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Abstract: Cold injury (CI) causes irreversible damage to tea plants, which results in decline in the
quality of famous teas and huge economic loss. A new, quick, non-destructive method is provided
to assess the CI of tea leaf based on terahertz (THz) spectroscopy. Absorbance of the samples was
measured with THz spectroscopy in frequency bands from 0.1 to 1.6 THz under low temperature
treatments of 4.0, 0, −2.5, −5.0, −7.5, and −10.0 ◦C. Fast Fourier transformation was explored to
decompose the endpoint signal to improve the ratio of signal to air and convert the time-domain
spectra to the corresponding frequency-domain spectra. To improve the separation of overlap signals
caused by substantial scattering of injured cells in the leaf, two-dimensional correlation spectroscopy
(2DCOS) and average intensity (AI) were introduced into the partial least squares regression (PLSR)
to build 2DCOS–PLSR and AI–PLSR models. Quantitative assessments of the 2DCOS–PLSR and AI–
PLSR models were conducted to evaluate the three models. The assessment results showed that the
correlation coefficients of the 2DCOS–PLSR model (R2D) were 0.7873, 0.8305, and 0.9103, respectively.
The root mean square errors of the 2DCOS–PLSR model (RMSE2D) were 0.6032, 0.5763, and 0.5221,
respectively. For the AI–PLSR model, RAI values were 0.7477, 0.7691, and 0.8974, respectively. RMSEAI

values were 0.6038, 0.5962, and 0.5797. The combination of THz spectroscopy with the 2DCOS–PLSR
model provided a better benchmark for the input interval selection and improved the accuracy of
cold-injury detection results.

Keywords: cold injury; terahertz spectroscopy; two-dimensional correlation spectroscopy; absorbance;
signal processing

1. Introduction

Tea (Camellia sinensis) is one of the most common materials for food and beverages
in the world due to its health benefits for human consumption [1,2]. The tea plant is
mainly grown in humid and warm hilly areas, where survival is mainly restricted by
freezing temperatures in the late spring [3–5]. In China, the plant has been suffering
from cold injury (CI) over the past decades, leading to a decline in production and huge
economic losses [6–9]. The freezing events that occur during winter are usually not the
only critical risks to the cold survival of tea [10], so the extent of tolerance is crucial [11,12].
However, severe physiological damage to the plant can take place when it is exposed to
freezing temperatures for a long period. Furthermore, CI can decrease the efficiency of the
nutrient transmission from the roots to the leaves [13,14]. Therefore, the search for cold-
tolerant cultivars could revolve around the differences in their ability to survive long-term
freezing [15,16]. Many available cold-resistance data have been determined on detached
plant material before freezing. However, in the plant’s environment, the whole plant is
exposed to the freezing temperature, which means that in situ cold resistance assessment is
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required [10]. Therefore, cold injury assessment of several leaves on a living plant under
cumulative decreases in temperature is the best for optimal conclusions [17].

Recently, various techniques have been developed to monitor and determine the
degree of CI in plants. These can be divided into destructive and non-destructive tech-
niques [18]. The destructive techniques, some of which involve clamping, can damage the
leaf depending on the clamping force and the clamping duration, which may render the
data acquired defective. Moreover, those methods are time consuming and are also not
suitable for on-line detection [19]. Thus, a more effective and non-destructive approach is
required for CI detection [20]. One of the emerging non-destructive techniques, terahertz
(THz) time-domain spectroscopy, has been widely explored in field research in food and
agricultural products [21]. For detection-related research in food and agricultural prod-
ucts, the frequency range of 0.1–1.6 THz is very sensitive [22,23], so the THz spectroscopy
technique offers better spatial resolution due to its smaller wavelength [24].

