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Abstract: Climate change might potentially cause extreme weather events to become more frequent
and intense. It could also enhance water scarcity and reduce food security. More efficient water
management techniques are thus required to ensure a stable food supply and quality. Maintaining
proper soil water content and soil temperature is necessary for efficient water management in
agricultural practices. The usage of water and fertilizers can be significantly improved with a precise
water content prediction tool. In this study, we proposed a new framework that combines weather
forecast data, numerical models, and machine learning methods to simulate and predict the soil
temperature and volumetric water content in a greenhouse. To test the framework, we performed
greenhouse experiments with cherry tomatoes. The numerical models and machine learning
methods we selected were Newton’s law of cooling, HYDRUS-1D, the random forest model, and the
ICON (inferring connections of networks) model. The measured air temperature, soil temperature,
and volumetric water content during the cultivation period were used for model calibration and
validation. We compared the performances of the models for soil temperature and volumetric water
content predictions. The results showed that the random forest model performed a more accurate
prediction than other methods under the limited information provided from greenhouse experiments.
This approach provides a framework that can potentially learn best water management practices
from experienced farmers and provide intelligent information for smart greenhouse management.

Keywords: cherry tomato; time-series; machine learning; inferring connections of networks (ICON),
HYDRUS-1D

1. Introduction

Given the vulnerability of agricultural production to extreme weather events whose intensity
and frequency will increase with climate change, proactively managing agricultural risks to sustain
production is becoming increasingly important [1]. To ensure a stable food supply and quality, intensive
farming has been used since the mid-1980s to monitor the food production chain and manage its supply
and quality. Precision agriculture can optimize crop/fruit production while maintaining environmental
quality to achieve a safe food supply [2]. Precision agriculture includes a range of technologies,
including enhanced sensors, information systems, and mechanical equipment. This approach primarily
optimizes production efficiency by considering and managing uncertainty and variability within
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agricultural systems [3]. Compared with a field cultivation system, precision agriculture is relatively
easy to achieve in a greenhouse system because it can control environmental factors more effectively.

Greenhouse systems can ensure the quality of crops by saving water, controlling the temperature
and reducing the use of pesticides [4]. Placing the monitoring instruments in a greenhouse can also
enhance management effectiveness [5]. Moreover, for plants, root development will affect future
growth [6]. Soil temperature and water content are closely related to the root systems of plants. Water
content can provide protection for plant root systems and reduce changes in soil temperature caused by
changes in air temperature between day and night [7]. However, previous studies have noted that even
if a greenhouse system compared to outdoors can control many environmental factors, there are still
many uncontrollable conditions and interactions [8]. These factors cause difficulties in maintaining soil
temperature and water content for efficient water management and plant root protection in agricultural
practices. To achieve this aim, the management of optimized soil temperature and water content in a
greenhouse system still needs to be improved. Therefore, it is necessary to develop a framework for
intelligent prediction.

To understand the relationship between soil temperature and water content, the interactions
between water content and heat in soil have been explored [9–11]. Later, HYDRUS-1D was developed
as a simulation software that combined thermal diffusion and the Richards’ equation [12]. However,
the soil parameters required for simulation must be measured by various complex and time-consuming
experiments, thus, data-based mathematical models have recently emerged. Machine learning
techniques have become a popular data-based mathematical model in recent years. Machine learning
is a method used to teach machines how to handle data more efficiently when it is difficult to interpret
patterns or extract information from data [13,14]. Without knowing the actual physical mechanisms
involved, using a data-based mathematical model to train data can produce predictions of unknown
generation criteria [13]. Machine learning techniques have been used to simulate large-scale soil water
content [15,16] and have been compared with numerical methods in the simulation differences of
soil water content [17]. However, machine learning has not been used to predict the change trends
of soil water content from temperature. Through the inseparable relationship between soil water
content and soil temperature [9,12], we can apply machine learning to predict the change of water
content over time. Moreover, compared with machine learning, dynamic topology provides an ICON
(inferring connections of networks) model to simulate the trend of time series data, uses the existing
data to build the system, and determines the relationship between various factors in the system [18].
The ICON model was proposed by Wang et al., 2018 with the aim to extract complex interactions in
natural systems in which multiple factors affect each other dynamically. ICON is also a data-driven
approach of dynamic interactions for determining the network topology of oscillators with different
coupling functions, periodicities, degree nodes, and time scales through solving nonlinear estimation
problems as a linear inverse problem [18]. This model can depict the dynamic interactions of a large
complex system with noisy data in various fields. Both ICON and machine learning techniques can
make predictions without first obtaining physical parameters, which is highly suitable for the dynamic
interactions of complex impact factors.

Previous studies focused on simulations but failed to provide future predictions [15–17]. In a
greenhouse where the temperature cannot be controlled, the indoor temperature is related to the
outdoor temperature and weather. Through this relationship, it is possible to use the weather forecast
data to predict the soil temperature and water content in a greenhouse [4,19]. Therefore, the objective
of this study is to provide a framework for predicting soil temperature and water content based on a
weather forecast with limited measured information. In this study, we also compared the prediction
performance of different types of models. We used the monitoring instruments and sensors to collect
long-term time-series data for model calibration and validation. The soil temperature and water
content were simulated and predicted by combining the weather forecast data. Our findings can
improve the usage of water, accurately assess water requirements under various temperature effects,
and further develop water content and temperature alarms for greenhouse management.
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The greenhouse environment and the characteristics of the materials are described in Section 2.
We also detail the methodology of the analyses’ data processes. In Section 3, the related applied
physics theories and numerical models are introduced. Section 4 is dedicated to the results of the
temporal distribution of air and soil temperatures, and the volumetric water content (VWC) for cherry
tomato growth. Moreover, we discuss the simulation results and the performances from the models
and predict the future soil temperature and water content by combining the weather forecast data.
The conclusion is presented in Section 5.

