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We present a numerical method to determine the volumetric water content of leaves

from transmission terahertz time-domain spectroscopy data. The method is based on

iterative optimization of parameters of an effective medium model for vegetative tissue.

We found a very good agreement between measurements performed with this method

and direct fresh/dry leaf weight-based water measurements.
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Figure 1. (Color online) Cross section of leaf structure. The leaf is composed mainly

of air cavities, water and other compounds like sugars and proteins. Using effective

medium theory it is possible to obtain the effective dielectric function of this complex-

structured mixture as a combination of the dielectric functions of air, water and dry

tissue.

1. Introduction

The water content in vegetative tissues is a parameter of high importance to plant

scientists. Currently this parameter is measured by destructive methods such as

comparison of the fresh and dry weight of leaves. None of these methods allow for

the instantaneous or continuous monitoring of the water content in live tissues. For this

purpose a non-destructive technique that preferably requires very weak interaction with

the plant in order to avoid altering its dynamics is desirable. The strong attenuation

of terahertz (THz) radiation by water[1] makes radiation in this frequency band a

very sensitive non-contact probe of hydration with enormous potential to perform non-

destructive in-vivo detection of the water content. Furthermore, the recent advances in

terahertz technology have improved the reliability, cost and ease of use of terahertz

spectroscopy systems, which are now commercially available, making possible their

implementation in biological research laboratories.

Terahertz time-domain spectroscopy (TDS) is a technique that has matured over

the last three decades allowing the observation of physical[2, 3], chemical[4, 5] and

biological[6, 7, 8, 9] phenomena in the far-infrared band (300GHz to 3 THz; 100µm to

1mm). This technique has the additional advantage of operating in the sub-microwatt

power regime maintaining excellent signal-to-noise performance, which makes its effect

on the live sample negligible.

Most of the previous publications reporting water status monitoring in plants using

terahertz spectroscopy have reported the transmittance or absorption coefficients as

qualitative indicators of water content[10, 11, 12, 13]. However the actual volumetric

water concentration was not quantified from the measurements.

In this article, we present a method to extract the volumetric fraction of water

in leaf tissue from THz-TDS data. This method is based in the implementation of a

numerical algorithm that calculates the parameters using an effective medium theory

model of the dielectric function of vegetative tissue.
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2. Theoretical model

A leaf is a complex and heterogeneous structure made up of water, air, and “solid”

tissue mostly composed of proteins, sugars and other compounds as illustrated in

Fig. 1. The water content of the mixture is associated to different environmental and

physiological conditions. In a previous publication[14] Jördens et al. demonstrated

that effective medium approximation is an appropriate model to obtain the terahertz

dielectric function of hydrated tissue. In particular they used an extended Landau-

Lifshitz-Looyenga model[15] that relates the dielectric function of a heterogeneous

mixture to the dielectric functions of its components. Within this model the dielectric

function of the leaf is given by

3

√
εL(f) = aW

3

√
εW (f) + aS

3

√
εS(f) + aA

3

√
εA(f), (1)

where εi are the dielectric functions and ai are the relative volumetric concentrations of

the different compounds, the indices refer to leaf (L), water (W), solid/dry tissue (S)

and air (A) respectively. The water dielectric function was obtained from a dual Debye

model[16]. In order to determine the dielectric function of solid/dry tissue, a compact

pellet can be prepared by compressing dried leaves using a hydraulic press, subsequently

a THz-TDS transmission measurement should be performed.

According to Ref.[14], in order to obtain the correct transmission coefficient for the

leaf, it is critical to take into account the scattering produced by the rugose surface of

the leaf. The complex transmission coefficient is given by

T (f) =
Esam(f)

Eref(f)
, (2)

where Esam(ω) and Eref(ω) are the Fourier transformed electric fields measured by THz-

TDS. The surface scattering can be included in the model by using a Rayleigh roughness

factor[17], which means that a loss equivalent to an increased absorption coefficient

α = αabs + αscat has to be considered, where

αscatt =

(
∆ε(f)

4πτ cos(θ)

λ

)2
1

d
, (3)

with

∆ε(f) =
√
ϵL(f)− 1. (4)

In such model the roughness τ is the standard deviation of the height profile of the leaf,

d is the thickness of the leaf and θ is the angle of incidence.

The algorithm described in the previous section is assumed to be valid for leaves of

any species provided that the correct dielectric functions, volumetric fractions, roughness

and thickness are used. However, if the dielectric function of the leaf and its components

is known, it is not trivial to determine the relative volumetric proportions of such

components. In the following paragraphs we present a method to calculate the relative

volumetric fractions of each component of the leaf given the dielectric functions of the

hydrated leaf and its components.
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Figure 2. (Color online) Flow chart of iterative algorithm used to determine the

volumetric fraction of water in a leaf. The algorithm calculates the experimental

transmission function and compares it to a theoretical transmission coefficient

calculated from the combination of the dielectric functions of its components according

to the model presented.
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Figure 3. (Color online) Real (continuous) and imaginary (dashed) parts of the

dielectric function of dry compact tissue measured by THz-TDS.
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The terahertz based hydration measurement is performed by experimentally

determining the transmission coefficient TExp
L (f) of the leaf using THz-TDS.