THz spectroscopy has also been extended into investigating stress in plant leaves.
Jördens et al. [18] investigated the permittivity of coffee leaves at THz frequencies and
reported that the dielectric material parameters can be used to determine the leaf water
status. The technique was similarly applied in a water stress assessment, with the wa-
ter content variation in the leaf affecting its thickness, which was reflected in the THz
absorption spectral values. Moreover, there is a direct correlation between the freezing
temperature and the amount of water that escapes out of the leaf due to cell damage [24].
The differences in the degree of cell opening at different locations in the leaf during freezing
require single-point measurements over the entire leaf surface. The measured average
presents data that fairly represent the CI of the leaf. The degree of CI and the resistance to
low temperatures can be reflected in the spectral differences [25–30], because the freezing
temperature causes a higher degree of cell opening, resulting in a larger quantity of water
oozing out. It is also well established that THz radiation is strongly absorbed by water and
that the total absorption depends on the optical-path length through which the wave is
transmitted [31,32]. A decrease in the leaf water content has a direct correlation with an
increase in THz transmission, because water is opaque in the THz band [33,34]. Similarly,
when a plant suffers from severe CI, the path length of the water will be reduced as the
water oozes out from the leaf. The THz wave is transmitted through that path, which
leads to higher absorptions [23]. Different THz absorption peaks caused by different low
temperatures can be considered as the leaf’s response to the CI. However, substantial
scattering of injured cells in the leaf could result in overlap signals which restrict accurate
assessment of damaged cell absorption in the THz region. Therefore, the combination
of the THz spectroscopy technique and a mathematical model with chemometrics could
provide feasible and effective quantitative assessment of the cold injury in the tea leaves.

THz spectroscopy has been widely employed as a quick and non-destructive method
for food- and agricultural-related research. To some extent, valuable information relating
to the physiological properties of samples should be able to be efficiently and rapidly
extracted from a THz spectral response. Chemometric techniques have been extensively
used for processing spectral data to reduce the large number of variations and to sustain
process analysis [35]. Chemometric techniques include pre-processing and multivariate
analysis of the spectral data. The pre-processing procedures are used to remove irrelevant
information and to increase the signal-to-noise ratio. The most common pre-processing
methods are the moving average smoothing method and the Savitzky–Golay first and
second derivative method [36]. Qualitative classification and quantitative regression are the
most common multivariate analysis techniques applied in THz spectroscopy. Among the
most commonly used algorithms, partial least squares (PLS) can be effectively combined
with another algorithm for model establishment in freezing detection studies [37].

The literature reviewed demonstrates the feasibility of reliance on a THz spectral
response to changes in the physiological properties of plant leaves for the assessment of
CI. However, only a few research projects concentrated on determining the effectiveness
of a THz spectral response to modifications in the macro- and microstructure of plant



Agronomy 2023, 13, 1376 3 of 13

tissue during freezing stress in assessing the degree of damage. Therefore, the objectives
of this research were as follows: (1) to assess the effect of varying low temperatures
applied to tea plants and determine the best THz frequency range of the absorption spectra
for the analysis; (2) to combine two-dimensional correlation spectroscopy with partial
least square regression (2DCOS–PLSR) to enhance the spectral differences of different low
temperatures; and (3) to utilize the correlation intensities obtained from the average spectral
and two-dimensional correlation spectroscopy to develop PLSR models and compare their
performance for excellent quantitative analysis.

This paper is organized as follows: detailed materials and methods used in the research
are presented in Section 2; related results and discussions are provided in Section 3; and
the conclusions of the overall paper and future research points are proposed in Section 4.

2. Materials and Methods
2.1. Samples Preparation

The experimental tea farm was in a typical hilly area located along the middle and
lower reaches of the Yangtze River (latitude 32◦01′37′′ N, longitude 119◦40′17′′ E). The
cultivar of the sampled tea plants was five-year-old Long Jing, which is an early-maturing
cultivar and easily suffers from cold injury. Five tea plants, carefully grown in the green-
house for six weeks, were selected as experimental samples. The goal was to fully stabilize
the plants to their original state before the CI detection. The tea leaves were well cleaned
twice with distilled water, and any remaining water was blotted with blotting paper before
the low-temperature treatment.