2. Materials and Methods

2.1. Greenhouse Setup

Our experiments were performed in a greenhouse (24 meters long, 9.6 meters wide, and 5.5 meters
high) with a pad and fan system at NTU (National Taiwan University, Taipei, Taiwan). We used the
HOBO U23 Pro v2 Temperature/Relative Humidity Data-logger (Onset Computer Corp., Bourne, MA,
USA; accuracy: temperature ± 0.2 ◦C, relative humidity ± 2.5%; range: temperature −40 to 70 ◦C,
relative humidity 0 to 100%) to collect air temperature and relative humidity in the greenhouse during
the experiments. At the same time, the monitoring instruments and sensors were installed. These
instruments included 5TE sensors (Decagon Devices, Inc., WA, USA; accuracy: VWC ± 0.03 m3 m−3,
soil temperature ± 1 ◦C; range: VWC 0 to 1 m3 m−3, soil temperature −40 to 50 ◦C), temperature probes
(T-type Thermocouple, Nzing Co., Taiwan; accuracy: temperature ± 1 ◦C; range: −200 to 200 ◦C), HFT-3
heat flux transducers (Campbell Scientific, Inc., UT, USA; accuracy: better than ± 5% of reading; range:
−100 to 100 W m−2; thermal conductivity 1.22 W m−1 K−1), 2100F tensiometers and Model 5301 current
transducers (Soilmoisture Equipment Corp., CA, USA; accuracy: matric potential ± 1% span; range:
2 bar pressure difference), T5 pressure transducer tensiometers (UMS GmbH, München, Germany;
accuracy: matric potential ± 0.5 kPa; range: −85 to 100 kPa), and the CR1000 data-logger (Campbell
Scientific, Inc., UT, USA) for real-time and long-term monitoring of soil water content, soil temperature,
soil heat flow, electrical conductivity, and soil matric potential (suction) in the greenhouse. Moreover,
before installing the sensors, an inspection process had been completed to ensure that each sensor
satisfied the manufacturer’s measurement specifications. The experimental instrument diagram of the
greenhouse is shown in Figure 1.
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Figure 1. Experimental instrument diagram of the greenhouse. The long-term cherry tomatoes
experiment was performed in baskets No. 12, No. 13, and No.14.

We prepared three separate rectangular baskets (labeled No. 12, No. 13, and No. 14) that were
filled with culture substrate about 20 cm deep for the experiments. They were placed in the middle of
the greenhouse with a 100 cm spacing. The size of each basket was 60 cm long, 42 cm wide, and 23 cm
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high. The entire surface of the culture substrate was mulched with a silver and black plastic mulch film
to reduce evaporation of soil water and avoid the fluctuations of temperature in shallow soil, which
resulted in a more uniform soil water content, contributed to plant root development, and promoted
faster growth [20]. Within the root zone, we buried the aforementioned sensors in the middle of the
culture substrate profile layer (about 10 cm deep) at 6–9 cm from the plant. Additionally, in basket
No. 13, the soil temperature probes were placed in the upper, middle, and lower portions of the culture
substrate profile at a 10 cm distance from each other. Then, the surface, the middle, and the bottom
temperatures of the culture substrate were measured. Likewise, the heat flux transducers were placed
on the surface surrounding the shallow and middle portions of the culture substrate profile, and the
middle portion was 10 cm below the surface. We immediately and quickly collected the sensors’
monitoring data via data-logger at 112 days after transplanting (DAT) the tomatoes. The monitoring
data was a time series and was recorded in the data-logger at every minute.

2.2. Crop Description and Planting

Tomatoes are one of the most common global greenhouse crops. The number of days a tomato
plant grows depends on the variety and other environmental factors, such as air temperature, light
conditions, soil conditions, and nutrients. The average duration to reach maturity is 65 to 100 days,
depending on the variety, ripeness, and maturity [19]. The air temperature suitable for tomato growth
is usually between 18.3 and 32.2 ◦C, and the soil temperature is between 16 and 29.5 ◦C [19]. Although
some studies have discussed the suitable range of soil water content for tomato growth, there is still a
lack of literature that clearly indicates predictions and precise control of soil water content during the
tomato growth period [21]. Overall, the soil water content is one of the factors affecting the yield and
quality of tomato fruits [21,22].

The soil most suitable for tomatoes is deep and rich in organic matter and well-drained materials.
The growth of tomato plants is related to many factors, including variety, light, temperature,
soil water, fertilizer management, and cultivation techniques. In our greenhouse, cherry tomatoes
(Solanum lycopersicum cv. Rosada) were transplanted in baskets No. 12, No. 13, and No. 14 on
September 20th, 2018. This approach was used to ensure that each tomato did not affect each other’s
growth, and especially to avoid competition over available water in the root zone. Each basket was
evenly separated into four compartments by plastic sheets, and each compartment contained only one
tomato plant. Each basket was installed with instruments and sensors in one compartment to monitor
one tomato plant.

2.3. Culture Substrate Characteristics

The culture substrate is Sunshine® #5 Natural & Organic Mix (Sun Gro Horticulture Distribution
Inc., MA, USA). The mix’s appearance is fibrous, and the color is light brown to dark brown. Its relative
density is between 100 and 400 g/L. The composition of the culture substrate contains dolomitic
limestone, fine perlite, fine sphagnum peat moss, and silicon additive. It has the characteristics of fine
particle size, low drainage, high water retention, and a higher soil air permeability than general soils.
The pH is between 3.5 and 7.5 [23].

We used 2100F tensiometers and 5TE sensors to directly measure the soil water characteristic curve
of the culture substrate in the greenhouse during the cultivation period. Figure 2a shows the result of
soil water characteristics curve of the culture substrate during the drainage stage. The black circles in
Figure 2a indicate the results that are measured in the laboratory under saturated conditions, and the
other color circles (purple, blue, green, and red circles) are the results measured in the greenhouse
under unsaturated conditions during the tomato growth period. In the greenhouse, water was drained
through the holes in the bottom of the baskets, making it difficult for the culture substrate to achieve
saturation. We used a container to fill the culture substrate and inject water to achieve a saturated
situation in the laboratory. The black curve was fitted by van Genuchten’s model (Equation (5))
with the parameters α = 0.006 cm−1, n = 2.62, m = 0.62, θs = 0.72 cm3 cm−3, and θr = 0.05 cm3 cm−3.
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This curve illustrates the soil water retention characteristics of the culture substrate. A zero matric
potential indicates that the soil is saturated. The culture substrate has a high saturated water content of
0.72 cm3 cm−3, which means that it retains more water than ordinary soil in the saturated situation.

  

Water 2020, 12, x; doi: www.mdpi.com/journal/water 

 

 
Figure 2. (a) Soil water characteristics curve of the culture substrate (Sunshine® #5 Natural & Organic 
Mix) during the drainage stage; (b) Relationship between thermal conductivity and volumetric water 
content of the culture substrate. 

  

a) b) 

0

0.2

0.4

0.6

0.8

0.1 1 10 100 1000

Vo
lu

m
et

ric
 w

at
er

 co
nt

en
t (

cm
3

cm
-3

) 

Suction (cm)

Measured data (laboratory)
Measured data (greenhouse: tensiometer 1)
Measured data (greenhouse: tensiometer 2)
Measured data (greenhouse: tensiometer 3)
Measured data (greenhouse: tensiometer 4)
Fitted curve

0

10

20

30

0 0.1 0.2 0.3 0.4
Th

er
m

al
 co

nd
uc

tiv
ity

 (W
 cm

−1
K

−1
) 

Volumetric water content (cm3 cm-3) 

Measured data
Fitted curve

Figure 2. (a) Soil water characteristics curve of the culture substrate (Sunshine® #5 Natural & Organic
Mix) during the drainage stage; (b) Relationship between thermal conductivity and volumetric water
content of the culture substrate.

