LAI) and S values in above ground dry mass (AGDM) for four soybean cultivars, Daewon, Haepum,
Poongsanamul, and Taekwang (a), and comparisons between S and M values in soybean yield (b) for
model validation. The data set was obtained at Jeonnam Agricultural Research and Extension Services
in Naju, Chonnam province, South Korea in 2017. Vertical and horizontal error bars represent the
standard deviations of the means values. RMSE and p denote root mean square error and the p value
according to the two-sample t-test.

4. Discussion

The current study results demonstrated that the RSCM-soybean regime integrated with
ground-based proximal sensing data was successfully calibrated and validated, which was performed
according to the experimental estimation of the crop growth-specific parameters of RUE, SLA, and k.
We hereby discuss the appropriateness of the estimated parameter values in association with earlier
reports by other researchers below. Discussion on the model evaluation process follows that on the
experimental parameterisation.
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RUE is a crucial crop growth-specific parameter that is broadly used in crop growth models
to understand the physiological aspects of crop canopy responses to cumulative intercepted PAR.
Wilson [36] reported RUE as a constant for specific crop growth during the demonstration of a
relationship between crop growth rate and solar radiation interception. Later, Monteith [32] stated
a linear correlation between biomass partitioning upon harvested solar radiation and defined the
slope as RUE. Variations in RUE have been observed due to biomass sampling methodologies and
growth stages, either sampled on whole biomass or above-ground biomass basis; the use of solar
radiation or the portion of solar radiation responsible for photosynthesis; errors during biomass
sampling; non-uniform sample size or plots; leaf chlorophyll content; and water and nutrient status of
the field [37]. Several meteorological factors are reported to show some effects on RUE, such as air
temperature, and vapour pressure deficit [38]. The RUE value of 1.65 g MJ−1 estimated in the current
study agrees to the value reported by Liu et al. [39] who found an RUE range of 1.48–2.29 g MJ−1 for
soybean cultivated as an intercrop and monoculture with a population density of 14.2 m−2.

Accurate simulation of leaf area is crucial for the estimating intercepted solar radiation above a
canopy and partitioning of biomass utilizing the light. Partitioning of new leaves is closely related
to biomass accumulation in all growth stages. A typical lag phase is observed at the beginning of
growth, followed by exponential growth later. SLA is an important parameter related to canopy
expansion and biomass accumulation in crop models and is defined as the ratio between one leaf area
and leaf blade dry matter accumulation by assimilating PAR [40]. SLA is crucial as an index of leaf
nitrogen content, water content, leaf gas exchange, and canopy stress caused by abiotic or biotic factors
and growth strategy [41]. High SLA indicates a high concentration of nitrogen, a high rate of CO2

assimilation, and high nitrogen uptake per unit leaf area. The SLA value of 0.017 m2 g−1 estimated
in the current study was slightly smaller than the reported SLA range of 0.0179 to 0.0366 m2 g−1 for
several soybean genotypes by Vile et al. [42]. SLA can vary with the locations of the leaves on a plant,
the developmental phase of a leaf, leaf insertion, plant density, radiation intercepted, genotype, soil
nutrient and fertilizer management, and the acting environment [43].

The light extinction coefficient k is a crop growth specific parameter that controls the interception
of solar radiation in the plant canopy. It varied in different phenological groups of the same crop
and may differ within different cultivars and species [44]. According to Carpenter and Board [45],
soybean has an intricate growth pattern with random distributions of nodes, branches, and leaves;
after flowering stage, it can still produce new leaves, commonly known as indeterminate growth. The
coefficient also depends on canopy leaf display and apex leaf angle with respect to the vertical position.
Smaller parameter values indicate that much radiation can reach all leaves, while larger values indicate
the opposite. Most crop modellers estimated k from transmitted and incoming PAR based on Beer’s
law [46]. Coefficient k was estimated using different techniques and devices, and we also did not
practice at the same place or time. Therefore, k may also not be similar within the same crop. More
light can be intercepted owing to the exponential growth of leaf area during the vegetative growth
period. The estimated k value of 0.71 is slightly higher than the k range reported by Ebadi et al. [47] for
different soybean cultivars. However, it agrees with the k range for the plants with horizontal leaves
theorized by Rosenberg et al. [48].