2.2. THz Spectra Detection and Assessment of the CI

The laboratory room temperature was around 4.0 ◦C. The control tea plant was placed
into the incubator (MIR253, Sanyo, Japan) after pre-cooling at 4.0 ◦C for 1 h and reduced
further to 0 ◦C for another 1 h. Subsequently, the initial experimental temperature for
the other plant samples was set to 4.0 ◦C and decreased from 4 ◦C to the targeted low
temperatures of −2.5, −5.0, −7.5, and −10.0 ◦C, respectively. The initial temperature of
4 ◦C was to ensure that the leaf’s cells were in a uniform state prior to the freezing tests. The
setting of the freezing process was as follows: first sample (4.0 and 0 ◦C); second sample
(4.0, 0, and −2.5 ◦C); third sample (4.0, 0, −2.5, and −5.0 ◦C); fourth sample (4.0, 0, −2.5,
−5.0, and −7.5 ◦C); fifth sample (4.0, 0, −2.5, −5.0, −7.5, and −10.0 ◦C). Each temperature
was maintained for 1 h. At the end of freezing for each treatment, five top leaves were
collected for scanning in the THz time-domain spectral imaging system (TS7400, Advantest,
Japan) which was positioned very close to the incubator to avoid disturbance of the CI
by the external environment. The scanning chamber had dry air injected into it without
interruption throughout the experiment to keep the internal relative humidity (RH) around
2%. The scan measurement area was set to a square of 1.0 cm× 1.0 cm, which included “off”
scans (outside the leaf surface) and “on” scans (on the leaf surface). However, the number of
“off” and “on” scans depends on the shape and size of the tea leaf. The frequency resolution
of TS7400 was set to 1.9 GHz, the dynamic range was set to >50 dB, and the acquisition rate
was set to 16 ms/scan. The measurement of the entire sample after different temperatures
were applied was carried out under this experimental condition. As shown in Figure 1,
THz pulses were transmitted through the leaf sample and generated the corresponding
THz time-domain spectra. The latter shows lower amplitude for the sample signal and
reaches the detector with a time delay [38–40]. Generally, due to the negative bands and
overlaps, data from 0.1–1.6 THz were selected for the quantitative analysis (Figure 1). The
data used for the analysis were randomly picked from “on” scan points at every level
along the length of the leaf, bringing the number of sampled scan points to ten for each leaf
(Table 1). Subsequently, the data acquired from the ten scan points were averaged to ensure
that the data used fairly represented the CI of the leaf. THz spectral responses (output) that
were used after scanning the leaves included the absorbance as influenced by the CI. The
whole process was repeated using new tea plants after freezing.
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Figure 1. Plant under freezing in the MIR253 (a), spectra measurement with THz-TDS (b), and
structure of the THz-TDS system (c).

Table 1. Terahertz spectrum settings for the measurements.

Measurement Types Dimension Conditions Dimension Values

Input dimension parameter of the
background measurements

X Y
Reference offset (mm) 0.0 0.0

Input dimension parameter of the
sample measurements

X Y
Scan offset (mm) 10.0 10.0

Measurement offset (mm) 1.0 1.0
Coarse measurement step (mm) 1.5 1.5

Measurement count (mm) 10 10
Coarse/fine mode coarse

Measurement conditions

Frequency resolution (GHz) 3.8
Calculated number 32

Calculation range start (THz) 0.3
Calculation range stop (THz) 4

Sample thickness (mm) 1
Analysis type All responses

2.3. Signal Processing of THz Waveform

THz time-domain spectra were collected in the range of 0.1–1.6 THz. The time-domain
spectra were converted to the corresponding frequency-domain spectra by fast Fourier
transformation (FFT), which is given by [41]:

F(k) =
N−1

∑
i=0

f (n)e−j [ 2π
N ]

nk
(1)

WN = e−j[ 2π
N ] (2)

F(k) =
N−1

∑
i=0

f (n)Wnk
N (k = 0, 1, . . . , N − 1) (3)

where N is the transform size and f (n) is the sequence of the input.
In this study, the FFT function was provided by MATLAB17.0. The FFT obtained the

corresponding transformations of these short sequences and made the fitting combination
to delete the repeated calculation. In addition to the time-domain spectra, an integer power
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of 2 was required as the transform size. Then, based on the general laws of absorption, THz
absorbance spectra could be calculated by [42]:

Absorbance (Wt) = log10

∣∣∣∣Ss(wt)

Sr(wt)

∣∣∣∣2 (4)

where Ss(wt) and Sr(wt) are the THz components in the frequency domain corresponding
to the sample and the condition being studied.