The saturated hydraulic conductivity (Ks) of culture substrate was determined based on Darcy’s
law via the constant-head experiment. The experiment was carried out using glass filter columns
(inner diameter = 2.6 cm; length = 30 cm). A Mariotte’s bottle was connected through a silicone tube
and a valve to the column to control the hydraulic head. The bottle was placed on an analytical balance
(Practum 3102-1S, Sartorius AG, Göttingen, Germany). We converted the measured weight change into
flux and calculated Ks from the known hydraulic head. The measured saturated hydraulic conductivity
of the culture substrate was Ks = 57.02 cm day−1.

Furthermore, we used two heat flux transducers to measure the thermal conductivity of the
culture substrate. Based on Fourier’s law, the thermal conductivity was obtained from the measured
heat flux and the temperature gradient. Figure 2b shows the change of thermal conductivity of
the culture substrate with volumetric water content. The fitted curve was fitted by the thermal
conductivity equation of Chung and Horton, 1987, λ0(θ) = b1 + b2θ+ b3θ0.5, with the parameters
b1 = 2.78 W cm−1 K−1, b2 = 40.34 W cm−1 K−1, and b3 = −8.15 W cm−1 K−1.

2.4. Processing and Analyzing Data

These soil temperature and volumetric water content data were collected every minute by the
data-logger (CR1000) and averaged into hourly data. The air temperature per 5 minutes in the
greenhouse was also averaged into hourly data. The outliers were directly removed before averaging.
After conversion to the hourly average data, the first 2000 h of data were used as a training set
(20 September 2018 to 12 December 2018), and the subsequent 200 h of data were used as a test set
(12 December 2018 to 20 December 2018). Finally, we selected an additional 48 h of data (29 December
2018 to 30 December 2018) combined with the weather forecast for prediction analysis. Moreover,
the parameters required for the physical models were obtained through various experiments.
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3. Physical and Numerical Models

3.1. Physical Models

3.1.1. Newton’s Law of Cooling

In soil heat transport, we used a simple physical model for comparison with data-based or
data-driven mathematical models in this study. We assumed a uniform temperature in the soil. Using
Newton’s law of cooling [24], the soil temperature can be described by:

dTs
dt = k(Ts − Ta) (1)

where Ts (◦C) is the soil temperature, Ta (◦C) is the air temperature in the greenhouse, k [T−1] is a
cooling constant, and t [T] is time.

We used the training set to fit the k of each basket with the least square method and validated
k by using the test set. The simulated soil temperature value was calculated from the shift terms
of Equation (1), Ts(ξ+1) = k

(
Ts(ξ) − Ta(ξ)

)(
t(ξ+1) − t(ξ)

)
+ Ts(ξ) , where ξ = 1, 2 . . . depending on the

segmented time. The inputs and outputs of the equation are shown in Table 1.

Table 1. Inputs and outputs of the studied models.

Models Parameters Inputs Outputs

Newton’s law
of cooling k = −0.247± 0.042 hr−1

For temperature: Ts(ξ) , Ta(ξ) ,
∆t = t(ξ+1) − t(ξ)
I.C.†: Ts0 , Ta0

Ts(ξ+1)

HYDRUS-1D

α = 0.006 cm−1,
n = 2.62,
m = 0.62,
θs = 0.72 cm3 cm−3,
θr = 0.05 cm3 cm−3,
L = 0.5,
Ks = 57.02 cm day−1,
∆z = 10 cm,
b1 = 2.78 W cm-1 K−1,
b2 = 40.34 W cm−1 K−1,
b3 = −8.15 W cm−1 K−1,
β = 0◦,
βT = 5 cm,
S = 0 cm3 cm−3 s−1,
Cp = 1.43 J cm−3 K−1,
Cw = 4.18 J cm−3 K−1

For temperature: Ts(ξ) , θ(ξ),
∆t = t(ξ+1) − t(ξ)
I.C.: Ts0 , θ0
B.C.‡: soil temperature and matric potential
for upper and lower boundaries

Ts(ξ+1)

For volumetric water content (VWC):
θ(ξ),
∆t = t(ξ+1) − t(ξ)
I.C.: θ0
B.C.: matric potential for upper and lower
boundaries

θ(ξ+1)

Random forest
n_estimators = 100,
max_depth = unlimited,
min_samples_split = 2

For temperature: Ta(ξ) , Ta(ξ+1) , Ts(ξ)
I.C.: Ts0 , Ta0

Ts(ξ+1)

For VWC:Ta(ξ) , Ta(ξ+1) , Ts(ξ) , Ts(ξ+1) , θ(ξ),
θ(ξ−1)
I.C.: Ts0 , Ta0 , θ0, θ−1

θ(ξ+1)

Inferring
connections of

networks (ICON)

M = 2000,
N = 3 (simulation) or 4
(prediction),
r = 312± 20.1 (for Ts); 313± 22.4
(for Ta); 38.7± 7.0 (for VWC)

For temperature and VWC: Ts(ξ) , Ta(ξ) , θ(ξ),
forecasted outdoor air temperature as the
fourth input factor for prediction stage
I.C.: Ts0 , Ta0 , θ0

Ts(ξ+1) ,
Ta(ξ+1) ,
θ(ξ+1)

†: Initial conditions; ‡: Boundary conditions.
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3.1.2. HYDRUS-1D

HYDRUS-1D has been widely applied to simulate the one-dimensional movement of water and
heat in soil [12,25]. It simulates soil heat transport by using the soil heat conduction equation [12],
which includes heat convection terms caused by liquid water:

∂CpTs
∂t = ∂

∂z

[
λ(θ) ∂Ts

∂z

]
−Cw

∂qLTs
∂z −

CwSTs (2)

where θ (L3 L−3) (e.g., m3 m−3) is the soil volumetric water content, Cw and Cp (ML−1 T−2 K−1)
(e.g., J m−3 K−1) are the volumetric heat capacities of water and moist soil, respectively, qL (L T−1)
(e.g., m s−1) is the flux density of liquid water, S (L3 L−3 T−10 (e.g., m3 m−3 s−1) is a sink term, z (L) is
vertical distance, and λ(θ) (ML T−3 K−1) (e.g., Wm−1 K−1) is the apparent soil thermal conductivity.
λ(θ) can be estimated from:

λ(θ) = λ0(θ) + βTCw
∣∣∣qL

∣∣∣ (3)

where βT [L] is the thermal dispersivity, and the thermal conductivity (λ0) can be set in HYDRUS-1D
using either the Campbell model [26] or Chung and Horton model [27]. In this study, we used the
Chung and Horton model to estimate λ0 of the culture substrate from the measured data for soil heat
flux and temperature in the greenhouse, and the result is shown in Figure 2b.

