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Abstract We present an electromagnetic model of plant leaves which describes their
permittivity at terahertz frequencies. The complex permittivity is investigated as a function
of the water content of the leaf. Our measurements on coffee leaves (Coffea arabica L.)
demonstrate that the dielectric material parameters can be employed to determine the leaf
water status and, therefore, to monitor drought stress in plant leaves. The electromagnetic
model consists of an effective medium theory, which is implemented by a third order
extension of the Landau, Lifshitz, Looyenga model. The influence of scattering becomes
important at higher frequencies and is modeled by a Rayleigh roughness factor.

Keywords Terahertz time-domain spectroscopy - Dielectric mixture -
Permittivity model - Leaf water content - Drought stress - Coffea arabica

1 Introduction

The evaluation of leaf water content is of great importance to farmers and horticulturists
as well as to scientists like plant physiologists or biochemists. It provides valuable
information in irrigation management and helps to avoid plant drought stress. Owing to the
growing scarcity of water in an increasing number of regions of the world, knowledge of
the water content in plant leaves will become increasingly important to control its usage in
irrigation.
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The state-of-the-art techniques in determining leaf water status can be divided into two
groups, destructive and nondestructive. An example of the former is a thermogravimetric
measurement, which is the most prominent method and offers high reliability as well
as ease of handling: the water content is calculated by the weight difference of fresh
and fully dried samples. However, for long-term studies of the same plant, nondestructive
methods are required. Among these techniques, contactless measurements are preferable,
for example those which employ infrared radiation or microwaves. Nuclear magnetic
resonance has also been adopted for measurements of leaf water content [1]. We will,
however, concentrate on the first two techniques since the last one requires complex systems
with large electromagnets and is, therefore, not suitable for the development of compact
field instruments in the future.

Microwave measurements refer to the change in the permittivity of the leaf with varying
water content. Models to describe the dielectric constant have been successfully developed
up to a frequency of 100 GHz [2-4]. However, the permittivity, especially at lower
frequencies, is strongly affected by the salinity of the water within the leaf [5]. Furthermore,
due to the relatively large wavelength, the resolution for imaging measurements is limited.
The evaluation of leaf water status based on infrared radiation is usually carried out in
reflectance geometry [6—10]. Although this area of research is more than 20 years old,
there is still an ongoing discussion of the suitability of the employed spectral indices
[9]. Furthermore, extraneous variables also have an influence on the reflectance-based
measurements of leaf water content [10].

Recently, terahertz radiation has been employed for the first time to image the water
distribution within the leaf of a common house plant [11]. This radiation, which covers a
frequency range between 0.1 and 3 THz, is very sensitive to water. Due to its smaller
wavelength compared with microwaves, it offers a better spatial resolution. Furthermore,
the influence of dissolved salts on the permittivity of water is low. In a first model by
Hadjiloucas et al. [12], the influence of varying water content in plant leaves on the
absorption coefficient was described. In this approach, scattering losses were neglected
since the measured data ends at frequencies of 500 GHz. Furthermore, this model does
not provide the refractive index, which is necessary for a complete description of the
permittivity.

Here, we present a model which allows for the simultaneous calculation of the refractive
index n and the absorption « of plant leaves. For the evaluation of the leaf water content,
either n or « can be employed. We implement a Rayleigh roughness factor in our model to
account for scattering losses, which have a crucial influence on the absorption, especially
at higher frequencies above 1 THz. We successfully employ the model to calculate the
refractive index and the absorption coefficient of fresh and stressed coffee leaves at
frequencies between 0.3—1.8 THz. Furthermore, we use this model to evaluate changes in
the leaf water content of a particular C. arabica plant during a long-term study.

2 Experimental setup and sample preparation

Different coffee plants with a similar size and number of leaves were investigated in the
fundamental study. Some of these plants were subjected to drought stress, while others were
watered as regularly as before. The plants were considered to be stressed if signs of wilting
were apparent. Leaves with a similar size were detached from the fresh and drought-stressed
plants and measured with a standard THz time-domain spectrometer. The corresponding
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setup and the extraction of the material parameters n and « are described in detail in
[13, 14]. For the fundamental study, leaves at different stress levels were investigated. The
thickness of the leaf was determined by means of a micrometer screw; a gentle turning of
the screw assures an undamaged leaf surface. In the next step, the water content of the leaf
was evaluated. For this, a round piece with a diameter of 13 mm was cut from the leaf and
dried. The mass change from the beginning to the end of the drying process accounts for
the water loss. A circular sample shape (disk) was selected to associate the water loss with
a fixed leaf surface.