We demonstrated above that the current determined parameters fit in a reasonable range within
the study site of interest. These crop-specific parameters were well estimated based on the field
experiment in this study. While these parameters are measurable, it is labour-intensive to obtain the
values. As it was discussed above, these parameters can vary depending on different environments
and genetic traits of soybean. The parameters can affect each other as well, for example, a decreased
RUE from 1.75 to 1.5 g MJ−1 to increase the light extinction coefficient from 0.3 to 1, according to
Bell et al. [49]. The scientific concept that we employed was that soybean growth could be calibrated for
a given environment according to proximal sensing information using non-measurable but adjustable
parameters employing the within-season calibration [18,50]. The non-measurable calibrated parameters
include a, b, and c for which a and b control the magnitude and shapes of an LAI curve up to the
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maximum LAI, while c controls the reduced amount of LAI at the senescence stage. These parameters
are calibrated based on the within-season calibration procedure adopted in the current model. We
discuss the implications of our model calibration results as well as some cons and pros of the within
season-calibration procedure in the following paragraphs.

Achieving the desired simulated results in comparison with the measured ones by means of trial
and error is termed model calibration [51]. Calibration is the most common technique in any model to
get the best fit by adjusting initial model conditions and other model parameters in their recommended
ranges through the observation between simulated and measured results [4,18,52]. We assume that
a crop model is well calibrated when it reproduces the results resembling the actual condition. The
RSCM model was well calibrated with statistically acceptable agreements between simulation and
measurement or observation (see Figures 3 and 4 using the dataset employed for the estimated crop
growth specific parameters as the model inputs (see Figure 2). Our model validation consequence also
showed that RSCM-soybean could reproduce soybean growth, development, and yield with reasonable
accuracies (Figures 5–7). We demonstrated that RS information could be well integrated into the model
to simulate soybean using simple input requirements. In addition, the simulated yields for the VI input
option were not significantly different from the measured yields, meaning that proximal or remote
sensing might be potentially substituted in some instances [53]. While there was an earlier report on a
simulation of soybean using RSCM (previously GRAMI) [19], the current report is the first one carried
out according to the experimental parameterisation using the updated RSCM regime [5].

These evaluation study outcomes of the RSCM regime indicated that the within-season calibration
was effective with both observed and remotely sensed data integrated into the model. The extended
RSCM-soybean model hypothetically adopts a Bayesian approach to calibrate the parameter values
that control leaf partitioning and senescence to make simulation and observation results concurrent
based on POWELL optimisation [34], as it is described in the earlier section. The adopted parameter
estimation approach is theoretically characteristic and helpful for integrating different proximal or
remote sensing data into the model that strongly depends on observed or remotely sensed information.
The three distinct advantages owing to the stable incorporation of RSCM with proximal or remote
sensing data are as follows. Firstly, the methodology requires simple input; this approach allows
utilising the present observations that specify the environmental conditions (e.g., soil properties and
micrometeorological factors), as with the earlier versions of RSCM [5,20,21]. Secondly, optimising
the model improves simulation performance. Last, RSCM can be integrated with proximal or remote
sensing data from different platforms, for example, an unmanned aerial system [54] and operational
optical satellites [14,15,55]. Meanwhile, RSCM has some limitations, such as the strong dependence on
proximal or remote sensing data as well as the inapplicability of reproducing the effects of photoperiod
and phenology, N fixation, and N dynamics in comparison with other conventional process-based crop
models. It is significant to secure solid analytical schemes to obtain accurate RS information on the
study site of interest as inadequate RS data and partial observations can result in some disagreement
between simulation and measurement or observation. Further studies need to be performed in various
environmental conditions for future application. It would add significant value if the model could
forecast crop growth and yield.

5. Conclusions

In this study, we determined soybean growth-specific parameters of RUE, SLA, and k based
on field experiments, which were verified to be adequate for the study region. The RSCM soybean
regime showed efficient simulation performances in both calibration and validation. Simulated LAI
and AGDM values considerably well agreed with the measured values. The RSCM also reproduced
soybean yields in agreement with the measured yields in the model assessment. We assume that a
well-calibrated crop model can be effectively applied to different simulation projects with various
environments and scenarios for the crop of interest. We also demonstrated that the RS data were
well integrated into the soybean modelling design, meaning that the RSCM-soybean scheme can be
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well implemented to soybean monitoring projects for regions of interest where RS information can
be obtained. RSCM-soybean is easy to use and applicable to many areas, requiring simple input
parameters and variables owing to the optimization procedure of the model using RS data as an
input option.
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Appendix A

Table A1. Converged parameters of initial leaf area index (L0) and leaf partitioning and senescence (a,
b, and c) after the within-season calibration of the RSCM regime for germplasms or cultivars of soybean
used in 2017 and 2018 at Chonnam National University (CNU), Gwangju and in 2017 at Jeonnam
Agricultural Research and Extension Services (JARES) in Naju, Chonnam province, South Korea.