In HYDRUS-1D, the soil water movement is solved using the Richards’ equation for uniform
water flow [12]:

∂θ
∂t = ∂

∂z

[
K
(
∂h
∂z + cos β

)]
− S (4)

where h (L) is the matric potential, K (L T−1) is the unsaturated hydraulic conductivity, and β is an
angle between the flow direction and the vertical axis, where β = 0◦ for vertical flow. The soil water
retention model [28] and soil hydraulic conductivity model [29] are presented as:

θ(h) =

θr +
θs−θr

[1+|αh|n]m
h < 0

θs h ≥ 0
(5)

K = KsSL
e

[
1−

(
1− S

1
m
e

)m]2
(6)

where Ks (L T−1) is the saturated hydraulic conductivity, Se is the effective saturation, Se =

(θ− θr)/(θs − θr), θs and θr (L3 L−3) are the residual and saturated water content, respectively,
and L, α, n, and m are four independent parameters.

As shown in Equations (2) and (4), soil water movement and soil heat transport are described by
physical models. We used the HYDRUS-1D model in the direct mode with the measured/empirical
parameters, including α, n, m, θs, θr, L, Ks, ∆z, b1, b2, b3, β, βT, S, Cp, Cw, qL, and the soil temperature
data for upper and lower boundaries (as shown in Table 1), to simulate and predict the soil temperature
and volumetric water content.

3.2. Random Forest

In machine learning, the ensemble learning method combined with decision trees comprises the
famous random forest model [30]. Breiman, 1996 [31] conducted the bagging method, which is divided
into the random selection, classifier training, and majority vote steps, to randomly select subsets by
randomizing the training data sets. Breiman, 2001 [30] proposed a random forest model by establishing
decision trees that minimized the variance for each subset. The random forest model via the bagging
method can effectively improve accuracy and build a mathematical regression model of training data
to predict or make decisions without realizing the real physical mechanism. More detailed information
on the random forest model can be found in Breiman, 2001 [30].



Water 2020, 12, 1176 8 of 23

The use of the random forest model includes two parts: random forest modeling and a simulation
or prediction based on the random forest classifier from the modeling. A random forest regression
model is an ensemble classifier composed of a set of decision tree classifiers [30]. We applied the
bagging method to establish a set of trained classifiers and then classified new data points by taking a
vote, which could be weighted on their prediction or decision [32]. By voting and randomly selecting
and thus establishing powerful decision trees controlling correlations, the random forest model can
thoroughly cover the trained set. The random forest classifier is then verified or calibrated by using the
test set.

In this study, we used the scikit-learn package [33] in the Python language to establish the random
forest regression model with the training set of 2000 h. There are three adjustable parameters that
affect modeling and must be set in advance: the number of decision trees (n_estimators), the maximum
depth of each tree (max_depth), and the minimum number of samples required to split an internal
node (min_samples_split). We fixed the number of trees to 100 as a compromise between accuracy and
efficiency. The maximum depth of trees was set to unlimited, which meant that the nodes would
expand until all leaves contained less than min_samples_split samples. The third parameter was set
to 2 (min_samples_split = 2), which controlled a subset that was the minimum number of samples for
each split.

For simulating and predicting soil temperature, the current air temperature data, the air
temperature at the previous time point (1 h earlier), and the soil temperature at the previous time point
(1 h earlier) from the training set acted as the input layer and the current soil temperature data was the
output layer. For soil volumetric water content, the current air and soil temperature, the air and soil
temperature at the previous time point (1 h earlier), the volumetric water content at the previous time
point (1 h earlier), and the volumetric water content at the previous two-time points (2 h earlier) acted
as the input layer, while the current volumetric water content was the output layer. These inputs and
outputs of the random forest model are shown in Table 1. The layers were calculated by using the
hidden layer established by the regression tree. Then, the test set was used to verify the random forest
classifier. We modeled the prediction method of soil temperature and volumetric water content for
tomato growth by the random forest model with the training and test set. Furthermore, this prediction
method was used to predict soil temperature and volumetric water content from weather forecast data.

3.3. Inferring Connections of Networks (ICON)

ICON assumes that there are dynamic interactions between units within a complex network.
Each unit in the network follows the dynamical law, including the effects of self-dynamics and those
from other units [18]:

.
xi(t) = f (xi) +

N∑
j = 1
j , i

Ki j
(
xi, x j

)
, i = 1, . . . , N (7)

where xi(t) is the vector of state of unit i at time t, f represents baseline dynamics, Ki j is a coupling
function between unit i and j, and N is the number of units. Both f and Ki j are time series functions,
specifically, which can be constituted by orthonormal bases of the individual truncated series [18].
Thus, Equation (7) becomes:

.
xi(t) =

M∑
k=1

akQk(xi) +
N∑

j = 1
j , i

r∑
k=1

r∑
l=1

bkl
i jPk(xi)Pl

(
x j

)
, i = 1, . . . , N (8)

where ak and bkl
i j are the scalar coefficients,

{
Qk(xi)

}∞
k=1 and

{
Pk(xi)

}∞
k=1 constitute orthonormal bases of

the respective function spaces containing f and Ki j, M is the number of data points in the time series,
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and r value is the largest order of the Fourier series. By using the orthonormal basis representation
of Equation (8), the complex nonlinear topological estimation of each unit i can be converted into a
typical linear inverse problem:

min ‖y(i) −A(i)z(i)‖ (9)

where y(i) is the data vector, A(i) is a matrix composed of the orthonormal bases, and z(i) is the
coefficient vector.

