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Dielectric Response of Corn Leaves to Water Stress
Tim van Emmerik, Student Member, IEEE, Susan C. Steele-Dunne, Jasmeet Judge, Senior Member, IEEE,

and Nick van de Giesen

Abstract— Radar backscatter from a vegetated surface is
sensitive to direct backscatter from the canopy and two-way
attenuation of the signal as it travels through the canopy.
Both mechanisms are affected by the dielectric properties of
the individual elements of the canopy, which are primarily a
function of water content. Leaf water content of corn can change
considerably during the day and in response to water stress, and
model simulations suggested that this significantly affects radar
backscatter. Understanding the influence of water stress on leaf
dielectric properties will give insight into how the plant water
status changes in response to water stress and how radar can be
used to detect vegetation water stress. We used a microstrip line
resonator to monitor the changes in its resonant frequency at
corn leaves, due to variations in dielectric properties. This letter
presents the in vivo resonant frequency measurements during
field experiments with and without water stress, to understand
the dielectric response due to stress. The resonant frequency
of the leaf around the main leaf of the stressed plant showed
increasing diurnal differences. The dielectric response of the
unstressed plant remained stable. This letter shows the clear
statistically significant effect of water stress on variations in
resonant frequency at individual leaves.

Index Terms— Dielectric properties, maize, radar, water stress.

I. INTRODUCTION

THIS letter is motivated by the potential use of radar
for early water stress detection in agricultural canopies.

Radar backscatter is sensitive to vegetation because of the
direct backscatter from the canopy itself and two-way atten-
uation of the signal as it travels through the canopy. Both
mechanisms are affected by the dielectric constant, archi-
tecture, shape, and orientation of all individual scattering
elements (leaves, branches, stem, and fruits) within the canopy.
In turn, the dielectric properties of these individual scatterers
not only are primarily a function of water content but also
depend on salinity [1] and temperature [2]. Whether radar
backscatter is sensitive to changes in the dielectric properties
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of certain individual elements depends on the radar frequency,
polarization, and incidence angle.

Water content in vegetation changes on a diurnal and
seasonal scale. Several studies have reported diurnal differ-
ences in radar backscatter due to water stress [3], [6]. Recent
studies on tree and corn canopies have demonstrated that
during periods of low soil moisture availability, the total
radar backscatter is mainly sensitive to changes in leaf water
content. A modeling study using the Michigan Microwave
Canopy Scattering Model (MIMICS [7]) showed that total
C-band backscatter from a forest canopy is sensitive to the
water content of leaves and trunks, especially when at the
onset of water stress [8]. Recent research [9] has shown that
observed diurnal changes in leaf water content of corn during
periods of increased water stress are large enough to have
a significant effect on modeled radar backscatter at different
frequencies, polarizations, and incidence angles. Both studies
highlighted the significant influence of leaf water content on
radar backscatter during water stress.

Water stress influences plant water dynamics and might
cause early plant death [10]. To prevent excessive water loss
and physiological damage, plants regulate transpiration by
adjusting the stomatal aperture [11]. Stomatal closure is the
result of hydraulic signaling from the roots to the leaves and an
increase in the stress hormone abscisic acid (ABA) [12], which
is transported through xylem flow and regulates stomatal
conductance [13].

It remains unclear how hydrological and plant physiological
signatures of water stress affect radar backscatter. A bet-
ter understanding of how dielectric properties of individual
scattering elements, in particular individual leaves, change in
response to water stress gives more insights into how radar can
be used for water stress detection. Unfortunately, few data sets
on in vivo leaf dielectric properties are available [8]. Previous
studies have investigated the dielectric properties of vegetation,
but most studies focused on tree trunks [14] or used in vivo
methods that were not suited for leaves [15]. However, recent
field measurements showed a significant dielectric response of
tomato leaves to water stress in a greenhouse [16]. In current
radar backscatter models and soil moisture algorithms, vege-
tation is often modeled as a homogeneous layer [17] or as a
combination of individual scattering elements [7] with equal
moisture content.