2.4. Computation of 2D Correlation Spectroscopy

It is crucial in modelling to remove the effects of outliers. The leverage–studentized
residual method is extensively used to detect the outliers in samples. A studentized
residual is the quotient resulting from the ratio of a residual and an estimate of its standard
deviation. The responses of samples with high leverage and high studentized residuals
were considered outliers [42,43]. The frequently used robust PLSR model was employed to
quantitatively analyze the freezing temperature effect on cold injury due to the complexity
and high dimension of the THz spectral data [44]. Predictions can be statistically necessary
and use the absorbance values within the frequency range 0.1–1.6 THz. Spectrum features
were extracted and then the correlation between the instrumental measurements and the
values of each predicted property was established [25,45].

Two-dimensional correlation spectroscopy (2DCOS) was utilized to enhance the spec-
tral differences of tea samples held at different low temperatures for different lengths of
time. In this study, two-dimensional terahertz correlation spectroscopy (2DCOS–THz)
was used to optimize the quantitative analysis model. The 2DCOS–THz technique was
achieved by applying stress from different low temperatures on the plants. Subsequently,
the THz spectra of the samples were measured and processed by following the generalized
two-dimensional (2D) correlation algorithm proposed by Isao Noda [46,47]. For dynamic
spectra ỹ(v, c), where v means the frequency and c means the different low temperature, the
intensity of a synchronous 2D correlation spectrum φ (v1, v2) represents the simultaneous
change of two spectral intensity variations measured at v1 and v2, which is given by the
following expression [25,47]:

RMSEP =

√
∑N

i=1(SiP − Tir)
2

N
(5)

Computation of the asynchronous correlation spectrum Ψ(v1, v2), which means the
out-of-phase or sequential changes of spectral intensity measured at v1 and v2, requires the
Hilbert–Noda matrix, defined as [22,45]:

Njk =

{
0
1

π(k−j)

j = k

j 6= k
(6)

Therefore, Njk is the value in row j and column k of the Hilbert–Noda matrix, and the
asynchronous 2D correlation spectrum Ψ(v1, v2) is given by the following expression [22,45]:

Ψ(v1, v2) =
1

m− 1

m

∑
j=1

ỹ(v1)× Njk ỹ(v2) (7)

2.5. Evaluation of Models’ Performance

The correlation coefficient of the prediction set (Rp) and the root mean square error of
the prediction set (RMSEP) were explored to evaluate the prediction precision. They are
defined as:
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RP =
∑N

i=1
(
Tir − Tir

)(
Sip − Sip

)√
∑N

i=1
(
Tir − Tir

)2
√

∑N
i=1
(
Sip − Sip

)2
(8)

RMSEP =

√
∑N

i=1(SiP − Tir)
2

N
(9)

where Tir and Tir are the reference values of the ith ample and the average values of the
reference values, respectively; SiP and SiP are the predicted values of the ith sample and the
average values of the predicted values, respectively; and N is the number of the samples.

3. Results and Discussion
3.1. Absorbance Response of Tea Leaves to Different Low Temperatures

The trend has shown that seven chief peaks and three subordinate peaks exist in the
band. The chief peaks could be found in 0.21 THz, 0.46 THz, 0.62 THz, 0.78 THz, 1.0 THz,
1.32 THz, and 1.54 THz, and the subordinate peaks could be found in 0.32 THz, 0.89 THz,
and 1.2 THz (Figure 2).
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The average THz absorbance of tea-plant samples under stress from different low
temperatures generally increased significantly with the decrease in temperature. The trend
for the temperature of 0 ◦C was far lower than the trend for the other temperatures and
could be easily discriminated. This is because serious injury to tea plants takes place at
temperatures below 0 ◦C. The differences in the absorption peaks for the other temperature
levels could not be easily discriminated due to closeness and overlap.