Subsequently, an initial set of values ai and d are assumed, with them, Eq. 1 is used to

calculate a theoretical value of the dielectric function, with this dielectric function in

combination with Eq. 3 the real and imaginary parts of the refractive index are computed

and finally from them a theoretical transmission coefficient TTheo
L (f) is calculated. The

values of ai and d are then changed using an iterative sequential quadratic programming

algorithm[18] in order to minimize the difference between the experimental transmission

coefficient (Eq. 2) of the leaf and the theoretical one. In other words, this optimization

adjusts the parameters aW , aS and aA as well as the leaf thickness d in order to fit

the experimental transmission coefficient. The algorithm is schematically represented

in the flow chart in Fig. 2. The conversion of volumetric V% = aW ×100 to weight water

percentage W% can be carried out using the parameters resulting from the iterative

algorithm

W% =
aWρW

aWρW + aSρS
× 100. (5)

where ρW = 1000 kg/m3 is the density of water and ρS is the density of the solid/dry

tissue.

3. Experiment

In order to test the validity of the algorithm described in the previous section, which is

in principle valid for any plant, we performed a series of measurements on Barley leaves

(Hordeum vulgare ssp. vulgare) as a exemplary model system. The measurements

were carried out using a THz-TDS system based on an Er:Fiber laser providing ∼65 fs

pulses with a central wavelenght of 1550 nm at a repetition rate of ∼80MHz. A fraction

of the pulses was sent through a polarization maintaining piezo-driven fiber-stretcher

producing a delay of ∼15 ps at 10Hz. These pulses were used to excite an LT-InGaAs

stripline photoconductive emitter. The remaining fraction of the pulses was used to gate

an LT-InGaAs dipole photoconductive detector. After emission, the THz radiation was

collected and refocused by a pair of polyethylene lenses producing a ∼3mm (FWHM)

focus where the sample leaf was placed so that the radiation transmitted through the

center of each leaf. Two additional lenses were used to collimate and refocus the

radiation transmitted through the sample onto the photoconductive detector.

Barley plants where grown under optimal watering and illumination conditions.

Ten fully expanded and healthy leaves were cut from the plants (at t = 0) and both the

terahertz and gravimetric measurements started immediately as described in the rest of

this section. The following steps were repeated 12 times :

(i) Each leaf was weighted.

(ii) A THz transmission spectrum was taken for each leaf.

(iii) The leaves were dried in an oven at 60◦C for 10 minutes.
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Figure 4. (Color online) Terahertz-based (circles calculated with Eq. 5) and

gravimetric (triangles calculated with Eq. 6) quantification of weight-percentage of

water contents in leaves. At t = 0 the leaves were separated from a live plant and

they were maintained in an oven at 60◦C between measurements in order to accelerate

their dehydration. The continuous line is supplied as a ”guide to the eye” and does

not represent any actual measurement. The lower panel shows the absolute deviation

between the terahertz and the gravimetric measurements.

Subsequently, the leaves were left in the oven until they were completely dehydrated in

order to obtain their dry weight Wdry.

The weight percentage of water at each time step is

W
(i)
% =

(
Wi −Wdry

Wi

)
× 100, (6)

where Wi is the weight measured at the i-th measurement cycle. In plant science this

is known as gravimetric determination of water content. The gravimetric water content

for the ten leaves was averaged at each time step.

It is worth mentioning that the surface scattering parameters are fixed by the user

and not by the iterative algorithm. The radiation was incident at θ = 0 and a value

of τ=1µm was taken, which is a reasonable estimation for barley leaves. As stated in

the previous section, the dielectric function of the dry/solid tissue was determined by

THz-TDS spectroscopy on a pellet made from compressed dried barley leaves. This

dielectric function is shown on Fig 3.

4. Results and discussion

The terahertz spectra obtained in each measurement cycle were processed with the

algorithm presented in Sec. 2. The averaged weight percentage obtained from the

algorithm for the ten leaves as function of drying time is shown in Fig. 4 (circles). The

gravimetric data (triangles) is also presented in the plot for comparison purposes. As

shown in Fig. 4a this measurement yielded a water content around 80% at the time the

leaves were cut from the plant (t = 0). They presented a relatively fast decrease of

the water content at an average rate of ∼0.16%min−1. The THz-based measurements
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correlate very well with the gravimetric ones. This demonstrated that the iterative

algorithm converges to the correct water, dry tissue and air proportions for the leaf.

The algorithm was tested a number of times using different randomly chosen initial

values for aW , aS, aA and d in order to test the convengence of the algorithm obtaining

the same results shown in Fig. 4. It is important to mention that the terahertz data

acquisition was performed over a period of 2.5 seconds for each leaf (25 averages

at 10Hz). Longer data acquisition would result in lower noise in the spectra and

consequently in the THz-based water quantification. The validity of this method was

therefore proven for barley plants, yet, the structure and composition of most leaves is

similar and therefore it is reasonable to assume that using the appropriate parameters,

this model can be applied to leafs of any vegetative species.

In terms of computational performance, the algorithm was tested on 16GB ram,

2.5GHz dual core Intel core i5 processor computer. The program was coded in Matlab

using under 600MB of memory while running on a single core. The optimization process

for each THz measurement took ∼50ms.

5. Conclusions

We have presented a series of measurements of water quantification in plant leaves. The

method presented uses THz-TDS transmission data which is subsequently processed

with an iterative algorithm that calculates the relative volumetric fraction of water

present in the tissue. These measurements correlate very well with direct determination

of the water content by the well established gravimetric method. This experiment

was carried out in a completely automated fiber-coupled THz-TDS system. In the

future it is possible to incorporate the water calculation iterative algorithm to the data

acquisition software. This would produce a turn-key system which requires no previous

experience in THz-TDS to be operated or for the data analysis. Given that terahertz

spectroscopy presents the considerable advantages of being a non-destructive and non-

contact technique over traditional methods for water content determination, we expect

that it could become a standard tool for hydration monitoring in plants in the near

future.
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