This letter uses the in vivo measurements made during two
field experiments with a microstrip line resonator, the resonant
frequency of which depends on the dielectric constant of
the sampled leaf. The first experiment was done on a corn
canopy without plant water stress. During the second exper-
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Fig. 1. (a) Microstrip line resonator used for � fr measurements.
(b) Illustration of leaf sample placement. (c) Schematic of a corn plant
including leaf and ear numbering.

Fig. 2. (a) Measurements of a Teflon block, a wet leaf, and a dry leaf, showing
the shift in resonant frequency fr associated with the change in the real part of
the dielectric constant of the leaf. (b) Relation between � fr and Mg , obtained
by measuring a leaf before cutting (in vivo) and after (cut and dried) cutting.

iment, water stress was induced by withholding irrigation.
The objective of this letter is to understand the dynamics
of resonant frequency variation in response to changing the
dielectric constant of individual leaves, induced by water stress
and plant development.

II. METHODS

A. Dielectric Response Measurements

Fig. 1(a) shows the sensor, a microstrip line resonator
(44 mm × 14 mm × 1.25 mm) that senses the leaf through
a “sampling window” (9 mm × 9 mm), cut in the ground
plane. Teflon blocks (1 cm × 4 cm × 3 cm) are placed under
the sensor and on top of the leaf [Fig. 1(b)] to ensure that
environmental effects are limited to those of a known dielectric
constant, and that the leaf is held in place against the sensor
with a constant pressure. The sensor was directly attached
to Port 1 of a ZVH8 cable and antenna analyzer (ZVH8,
100 kHz–8 GHz, Rohde & Schwarz, München, Germany)
with the K42 vector network analysis and K40 remote control
options. For each measurement, the magnitude (dB) of the
reflection coefficient S11, which depends on the dielectric
constant of the sample, was measured at 1201 frequencies
over a predefined range. The resonant frequency fr is the
frequency at which the magnitude of S11 is at a minimum.
An increase in the real part of the dielectric constant of the
sample leads to a decrease in the resonant frequency fr . Fig. 2
shows the reflection coefficient S11 between 3.3 and 3.8 GHz
for a typical background measurement of the Telfon blocks
and two measurements of single corn leaves with high and
low gravimetric water content [2], defined as

Mg = Mw − Md

Mw
(1)

where Mw and Md are the fresh and dried leaf weights,
respectively.

For wet leaves, the dielectric constant is high [18], fr is
lower, and the dip in the signal is sharper. For drier leaves,
the dielectric constant is lower, leading to a higher fr and a
shallower dip in the signal. As the leaf dries out, the difference
in fr between the leaf and the Teflon block decreases, due to
a decreasing dielectric constant of the leaf. In the subsequent
figures and analysis, this difference in fr will be referred to as
� fr (GHz). A high value of � fr corresponds to a high value of
the dielectric constant of the leaf and a low � fr corresponds
to a low dielectric constant. The moisture content of single
scatterers (leaves) is expressed here in terms of gravimetric
moisture because it is used in the dual-dispersion model [19]
as well as models in which dielectric properties of individual
scatterers are required (e.g., MIMICS [7]). Fig. 2(b) shows
the relationship between � fr and Mg for individual leaves
from a corn canopy. When leaves are measured as the plant
dries down, the decrease in Mg clearly results in a decrease
in � fr . During both field experiments, the resonant frequency
was measured at both sides of the middle of the leaf.