In this study, we established an ICON framework without presumptions on the various impact
factors to describe the complex interactions, which may be a nonlinear dynamical relationship consisting
of air temperature, soil temperature, volumetric water content, and plants at different temporal scales.
Then, the dynamic interactions between units and units were expressed as:

.
x1(t) = f (x1) + K12(x1, x2) + K13(x1, x3)
.
x2(t) = f (x2) + K21(x2, x1) + K23(x2, x3)
.
x3(t) = f (x3) + K31(x3, x1) + K32(x3, x2)

(10)

We applied the Fourier series to the orthogonal basis of the coupling function of the ICON. Then,
Equation (8) is rewritten as:

.
xi(t) =

M∑
k=1

[
ak

i sin(kxi) + bk
i cos(kxi)

]
+

N∑
j = 1
j , i

r∑
k=1

ξk
i j

[
sin(kxi) sin

(
kx j

)]
+ ηk

i j

[
cos(kxi) cos(kx j)

]
, i = 1, . . . , N (11)

where ak
i , bk

i , ξk
i j, and ηk

i j are the coefficients of the Fourier series. In the simulation stage, where N = 3,
x1, x2, and x3 are the soil temperature, air temperature, and volumetric water content, respectively.
In the prediction stage, which is combined with the weather forecast, N = 4, and x4 is the outdoor air
temperature of the weather forecast. A(i) and z(i) are expressed as:

A(i) =
[
L(i)

1

∣∣∣∣ · · · |L(i)
m

∣∣∣∣G(i)
1

∣∣∣∣ · · · |G(i)
m

∣∣∣∣S(i)
1

∣∣∣∣ · · · |S(i)
r

∣∣∣∣C(i)
1

∣∣∣∣ · · · |C(i)
r

∣∣∣∣] (12)

z(i) =
(
z(i)L1

, · · · , z(i)Lm
, z(i)G1

, · · · , z(i)Gm
, z(i)S1

, · · · , z(i)Sr
, z(i)C1

, · · · , z(i)Cr

)
(13)

where:

L(i)
k =


sin(kxi(t1))

...
sin(kxi(tM))

, G(i)
k =


cos(kxi(t1))

...
cos(kxi(tM))

,
S(i)

k =


sin(kxi(t1)) sin(kx1(t1)) · · · sin(kxi(t1)) sin(kxN(t1))

...
. . .

...
sin(kxi(t1)) sin(kx1(t1)) · · · sin(kxi(tM)) sin(kxN(tM))

,
C(i)

k =


cos(kxi(t1)) cos(kx1(t1)) · · · cos(kxi(t1)) cos(kxN(t1))

...
. . .

...
cos(kxi(t1)) cos(kx1(t1)) · · · cos(kxi(tM)) cos(kxN(tM))

.
The training set, where M = 2000, was used to build xi(t1) to xi(tM) and fit the optimum r in

our ICON model. The inputs and outputs of the ICON model are shown in Table 1. The test set
was used to verify the simulation results from the built ICON model. Because the ICON model was
based on the dynamic interactions between factors that affected each other, the simulation for the
soil temperature and volumetric water content will be discussed individually in Section 4.3. In the
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prediction stage, the weather forecast data were added as a unit, and then the ICON model was rebuilt.
Finally, we predicted the air temperature, soil temperature, and volumetric water content based on the
1–48 h future weather forecast.

4. Results and Discussion

4.1. Temperature

4.1.1. Temporal Distributions of Air Temperature (Ta ) and Soil Temperature (Ts)

Figure 3a shows the temporal distribution of measured air temperature in the greenhouse during
the cultivation period. The observation period of Figure 3a was from September 20, 2018 to January
9, 2019, and the days after transplanting totaled 112. The average air temperature was 25 ◦C during
the cultivation period. The air temperature showed a tendency of daily temperature oscillation.
The maximum air temperature observed was 38.8 ◦C, which occurred at noon on 93rd DAT, and the
minimum temperature was 12.1 ◦C, which occurred at night on 100th DAT. The air temperatures of the
greenhouse are easily affected by outdoor temperatures. In this study, these measured air temperatures
were used as input data for simulating and predicting soil temperatures and volumetric water contents.Water 2020, 12, x 2 of 8 
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Figure 3. Temporal distributions of measured (a) air temperature, (b–d) soil temperature, and (e–g)
volumetric water content for baskets (b,e) No. 12, (c,f) No. 13, and (d,g) No. 14 in the greenhouse
during the cultivation period (20 September 2018 to 9 January 2019). The DAT of the X-axis represents
the days after transplanting.
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Figure 3b–d shows the temporal distribution of measured soil temperatures of the three culture
substrates (basket No. 12, No. 13, and No. 14) in the greenhouse during the cultivation period. Similar
trends were observed between these three culture substrates. The soil temperatures were between
13 ◦C and 31.7 ◦C, and the average soil temperature was 21.5 ◦C. The maximum soil temperature of the
three culture substrates occurred on the 31st DAT, and the air temperature also reached a relatively
high temperature of 30.1 ◦C. Moreover, the minimum soil temperature occurred on the 89th DAT,
and the air temperature was a relatively low temperature of 12.3 ◦C. The maximum or minimum soil
and air temperatures occurred on similar days. This indicates a clear relationship between the soil
and the air temperatures [34]. We established the relationship between the air and soil temperature by
using Newton’s law of cooling, HYDRUS-1D with measured/empirical parameters, the random forest
model with training data, and the ICON model, respectively.

4.1.2. Simulation and Verification of Soil Temperature

Figure 4a–c shows the soil temperature simulation by Equation (1) with k =−0.306 h−1, k = −0.214 h−1,
and k = −0.221 h−1 for baskets No. 12, No. 13, and No. 14, respectively. The air and soil in the
greenhouse were regarded as two individuals that transferred heat interactively, and we assumed
that the temperature of soil was represented by the central temperature at the soil profile and did not
change with depth. In Figure 4a–c, the orange lines are the test set of the measured soil temperature.
The values observed in different baskets were slightly different, presumably because of the different
volumetric water contents and the spatial distribution of the baskets. Nonetheless, the trends for the
soil temperatures between the three baskets were the same. The blue dashed lines were simulated by
Newton’s law of cooling (Equation (1)) with k. The simulation results were roughly consistent with the
measured values, but there was still a slight difference in that the peaks deviated by approximately 1 h.
The peak deviation of 1 h comes from the differentiation of the input data. The advantage of Newton’s
law of cooling is that it uses a single parameter to describe the relationship between air temperature
and soil temperature; however, it cannot accurately represent the influence of other factors on the heat
transfer, such as water content, soil structure, or soil particle arrangement.