For the investigated leaves of this study, the leaf thickness increases continuously with
rising water content. Figure 1 depicts the leaf thickness as a function of the water content.
The solid line represents a polynomial fit of the measured data and may serve as a guide
to the eye. These findings agree well with the results presented in [12]. Yet, as already
mentioned by Hadjiloucas et al. [12], the determination of the leaf thickness represents just
an indirect measurement of the water content. Errors may arise if the determination of the
leaf water content is based only on the thickness measurements. Therefore, an alternative
method, i.e., investigation at THz frequencies, is required.

The dried leaf disk consists of air and the remaining solid plant material. To evaluate
the air content, the disk was pressed for 1 min under a load of 10 tons. The change in
the thickness was attributed to the loss of air within the dry leaf disk. The dried leaves
had a thickness between 60 to 90 um, and after pressing, the thickness of all leaves was
around 31 £ 1 pm. The weight was 5 mg and no weight loss was observed during the
pressing process. This result demonstrates that the absolute amount of solid plant material
remains constant if the plant is subjected to drought stress. The pressed disk was additionally
measured in a THz time-domain spectrometer to determine the permittivity of the solid plant
material. The analyses of solid plant material disks from various plants revealed very similar
results, demonstrating that their permittivities exhibit only slight variations.

It should be noted that the absolute thickness of the solid plant material may slightly
change by varying the pressing conditions. However, this results in a different value of the
permittivity of the material. This may only affect the air content but not the water content
which is the aim of this study.

Fig. 1 Leaf thickness of a coffee T T T T T T T
leaf at different volumetric 220
water contents
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The volume concentrations £ of water, air, and solid plant material (with the indices
W, A, S, respectively) can be evaluated by the formulas

AR T e T
S=+-, Sw= o sa=1—-8—38w

Ty pw A
where pw is the specific gravity of water and A4 the leaf’s area (13 mm diameter disk), T’
is the thickness and M represents the mass. The indices 1, 2, 3 denote the measured values
before and after drying and after pressing, respectively.

Additionally to the fundamental investigation, a long term study was performed. One
coffee plant was drought-stressed for 21 days, and one leaf was measured in the THz
spectrometer at certain days. The thickness was recorded as well. The results are shown
in Section 4.

3 Theoretical model and experimental results

A leaf consists of a complex biological structure of tissues and different biomolecules like
cellulose and other carbohydrates, proteins, and many other high and low molecular weight
compounds. Yet, describing the structure and composition of leaves in detail is not essential
for our investigation. It is more useful consider only those components which actually
interact with the electromagnetic wave. We identified the main substances to be water, air,
and solid plant material. The last one summarizes everything that can be found in a pressed
and dry leaf. We evaluated the permittivity of solid plant material (see Fig. 2) and did not
observe any pronounced feature in the spectrum. Therefore, no further subdivision of this
component is necessary.

The permittivity of a multicompound mixture can be described by an effective medium
theory (EMT). One widely-employed EMT is the Landau, Lifshitz, Looyenga model (LLL)
[15], which characterizes mixtures consisting of irregular-shaped particles. Therefore, it is
well-suited as a dielectric model of a plant leaf. However, the LLL model is just capable of
describing the effective permittivity of a compound consisting of two components. Thus,
we provide a third-order extension of the LLL model to account for the three parts of the
leaf:

Ve (f) = Ewv/ew (f) + &sv/es (f) + Eav/ea (f)

where & and ¢ are the concentration and the permittivity of the components, respectively.
The index L, W, S, A refers to the leaf, the water, the solid plant material, and the air,
respectively.

We derived the pure water permittivity by a dual Debye model [16]. The dielectric
properties of the solid plant material were determined by TDS measurements on the pressed
and dried leaves as described in Section 2. Figure 2 shows the refractive index and the
absorption coefficient of the solid plant material. The results scatter somewhat around the
solid line; therefore, a least squares approximation (solid line) was used as an input for
the dielectric model.