B. Unstressed Field Measurements

Unstressed field measurements were done on a rainfed corn
field from July 8 to September 6, 2013 (DOY 189 to 249)
near Zeewolde, The Netherlands (N 52.36°, E 05.54°).
Field corn (100-day growing period) was planted on a site
of 100 m × 100 m, with a row spacing of 0.7 m, a plant
density of 6.6 plants/m, and a clay soil. This study uses
observations of the late vegetative, reproductive, and mature
stages of corn (DOY 211 to 220). The plants had a mature
average height of 2.20 m, 15 leaves, and 2 ears, located
at leaves 7 and 9. No irrigation was applied during the
experiment. The precipitation was measured using an HOBO
weather station (Onset Computer Co., Bourne, MA, USA).
Soil moisture profiles were measured at 0.1, 0.2, 0.4, and 0.8
m, using EC-5 soil moisture sensors (Decagon Devices Inc.,
Pullman, WA, USA) with a measurement interval of 15 min.

The influence of water stress on bulk vegetation water
content was determined using destructive vegetation samples
every morning and evening. VWC is used here because it is
used to describe the moisture content of the canopy in the
water cloud model [17]. To determine the total, leaf, and stem
VWC, one corn plant was cut, weighed with leaves, stems,
and ear separated, dried in a 70 °C oven for 48 (leaves) or
120 h (stems and ears), and weighed again. The VWC values
of leaves and stems were determined from the fresh and dry
masses (Mw and Md ), using

V WC = η[(Mw,l − Md,l) + (Mw,s − Md,s)] (2)

where η is the number of plants/m2 and the superscripts l and
s indicate leaves and stems, respectively. Resonant frequency
measurements were made between 3.1 and 4.1 GHz at 6 A.M.
and 6 P.M., immediately preceding the destructive vegetation
sampling. Between DOY 211 and 220, leaves 1 to 12 were
measured and measurements were taken every day. Trends
were calculated for the total data series, A.M. measurement,
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TABLE I

TRENDS IN � fr FOR THE STRESSED AND UNSTRESSED CANOPIES,
CALCULATED USING SPEARMAN’S RANK COEFFICIENT. POSITIVE

TRENDS ARE INDICATED WITH (+), NEGATIVE TRENDS WITH (−),
AND NO SIGNIFICANT TRENDS WITH (N.T.). TOTAL MEANS

ALL DATA POINTS OF THE TIME SERIES AND A.M. AND P.M.
ARE THE MORNING AND EVENING VALUES ONLY.

THE DIURNAL DIFFERENCE REFERS TO

DIFFERENCES BETWEEN A.M. AND P.M.

P.M. measurements, and the diurnal difference (P.M.–A.M.),
using Spearman’s correlation coefficient, expressed as confi-
dence boundaries. Only values higher than 0.9 were considered
statistically significant trends.

Note from Fig. 2(a) that � fr is related to the gravimetric
moisture content of an individual leaf and not to the bulk
moisture content of the canopy. Unfortunately, Mg data are
not available for the field trial described here.

C. Stressed Field Measurements

Fieldwork under stressed conditions was conducted near
Citra, FL (N 29.41°, W 82.18°), as part of the MicroWEX-11
experiment [20] from April 25 to December 9, 2012
(DOY 115 to 343). Sweet corn (78-day growing period) was
planted on a site with a sandy soil of 183 m × 183 m, a 1-m
row spacing, and a plant density of 5 plants/m. This study
used observations during the late vegetative and reproductive
periods (DOY 281 to 292). Water stress was induced by
withholding irrigation at the vegetation sampling location.
The corn plants had an average mature height of 1.8 m,
12 leaves and 1 ear, located at leaf 8. Precipitation data were
obtained from the Florida Automated Weather Network. The
soil moisture profile was measured at six depths of 0.02, 0.04,
0.16, 0.32, 0.64, and 1.2 m at the site using Campbell Scientific
CS616 time-domain water content reflectometers (Campbell
Scientific, Inc., Logan, UT, USA). From DOY 281 to 292,
daily destructive samples were taken at 6 A.M. and 6 P.M.
To determine the total leaf and stem water content, two corn
plants were cut, weighed with leaves and stems separated,
dried in a 70 °C oven for 48 and 120 h, respectively, and
weighed again. Resonant frequency measurements were made
between 2.1 and 4.1 GHz from DOY 281 to 292, at 6 A.M.
and 6 P.M., immediately preceding the destructive vegetation
sampling. All measurements were performed on the same corn
plant throughout the experiment.