We also used HYDRUS-1D and the measured/empirical parameters to simulate soil temperatures
and compare them with the measured data. Since measured data for soil temperature in the upper
and lower boundaries were only available in basket No. 13, it will be the only basket discussed for
the simulation by HYDRUS-1D in this section. Figure 4d shows the soil temperature simulation by
HYDRUS-1D with the measured/empirical parameters. The magenta dashed line was simulated by
HYDRUS-1D. The result of the simulation was more accurate than that of Newton’s law of cooling.
Specifically, in the interval of 80 h to 100 h, the deviation was smaller than Newton’s law of cooling.
When all the required parameters of the HYDRUS-1D model can be provided, the physical model
should become efficient enough to predict soil temperature and water content without having to
collect long-term monitoring data. Moreover, the setup of the HYDRUS-1D model can also be easily
transferred or extrapolated to represent other farms with different environmental conditions. In fact,
without considering the effect of crops, the prediction from HYDRUS-1D was already close to the
observation initially. However, the HYDRUS-1D simulation results still had a peak deviation of 1 h.
Using HYDRUS-1D requires many measured parameters that must be prepared in advance, which
means that we would need further experimental analysis and additional instruments or measurements
to obtain parameters. Moreover, the complicated interaction between crops and the soil temperature
and water content is not fully considered in most of the physical models.
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Figure 4. Soil temperature simulation of Newton’s law of cooling for baskets (a) No. 12 k = −0.306 h−1,
(b) No. 13 k = −0.214 h−1, and (c) No. 14 k = −0.221 h−1. Soil temperature simulation by HYDRUS-1D
with the measured/empirical parameters in basket (d) No. 13. Soil temperature simulation of the
random forest model for baskets (e) No. 12, (f) No. 13, and (g) No. 14. The orange lines are the test set
of the measured soil temperature.

For the random forest model, we first tested the relationship between the number of trainings and
simulation accuracy, as shown in Figure 5. The accuracy is calculated by dividing the correct number
of the random forest model into the total number of trainings. The accuracy exceeded 0.9 with more
than 250 training numbers in our case. More accurate simulations can be achieved when the training
numbers cover all possible scenarios (e.g., irrigation events), although this accuracy depends on the
training numbers themselves [13]. To cover all the scenarios during the cultivation period and compare
them with the other models, we used the same 2000-h training set to establish the random forest
regression model. Figure 4e–g shows the simulation results (green dashed lines) of soil temperature
by the random forest model. The result is a useful description for the measured data (orange lines).
Compared with Figure 4b,d, the simulation result (Figure 4f) of the random forest model is more
accurate, and the peak deviation is negligible. The random forest model can automatically learn the
relationship between the air and soil temperatures through these training data, including the time lag;
thus, the simulated soil temperature can be in close accordance with the measured value, which is
different from the aforementioned physical models. However, the weakness of the machine learning
technique is that it is impossible to simulate or predict the soil temperature directly from the air
temperature without training data. A large amount of training data is required to support the model’s
simulations or predictions [13].
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Figure 5. Simulation accuracy of the random forest model with various training numbers in our study.
The accuracy was calculated by dividing the correct number of random forest model into the total
number of trainings. The accuracy exceeded 0.9 with more than 250 training numbers.

Figure 6 shows a comparison of the measured and the simulated soil temperature as determined
by Newton’s law of cooling, HYDRUS-1D, and the random forest model. The circles in Figure 6c
overlap on the straight line better than Figure 6a,b, to verify that the random forest model simulations
are more accurate than those determined by Newton’s law of cooling and HYDRUS-1D. The root mean
square error (RMSE) and Nash-Sutcliffe model efficiency coefficient (NSE) between the measured
soil temperature and the simulated soil temperature was also calculated to compare the simulation
performances of these models. The RMSEs of soil temperatures for Newton’s law of cooling,
HYDRUS-1D, and the random forest model were 0.763 ± 0.133 ◦C, 0.469 ◦C, and 0.201 ± 0.020 ◦C,
respectively. The NSEs of soil temperatures as per Newton’s law of cooling, HYDRUS-1D, and the
random forest model were 0.905 ± 0.033 ◦C, 0.970 ◦C, and 0.994 ± 0.001 ◦C, respectively. The results
are shown in Table 2.Water 2020, 12, x 4 of 8 
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Figure 6. Comparison of the measured and the simulated soil temperature by (a) Newton’s law of
cooling, (b) HYDRUS-1D, and (c) the random forest model. The straight slash is a 1:1 line.

Table 2. Root mean square errors (RMSEs) and Nash-Sutcliffe model efficiency coefficients (NSEs) of
the model simulations.

Models
RMSE NSE

Soil Temperature
(◦C)

VWC
(cm3 cm−3)

Soil Temperature
(◦C)

VWC
(cm3 cm−3)

Newton’s law of cooling 0.763 ± 0.133 - 0.905 ± 0.033 -
HYDRUS-1D 0.469 0.024 0.970 0.626

Random forest 0.201 ± 0.020 0.008 ± 0.001 0.994 ± 0.001 0.961 ± 0.014
ICON 0.206 ± 0.006 0.008 ± 0.001 0.994 ± 0.001 0.962 ± 0.004
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4.2. Volumetric Water Content

4.2.1. Volumetric Water Content During the Cultivation Period

Figure 3e–g shows the temporal distribution of measured soil volumetric water contents in three
baskets during the cultivation period, which was measured from September 20, 2018 to January 9, 2019
(DAT = 112 days). These three baskets did not undergo water-saving treatments but were manually
irrigated with the same frequency. In Figure 3e, the measured data was abnormal during the DAT
period of 6 to 7 due to a problem with the moisture sensor in basket No. 12, and the sensor was
immediately rechecked and relocated.

4.2.2. Simulation and Verification of Volumetric Water Content

Figure 7a shows the simulation result of soil volumetric water content by HYDRUS-1D with
the measured/empirical parameters in basket No. 13. The blue line was the test set of the measured
volumetric water content, and the magenta dashed line was simulated by HYDRUS-1D. At the 89th
hour of the irrigation event, the sudden increase in the simulated water content was due to the boundary
conditions containing the information about the changes in matric potential. Overall, the simulation
result after 89 h was closer to the measured values than before 89 h, and the measured volumetric water
contents before 89 h were much lower than the simulated values. Due to the effect of high temperature
from the 38th to the 41st hour (air temperature = 28.5–30.8 ◦C, soil temperature = 25.2–28.3 ◦C),
the accelerated evapotranspiration caused the soil water content to decrease rapidly, which deviated
from the ideal simulation by the model, and the water content did not increase until the irrigation
event at the 89th hour. Moreover, the measured volumetric water contents (blue line) had a significant
one-step declining trend with time. Due to the rotation between day and night, plant evapotranspiration
was more pronounced during the day, causing a steeper slope; at night, photosynthesis stopped, thus,
water consumption decreased and the decline in the volumetric water content curve was gentler. This
situation cannot be simulated by HYDRUS-1D. As a result, any influencing factors will reflect the
observed soil temperature and soil water content, which increases the difficulty of the model’s ability
to simulate soil temperature and soil water content.
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Figure 7. Soil volumetric water content simulation by HYDRUS-1D with the measured/empirical
parameters in basket (a) No. 13. Soil volumetric water content simulation of the random forest model
for baskets (b) No. 12, (c) No. 13, and (d) No. 14. The blue lines are the test set of the measured soil
volumetric water content.
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Figure 7b–d shows the simulation results of soil volumetric water content by the random forest
model in the three baskets. The blue lines are the test set of the measured volumetric water content.
The green dashed lines were simulated by the random forest model. The simulation accuracy of the
random forest model was higher than that of HYDRUS-1D. Specifically, the increase in volumetric water
content caused by irrigation events during the training stage was included in the training set. These
events were learned by the random forest model with the input features, especially for the changes in
the volumetric water content of the previous time point (1 h earlier) and the volumetric water content
at the previous two-time points (2 h earlier). Therefore, the simulated values (green dashed lines) show
a sudden increase in the figure (e.g., Figure 7b 70–89 h; 7c 35–89 h; and 7d 170–180 h). This means
that the random forest model has the potential to suggest irrigation needs when the volumetric water
content continues to decrease.