The measured refractive index and the absorption coefficient of two selected leaves, a
fresh and a drought-stressed one, are depicted in Fig. 3. We observe a strong abnormal
dispersion of the refractive index which is attributed to the large water content in the leaf.
The absorption of fresh leaves exceeds 100 cm™! for the same reason. Both dielectric
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Fig. 2 Refractive index (a) and a
absorption coefficient (b) of solid 2.0 T T T T T T T
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parameters differ significantly for fresh and water-stressed leaves. Thus, they are well-suited
for the evaluation of the leaf’s water content. Figure 3 shows the simulated results for the
refractive index and the absorption coefficient as well. We find a good agreement between
measurement and simulation for the refractive index, whereas a strong deviation for the
absorption coefficient is observed. The discrepancy increases with increasing frequency.
Thus, we attribute this deviation to the fact that scattering losses have not been implemented
yet in this model. This aspect will be addressed in the remainder of this section.

The complex permittivity of the leaf ¢ includes the absorption losses. However, the
scattering at the leaf’s interfaces is neglected by the above approach. For a better description
of the leaf’s permittivity, we summarize the two contributions, absorption and scattering
losses, to determine the total absorption coefficient:

Ores = Qlabs 1 Uscat-
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Fig. 3 Refractive index (a) and a
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The influence of scattering due to surface roughness can be described by a Rayleigh
roughness factor [17]. To account for the frequency-varying reflectivity, we additionally
take the contrast in permittivity Ae into account, which leads to the scattering-induced
apparent absorption:

)

4t cos (0) S|
it aA e I
A T

Ascat = (AS (f) :
with

Ae (f)=+VeL (f) — 1.

Here, t denotes the degree of surface roughness expressed by the standard deviation
of the height profile, 6 is the angle of incidence, A the free space wavelength, and 7 the
thickness of the leaf. We determined several height profiles from the front and back surface
of a leaf and obtained standard deviation values between 1.89 and 7.34 pum. One typical
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height profile is shown in Fig. 4a. Therefore, we assume for v a value of 3.5 pm in our
calculations, which fits well to the dimensions of the surface structure of these leaves.

Figure 4b presents the measured and simulated absorption coefficient for a fresh and a
drought-stressed leaf. The simulation was performed with the extended model accounting
for scattering losses. Now, a much better agreement between measurement and simulation
is observed.

In conclusion, we derived a model for the complex permittivity of plant leaves with
different water contents in the frequency range between 0.3 and 1.8 THz. This model,
which we call the leaf permittivity model, is employed to calculate the leaf water content
(C for calculated) from the measured permittivity (M for measured) at a frequency of
0.9 THz (cf. circles in Fig. 5). The data were taken from several measurements of different
plant leaves in the fundamental study. These leaves were either fresh or at different stages of
drought stress. In contrast, the water content (M), which was measured for the same leaves
(Section 2), was used to calculate the corresponding permittivity (C) at the same frequency
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Fig. 5 Refractive index (a) and a
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(cf. squares in Fig. 5). We observe a good correspondence between pairs of permittivity and
water content along a straight line.

4 Evaluation of leaf water status

In addition to the fundamental investigation, a long-term study was also performed. One
Coffea arabica plant was stressed by drought for 21 days, and one leaf of this plant was
measured in the THz spectrometer at certain days. Figure 6 depicts in (a) the transmission
at a frequency of 300 GHz and in (b) the volumetric water content, both as a function of
time. The transmission rises significantly with increasing time or rising drought stress for
the plant, respectively. The volumetric water content decreases at the same time.

From the measurements at certain days of the long-term study, the permittivities are
derived. The leaf permittivity model is employed to calculate the corresponding water
content (cf. circles in Fig. 6b). At the beginning of our study, the water content was at
70% and it went down to 15% at the end of our investigation. The water loss of the leaf is
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described by an exponential decay (solid line in Fig. 6b), which was then used to calculate
the expected transmission (solid line in Fig. 6a). The resulting curve agrees well with the
measured transmission (squares in Fig. 6a). This shows that the combination of experiment
and theory yields consistent results.

5 Conclusion

We have developed an electromagnetic model for the permittivity of plant leaves in the
frequency range between 0.3 to 1.8 THz. The leaf permittivity model is based on a third-
order extension of the model by Landau, Lifshitz, and Looyenga. It includes scattering
losses by an implementation of a Rayleigh roughness factor. The developed model was
successfully employed to determine the water content in coffee leaves. The model is in
general suitable to describe the leaf water content of any plant if the solid plant material
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parameter is determined before. Currently, we are working on a compact transportable THz
spectrometer and a contact-free thickness measurement to avoid any damage of the leaf
surface.
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