III. RESULTS

A. Unstressed Field Measurements

Fig. 3(a) shows the precipitation and root zone soil moisture
in the unstressed canopy. Although only few rainfall events
occurred during the measured period, the root zone soil

moisture remained high (0.4–0.45 m3/m−3). Fig. 3(b) and (c)
presents the total stem and leaf water content. The stem water
content decreased gradually during the reproductive phase.
The leaf water content is constant after DOY 211. Fig. 4(a)–(c)
presents the differences in resonant frequency (� fr ) of
leaves 7, 9, and 11. � fr is stable for all three leaves and
only for leaf 7 diurnal variations were observed. From DOY
211 to 214, the 6 A.M. values were higher than the 6 P.M.
values. Table I presents the trends in � fr . Leaf 7 shows an
increasing trend in the P.M. values and leaf 9 shows positive
trends in the total and in the A.M. data. During measurement
period, the plant was still in the vegetative stages, which led to
an increased leaf water content (and hence dielectric constant)
in the leaves around the ears (leaves 7 and 9). The laboratory
measurements found the instrument error to be 0.001 GHz and
the reproducibility error, defined as the error when moving
and reapplying the sensor, to be 0.009 GHz. Both errors were
significantly smaller than the observed diurnal differences of
� fr at leaf 7 (0.04 GHz) and the total change of � fr at
leaves 7 and 9 (0.05 GHz).

B. Stressed Field Measurements

During the measurement period in the stressed canopy,
no precipitation events occurred [Fig. 5(a)]. Root zone soil
moisture remained low during this period (0.1 m3/m−3). Note
that although irrigation was switched OFF at the vegetation
sampling location, it continued at the soil moisture probes.
These events are indicated as Ix , meaning that soil moisture at
the vegetation sampling site is overestimated. Fig. 5(b) and (c)
shows the total stem and leaf water content, respectively. After
the onset of water stress on DOY 280, stem water content and
6 A.M. and 6 P.M. leaf water content decreased. The diurnal
differences in leaf water content are the highest between DOY
281 and 284, just after the onset of water stress. Fig. 6(a)–(c)
shows the difference in resonant frequency � fr time series
at leaves 8, 10, and 12. Leaves 10 and 12 show a very
stable signal from DOY 281 to 292. There are small diurnal
differences in � fr , similar in magnitude to the measurements
in the unstressed canopy. A positive trend was observed in the
A.M. and P.M. values of leaf 10 (Table I). Leaf 8 shows a
clear decreasing trend in the 6 P.M. values and an increasing
trend in the diurnal variation. The diurnal variation of leaf 8
(increasing from 0.048 to 1.675 GHz) is considerably higher
than in other leaves (about 0.030 GHz).

IV. DISCUSSION

Leaf water content of the stressed corn canopy decreased
significantly, in contrast to the unstressed canopy, where leaf
water content remained stable during the measurement period.
Water stress also had an effect on the diurnal differences in
leaf water content, which increased just after the onset of
water stress. The resonant frequency measurements revealed a
dynamic vertical profile of the dielectric response in both the
unstressed and the stressed canopy. During normal conditions,
the slowly increasing resonant frequency at leaves 7 and 9
are a sign of the growing canopy, suggesting the increasing
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Fig. 3. Unstressed canopy. (a) Precipitation and root zone soil moisture. (b)
Stem water content. (c) Leaf water content. The stages are included in (a),
T=tasseling, S= silking, and R1=reproductive stage.