Figure 8 shows the comparison of the measured and simulated soil volumetric water content by
HYDRUS-1D and the random forest model. Compared with Figure 8a, the green circles of the random
forest model in Figure 8b overlap better on the straight line. Moreover, Table 2 shows that the RMSEs
of soil volumetric water content for HYDRUS-1D and the random forest model are 0.024 cm3 cm−3

and 0.008 ± 0.001 cm3 cm−3, along with the NSEs of 0.626 cm3 cm−3 and 0.961 ± 0.014 cm3 cm−3,
respectively. The simulation performance of the random forest model on the soil volumetric water
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Figure 8. Comparison of the measured and the simulated soil volumetric water content by (a)
HYDRUS-1D and (b) the random forest model.

4.3. ICON Simulation Based on Interactions Between Air Temperature, Soil Temperature, and Volumetric
Water Content

Figure 9 shows the establishment of the ICON model for baskets No. 12, No. 13, and No. 14
via the interactions between the soil temperature, air temperature, and volumetric water content,
which affect each other dynamically. The green, orange, and blue lines are the measured data of the
training set. The fitted curves (black dashed lines) with the largest orders of Fourier series were as
follows: r = 333, 285, and 318 for the soil temperature, r = 333, 282, and 325 for the air temperature, and
r = 37, 48, and 31 for the volumetric water contents in baskets No. 12, No. 13, and No. 14, respectively.
Larger r values more accurately depict real dynamic interactions [18]. Depending on the complexity of
the patterns in the training set, the r values of air temperature and soil temperature were much larger
than that of the volumetric water content.
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Figure 9. The interaction factors used to establish the ICON model with the training set: (a,d,g) air
temperature (Ta), (b,e,h) soil temperature (Ts), and (c,f,i) volumetric water content (VWC) in baskets
(a–c) No. 12, (d–f) No. 13, and (g–i) No. 14.

Figure 10a–i shows that the simulation results (black dashed lines) of the ICON model, which
was established by the aforementioned fitting, compared with the test set (green, orange, and blue
lines) of the measured soil temperature, air temperature, and volumetric water content. Among
these three factors, the volumetric water content has the most accurate simulation result, and the
soil temperature and air temperature are also in accordance. Although the simulation results have
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some small fluctuations, especially in the simulation result of air temperature, these small fluctuations
fortunately do not affect the simulation trend.Water 2020, 12, x 6 of 8 
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Figure 10. Simulation results of the ICON model in baskets (a–c) No. 12, (d–f) No. 13, and (g–i) No. 14
for (a,d,g) air temperature (Ta), (b,e,h) soil temperature (Ts), and (c,f,i) volumetric water content (VWC).

Figure 11 shows the comparison of the measured and the simulated values by the ICON model
for soil temperature and volumetric water content. The RMSE of soil temperature for the ICON
model is 0.206 ± 0.006 ◦C, and the NSE is 0.994 ± 0.001 ◦C (as shown in Table 2). The simulation
performance of the ICON model for soil temperature is more accurate than that for Newton’s law
of cooling (RMSE = 0.763 ± 0.133 ◦C, NSE = 0.905 ± 0.033 ◦C) and HYDRUS-1D (RMSE = 0.469 ◦C,
NSE = 0.970 ◦C); similar to the random forest model (RMSE = 0.201 ± 0.020 ◦C, NSE = 0.994 ± 0.001
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◦C). The RMSE of the volumetric water content for the ICON model is 0.008 ± 0.001 cm3 cm−3, and the
NSE is 0.962 ± 0.004 cm3 cm−3. The simulation performance of the ICON model for volumetric water
content is more accurate than HYDRUS-1D (RMSE = 0.024 cm3 cm−3, NSE = 0.626 cm3 cm−3) and
similar to the random forest model (RMSE = 0.008 ± 0.001 cm3 cm−3, NSE = 0.961 ± 0.014 cm3 cm−3).Water 2020, 12, x 7 of 8 
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Figure 11. Comparison of the measured and the simulated values by the ICON model for (a) soil
temperature and (b) volumetric water content.

Figure 12 shows the simulation performance of the HYDRUS-1D, random forest model, and ICON
model on the measured data with error bars, which represent the standard deviation of the measured
data. There was an irrigation event at the 89th hour, as represented in the figure via blue highlights.
The simulation results of the random forest model and ICON model for the soil temperature were
consistent with the measured values (as shown in Figure 12a). However, during the irrigation event,
only the ICON model was observed to respond to the changes in soil temperature that were caused by
irrigation. In Figure 12b, both the random forest model and ICON model showed good simulation
performance for volumetric water content and were consistent with the measured values. Contrastingly,
the prediction of VWC from HYDRUS-1D before the 90th hour was higher than the measured data
since HYDRUS-1D was not able to simulate the strong evapotranspiration due to high air temperatures.
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Figure 12. Simulation performance of models (HYDRUS-1D, random forest model, and ICON model)
as compared to the measured data with error bars for (a) soil temperature and (b) volumetric water
content. Error bars represent the standard deviation of the measured data.

4.4. Prediction of Soil Temperature and Volumetric Water Content from the Air Temperature of the
Weather Forecast

In this study, we proposed a framework to predict the soil temperature and volumetric water
content in a non-temperature-controlled greenhouse via applying HYDRUS-1D, the random forest
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model, and the ICON model with the weather forecast data. The combined forecast data were used
in these prediction models to obtain the changes in soil temperature and volumetric water content
over time. The source of weather forecast data (from the Central Weather Bureau, Taipei, Taiwan) is a
rolling forecast of hourly outdoor air temperature for the future 48 h, thus, the prediction stage was
limited to 1–48 h.