3.2. Multivariate Analysis Using the AI–PLSR and 2DCOS–PLSR Models
3.2.1. The Role of Outliers in the Model

In order to develop a more perfect PLSR model, it is necessary to remove the outliers
that may exist in the dataset. In view of this, outliers were detected by calculating the
leverage and the studentized residual (Figure 3). Two reference limits of the studentized
residual were respectively set to 2 and −2 times the average of the absolute values of all
the studentized residuals. Samples that were beyond the reference limit of the studentized
residual were judged to be outliers.
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3.2.2. Average Intensity (AI) Spectra and Synchronous 2DCOS

The instability features in the absorbance spectrum make it difficult to segregate
the absorbance curve changes that result from different temperatures. According to the
Lambert–Beer law, absorbance is proportional to the concentrations and thickness of the
attenuating species in the material sample. Similarly, the degree of CI which is due to
temperature changes is proportional to the absorbance. As a result, the THz spectrum
could have more leaf cell openings to interact with at a higher injury level than at a lower
injury level. Furthermore, the length of the optical path through which the THz wave
is transmitted is reduced at higher injury levels due to the water that oozes out of the
leaf [23,32]. The effect is that higher absorptions increase the intensity of cold stress [23].
In this case, the interesting part is the changes in absorbance curves at different low
temperatures in a specific frequency range. It is necessary to select the subintervals which
contain the most interesting information on CI changes, instead of the whole interval, to
reduce the impact of the instability features. The selection of such subintervals could be
performed by direct observation. However, the slightest variations could affect robustness
and might not be conducive to calculation. Based on the average intensity (AI) spectra
(Figure 4), eighteen intervals were selected as follows: 0.168–0.187 THz, 0.351–0.370 THz,
0.450–0.469 THz, 0.530–0.549 THz, 0.626–0.645 THz, 0.729–0.748 THz, 0.824–0.843 THz,
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0.866–0.885 THz, 0.938–0.957 THz, 1.030–1.049 THz, 1.072–1.091 THz, 1.137–1.156 THz
1.194–1.213 THz, 1.251–1.270 THz, 1.385–1.404 THz, 1.461–1.480 THz, 1.530–1.549 THz, and
1.568–1.587 THz.
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Similarly, the necessary enhanced solution was obtained from the synchronous 2D
correlation intensity of 2DCOS. Figure 5a presents the 2DCOS–THz synchronous spectra
for the THz absorbance of samples at different freezing temperatures. The contours of
the temperature-perturbed 2DCOS–THz synchronous spectra reflect the change in the
sample’s absorbance. The auto-peak (Figure 5b), which represents the autocorrelation and
the vulnerability of perturbation-induced fluctuations of the THz signals, is the diagonal
peak of the 2DCOS–THz synchronous spectra. The best input intervals were based on the
intensity changes, which are directly correlated to the strength of the peak (Figure 4) as
proven by Isao Noda’s study [42]. In this study, fourteen intervals of the frequency were
selected as follows: 0.195–0.214 THz, 0.278–0.298 THz, 0.557–0.576 THz, 0.618–0.637 THz,
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3.2.3. Performance Evaluation of the Models

AI–PLSR models without each outlier were, respectively, built and presented in Table 2.
The specific comparisons of the evaluation parameters were the correlation coefficients
RAI values and RMSEAI values as shown in Table 2. Compared with the original model,
the model of samples without 0 ◦C-1; −2.5 ◦C-2; −7.5 ◦C-1; and −10 ◦C-1 was more
accurate, with an increased value for RAI from 0.7477 to 0.7691 and a decreased value for
RMSEAI from 0.6038 to 0.5962. A new model was obtained by removing samples 0 ◦C-3;
−2.5 ◦C-3; −5 ◦C-1; −7.5 ◦C-3 and −10 ◦C-3. The performance further improved with an
increased value for RAI from 0.7691 and 0.8974 and a decreased value for RMSEAI from
0.5962 to 0.5797. This means that the final model is better than the other two described
above (Figures 6a, 7a and 8a).

Table 2. Comparison of original PLSR and 2DCOS–PLSR performance.

NO. Model RAI RMSEAI R2D RMSE2D

1 All samples 0.7477 0.6038 0.7873 0.6032

2 Removed, 0 ◦C-1; −2.5 ◦C-1;
−7.5 ◦C-1; and −10 ◦C-1 0.7691 0.5962 0.8305 0.5763

3 Removed, 0 ◦C-1; −2.5 ◦C-2; −5
◦C-1; −7.5 ◦C-1 and −10 ◦C-1 0.8974 0.5797 0.9103 0.5221
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In the same way, models were developed based on 2DCOS, and the scatter distribu-
tions of these models are presented in Figures 6b, 7b and 8b. Compared with the first
2DCOS–PLSR model, the model of samples without 0 ◦C-1; −2.5 ◦C-2; −7.5 ◦C-1; and
−10 ◦C-1 was more accurate with an increased value for R2D from 0.7873 to 0.8305 and a
decreased value for RMSE2D from 0.6032 to 0.5763. The final model performed better than
the other two above, with a further increase in the R2

2D values from 0.8305 to 0.9103 and a
decrease in the RMSE2D values from 0.5763 to 0.5221 (Table 2).