Fig. 4. Unstressed canopy. Dielectric response � fr on leaves (a) 11, (b) 9,
and (c) 7.

leaf water content and dielectric constant of these leaves.
The leaves of the stressed canopy also demonstrated dynamic
behavior, depending on the height of the leaf. The contrasting
trends of the resonant frequencies at leaves 8 and 10 suggest
a change in the vertical water distribution between leaves.
However, the effect of water stress was mostly visible through
the increasing diurnal variation in resonant frequency of leaf 8.
Such diurnal variations occur only during times of severe
water stress, as isohydric species are unable to prevent water
loss for all leaves. Individual leaves respond differently to
an increase in stress hormone ABA, which is not reflected
in the bulk leaf water content. The older lower leaves are
less responsive to ABA [21] and are therefore likely to have
caused the large diurnal differences in total leaf water content.
Also, the highest photosynthetic rates occur at the leaf close

Fig. 5. Stressed canopy. (a) Precipitation (not between DOY 281 and 293),
irrigation at the soil moisture measurement site only, and root zone soil
moisture. (b) Stem water content. (c) Leaf water content. The stages are
included in (a), T=tasseling, and T/S= start silking.

Fig. 6. Stressed canopy. Dielectric response � fr on leaves (a) 12, (b) 10,
and (c) 8.

to the main ear and stomatal control at this leaf is limited to
maximize CO2 uptake. The leaf at the ear (leaf 8) provides
carbon for the development of the ear. If the stomata would
close too soon, carbon assimilation will decrease and the
development of the ear would be jeopardized [22]. Therefore,
it is important for corn to keep the leaf at the ear transpiring
water, even when this leads to higher water losses in the
leaf. The upper leaves, smaller and less important for survival,
showed no trend in diurnal variation. Therefore, results suggest
that the decline in total leaf water content is primarily due to
changes in the larger leaves close to the ear (e.g., leaf 8).
Our observations are consistent with the previously observed
response of corn to water stress, which have shown a vertical
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profile in plant physiological variables, such as photosynthetic
rate, transpiration rate, and stomatal conductance [22]– [25].
The coupling between plant physiological effects of water
stress and the dielectric properties of individual leaves is
important to assess the potential of water stress detection using
radar. Water stress does not cause a homogeneous reaction of
the canopy as a whole. In radar backscatter models or soil
moisture retrieval algorithms, vegetation is often modeled as a
single layer (water cloud) or as a layer of individual scatterers.
In both cases, the vertical profile of leaf water content and thus
leaf dielectric constant are not taken into account. We show
that when a change in total vegetation was observed, leaves
do not necessarily react similarly. Whether radar backscatter
is sensitive to a changing vertical profile of leaf dielectric
properties depends on the used radar frequency, polarization,
and incidence angle.

V. CONCLUSION

This letter shows that after the onset of water stress, the
dielectric response of the leaves around the ear is mainly
affected. The results of this first field application are promis-
ing, as these results demonstrate the dynamic behavior of
leaf dielectric constant. The leaf dielectric properties change
with time and their response to plant growth and water stress
depends on the height and age of the leaf.

The in vivo resonant frequency measurements suggest that
leaf dielectric properties are dynamic in time and space. The
variation in leaf dielectric properties, in response to plant
growth or water stress, depends on the height of the leaf.
The resonant frequency measurements on the stressed canopy
clearly showed an effect of water stress on the leaf dielectric
response. The leaf at the ear showed an increase in diurnal
differences in � fr , as well as a negative trend in 6 P.M. values.
This highlights the importance of understanding the effect of
water stress on the dielectric properties of individual elements
within the canopy.

Current efforts are focusing on extracting the real and imag-
inary parts of the dielectric constant from the full frequency
sweeps. Radar backscatter sensitivity studies are required to
investigate what radar frequencies, polarizations, and inci-
dence angles are most sensitive to these changes in the canopy.
Additional measurement campaigns are required to study the
changes in dielectric properties due to water stress of other
agricultural canopies or forests.
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