Since the physical equations in HYDRUS-1D were not related to the forecasted outdoor air
temperature, we performed a linear regression on 2667 forecasted outdoor air temperatures to establish a
conversion equation, Tconvert

a = 0.91T f orecast + 1.20 (R2 = 0.80), for the indoor air temperature. In addition,
the soil temperatures of the upper and lower boundaries required for the model were converted by
the linear regression equations, Tupper

s = 0.83Tconvert
a + 3.18 (R2 = 0.86) and Tlower

s = 0.75Tconvert
a + 5.19

(R2 = 0.84), with the aforementioned converted indoor air temperature from the soil temperature
data. Table 3 lists the inputs and outputs of the conversion. Figure 13a,b shows the prediction
results (magenta dashed lines) from the outdoor air temperature data of the weather forecast by
HYDRUS-1D with the measured parameters in basket No. 13. The green, orange, and blue lines are
the measured data of 48 h. Overall, the prediction results overestimated the soil temperature and
underestimated the volumetric water content, but the predictions were generally in accordance with
actual trends. The results deviated from the measured values because of restrictions on the model
parameters. The RMSEs of the predicted soil temperature and volumetric water content were 1.006 ◦C
and 0.011 cm3 cm−3, respectively, and the NSEs were −0.020 ◦C and 0.342 cm3 cm−3. The results are
shown in Table 4.

Table 3. Inputs and outputs for converting the forecasted outdoor air temperature to the indoor air
temperature for the studied models.

Models Inputs Outputs

HYDRUS-1D
For air temperature: (linear regression)
forecasted outdoor air temperature: T f orecast

converted indoor air temperature:
Tconvert

a
For soil temperature: (linear regression)
Tconvert

a

soil temperature of upper and lower
boundaries: Tupper

s and Tlower
s

Random forest

For air temperature and VWC:
forecasted outdoor air temperature,
24-h time,
ultraviolet index (UVI)

Tconvert
a

ICON The forecasted outdoor air temperature as the fourth input factor

For machine learning, during the prediction stage, we directly applied the random forest model to
train the indoor air temperature with the forecasted outdoor air temperature. The 24-h time, forecasted
outdoor air temperature, and ultraviolet index (UVI) were used as the input layer, and the indoor air
temperature data was the output layer (as shown in Table 3). After the training processes, we established
a conversion relationship between the weather forecast data and indoor air temperature. When the
converted indoor air temperature, Tconvert

a , was available, we applied the established random forest
model to predict the soil temperature and volumetric water content. Figure 13c,d shows the prediction
results (green dashed lines) from the random forest model via training data with the converted indoor
air temperature from the forecasted outdoor air temperature in basket No. 13. The prediction results
are in accordance with the actual measurement data, and the prediction performance of the random
forest model is more accurate than HYDRUS-1D. The RMSEs of soil temperature and volumetric water
content predicted by the random forest model were 0.333 ◦C and 0.006 cm3 cm−3, respectively, and the
NSEs were 0.889 ◦C and 0.795 cm3 cm−3. The results are shown in Table 4.
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Figure 13. Prediction results from the outdoor air temperature of the weather forecast by (a,b)
HYDRUS-1D with the measured parameters, (c,d) the random forest model via the training data,
and (e–h) ICON model re-established with four factors in basket No. 13 for (a,c,g) soil temperature and
(b,d,h) volumetric water content.

Table 4. RMSEs and NSEs of model predictions.

Models
RMSE NSE

Soil Temperature
(◦C) VWC (cm3 cm−3)

Soil Temperature
(◦C) VWC (cm3 cm−3)

HYDRUS-1D 1.006 0.011 −0.020 0.342
Random forest 0.333 0.006 0.889 0.795

ICON 1.701 0.006 −2.813 0.850
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Finally, we collected the outdoor air temperatures of weather forecasts as an influencing factor
and attached them to the ICON model. The ICON model was re-established for tomato planting with
the training set via the interactions between four factors, which were soil temperature, indoor air
temperature, volumetric water content, and forecasted outdoor air temperature; these factors affected
each other dynamically. The largest orders of Fourier series were fitted as follows: r = 250 for the soil
temperature, r = 250 for the air temperature, and r = 49 for the volumetric water content. Figure 13e–h
shows the prediction results (black dashed lines) from the forecasted outdoor air temperature of as
an input factor by the re-established ICON model in basket No. 13. The RMSEs of the predicted soil
temperature and volumetric water content were 1.701 ◦C and 0.006 cm3 cm−3, respectively, and the
NSEs were −2.813 ◦C and 0.850 cm3 cm−3 (as shown in Table 4). The prediction result of the volumetric
water content was consistent with the actual measurement data and showed an accurate prediction
result. Unfortunately, the partial predictions of soil temperature were inferior to the physical models
and random forest model. Regardless, the advantage of the ICON model is that it can extract the
dynamic interactions of a large complex system with multiple factors that affect each other dynamically.
The reason for the somewhat inaccurate prediction results for soil temperature may be because we
used only four factors for the short-term (48 h) prediction, which may have limited the performance of
this model.

5. Conclusions

We proposed a novel framework that applied physical models, machine learning methods,
and dynamic topology to simulate and predict soil temperature and volumetric water content in a
greenhouse in combination with weather forecast data. We used Newton’s law of cooling, HYDRUS-1D,
the random forest model, and the ICON model, to simulate and verify the measured soil temperature.
HYDRUS-1D, the random forest model, and the ICON model were used to simulate and verify the
measured volumetric water content. Moreover, the simulation performances of these models were
compared with RMSE. The random forest model was more accurate than the other methods with
limited information provided from the greenhouse experiments; this approach also has the potential to
suggest irrigation regimes. Additionally, the random forest model and ICON model can use historical
data to effectively simulate soil temperature and volumetric water content without physical parameters.

Our study demonstrated the capability of the proposed framework with HYDRUS-1D, the random
forest model, and the ICON model to predict soil temperature and volumetric water content based
on a future weather forecast of 1–48 h. With limited information, predictions on soil temperature
and volumetric water content by the random forest model were more accurate than the other models.
Using the three models from our proposed framework should help farmers in choosing a suitable
model for their agricultural practices.

Our proposed models can assess the water requirements for agricultural practices and develop
water content and temperature alarms for greenhouse management. Moreover, our approach
can collect soil and water information of the best practices determined by experienced farmers.
By setting the collected data as a training set, our prediction framework can not only learn best
management practices from experienced farmers, but it can also provide intelligent information for
smart greenhouse management.
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