The fitting effect between the predicted and the actual values of the scatter distri-
butions for the AI–PLSR model can be ranked as (Figure 8a > Figure 7a > Figure 6a).
Subsequently, the 2DCOS–PLSR model indicated that Figure 8b had a higher fitting effect
between the predicted and the actual values than Figure 7b, with Figure 6b having the
lowest fitting effect. The scatter distributions of the 2DCOS–PLSR model at all levels
(Figures 6b, 7b and 8b) had better fitting effect between the predicted and the actual values
compared with the AI–PLSR model (Figures 6a, 7a and 8a).

The specific comparisons of the assessment parameters were the correlation coefficient
values (RAI and R2D) and the RMSE values (RMSEAI and RMSE2D) as shown in Table 2. THz
spectroscopy has the advantage of sensitive discrimination of injured leaf from normal leaf.
Therefore, a THz spectra response can be used to provide parameters for the quantitative
analysis of cold injury in plant leaves. The 2DCOS–PLSR model had a significant increase
in R2D value and a remarkable decrease in RMSE at all the levels. In the quantitative
assessment result obtained for the 2DCOS–PLSR model, R2D is 0.7873, 0.8305, and 0.9103,
respectively. RMSE2D is 0.6032, 0.5763, and 0.5221, respectively. For the AI–PLSR model, RAI
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is 0.7477, 0.7691, and 0.8974, respectively. RMSEAI is 0.6038, 0.5962, and 0.5797, respectively.
This shows that the combination of PLSR with 2DCOS provides a better and a clearer
benchmark for the input interval selection, and coupled with signal processing it reduces
the adverse effect of noisy signals. The excellent performance represents remarkable
improvement through the use of 2DCOS–PLSR.

4. Conclusions

In this study, a new method of assessing the CI of a tea cultivar (Long Jing) by
measuring the absorption spectra obtained from a non-destructive THz spectroscopy
has been established. The study demonstrates the effectiveness of the THz technique
in the characterization of the changes associated with cold injury in tea leaves. Though
studies have shown that substantial scattering of injured cells in the leaf results in overlap
signals which restrict accurate assessment of damaged cell absorption in the THz region,
the combination of the THz spectroscopy technique and the 2DCOS-PLSR model with
chemometrics has provided feasible and effective quantitative assessment of cold injury in
tea leaves.

The fitting effect between the predicted and the actual values of the scatter distributions
for the 2DCOS–PLSR model at all levels was significantly higher than for the AI–PLSR
model. The 2DCOS–PLSR model had a significantly higher correlation coefficient value and
a remarkable decrease in RMSE values at all levels. The combination of PLSR and 2DCOS
provided a better and a clearer benchmark for the input interval selection and reduced
the adverse effect of noisy signals. The merits of these methods are that they reduce time
consumed on repetitive experiments and provide reliable results by decreasing the errors
that could be inherited from the operator’s skills. The excellent performance represents
remarkable improvement through use of the 2DCOS–PLSR model. It is expected that the
2DCOS–PLSR model for the non-destructive evaluation of CI by THz spectroscopy can be
further applied in the study of plant nutrients dosage perturbation as part of research into
cold tolerance analysis.

In future research, we will evaluate THz spectroscopy and hyperspectral imaging
techniques in the detection of freezing injury in other plants that are grown in areas prone to
freezing/frost. Further research will also focus on improvements in assessing cold damage
and should study temperatures of at least −15 ◦C and, if possible, up to −25 ◦C, since in
the plant environment, the plant canopy temperature can sometime decrease to as low as
−30 ◦C. This will ensure that data are made available for all seasons and all regions and for
seasonal fluctuations in the ambient temperature.
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