Site Year Germplasm L0 a b c

CNU 2017 SS0903 0.166 0.001 0.005 0.004
SS0908 0.158 0.001 0.005 0.003

Daewon 0.124 0.001 0.004 0.002
Poongsanamul 0.186 0.001 0.004 0.002

2018 Daepung 0.022 0.001 0.004 0.007
Daewon 0.047 0.001 0.005 0.003
Hengbuk 0.032 0.001 0.004 0.007

JARES 2017 Daewon 0.065 0.001 0.005 0.007
Haepum 0.032 0.001 0.005 0.011

Poongsanamul 0.050 0.001 0.005 0.010
Taekwang 0.060 0.001 0.005 0.003

Table A2. Error statistics of root mean square (RMSE) and Nash–Sutcliffe efficiency (NSE) in comparison
between simulation (S) and observation (O) of leaf area index (LAI) and above ground dry mass
(AGDM) for soybean germplasms or cultivars, simulated with different input options (i.e., LAI or VI)
for the RSCM regime using the data obtained at Chonnam National University, Gwangju, South Korea
in 2017.

Option Germplasm

LAI AGDM

S O RMSE NSE S O RMSE NSE

———m2 m−2 ——— n/a ———— g m−2 ———— n/a

LAI SS0903 5.47 5.46 0.38 0.88 634.5 656.5 97.23 0.95
SS0908 5.21 5.20 0.34 0.85 647.6 713.6 102.72 0.92

Daewon 5.17 5.17 0.31 0.92 636.6 659.5 88.22 0.93
Poongsanamul 5.23 5.22 0.30 0.93 643.6 664.9 79.83 0.95

VI ♪ SS0903 5.05 5.49 0.68 0.37 611.7 656.5 167.08 0.77
SS0908 4.74 5.13 0.61 0.32 610.2 713.6 212.90 0.62

Daewon 4.63 5.03 0.76 −0.40 586.7 659.5 112.38 0.89
Poongsanamul 5.21 5.69 0.69 −0.26 621.9 658.3 159.71 0.78

♪ VI stands for vegetation index.
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Table A3. Error statistics of root mean square (RMSE) and Nash–Sutcliffe efficiency (NSE) in comparison
between simulated (S) and observed (O) of leaf area index (LAI) and above ground dry mass (AGDM)
for soybean germplasms or cultivars, simulated with different input options (i.e., LAI or VI) for the
RSCM regime using the data obtained at Chonnam National University, Gwangju, South Korea in 2018.

Option Germplasm

LAI AGDM

S O RMSE NSE S O RMSE NSE

———m2 m−2 ——— n/a ———— g m−2 ———— n/a

LAI Daepung 3.93 3.88 0.37 0.96 379.7 412.7 79.93 0.96
Daewon 4.45 4.42 0.52 0.91 453.0 445.5 101.49 0.95
Hengbuk 4.30 4.29 0.83 0.77 400.7 411.5 39.25 0.99

Poongsanamul 4.08 4.06 0.55 0.90 439.9 431.9 86.91 0.94

VI ♪ Daepung 3.69 3.90 0.78 0.74 358.4 364.9 43.10 0.99
Daewon 3.93 4.31 0.73 0.70 418.9 458.9 105.54 0.93
Hengbuk 3.85 4.32 0.87 0.67 389.7 396.9 35.78 0.99

Poongsanamul 3.99 4.42 0.94 0.56 401.6 444.9 90.40 0.95
♪ VI stands for vegetation index.

Table A4. Error statistics of root mean square (RMSE) and Nash–Sutcliffe efficiency (NSE) in comparison
between simulated and observed values of leaf area index (LAI) for soybean cultivars, simulated with
the vegetation index input option for the RSCM regime using the data obtained at Jeonnam Agricultural
Research and Extension Services in Naju, Chonnam province, South Korea in 2017.

Cultivar
Simulated LAI Observed LAI RMSE NSE

——————————– m2 m−2 ——————————– n/a

Daewon 3.42 3.53 1.47 0.61
Haepum 3.07 2.88 0.93 0.80

Poongsanamul 3.49 2.96 1.16 0.68
Taekwang 3.17 2.91 1.17 0.45
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