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Abstract— The latest developments in radar mission concepts
suggest that subdaily synthetic aperture radar will become
available in the next decades. The goal of this study was to
demonstrate the potential value of subdaily spaceborne radar
for monitoring vegetation water dynamics, which is essential
to understand the role of vegetation in the climate system.
In particular, we aimed to quantify fluctuations of internal
and surface canopy water (SCW) and understand their effect
on subdaily patterns of L-band backscatter. An intensive field
campaign was conducted in north-central Florida, USA, in 2018.
A truck-mounted polarimetric L-band scatterometer was used
to scan a sweet corn field multiple times per day, from sowing
to harvest. SCW (dew, interception), soil moisture, and plant
and soil hydraulics were monitored every 15 min. In addition,
regular destructive sampling was conducted to measure seasonal
and diurnal variations of internal vegetation water content. The
results showed that backscatter was sensitive to both transient
rainfall interception events, and slower daily cycles of internal
canopy water and dew. On late-season days without rainfall,
maximum diurnal backscatter variations of >2 dB due to
internal and SCW were observed in all polarizations. These
results demonstrate a potentially valuable application for the
next generation of spaceborne radar missions.

Index Terms— Backscatter, corn, dew, diurnal, ground-based,
interception, L-band, sap flow, scatterometer, subdaily radar,
vegetation, water content.

I. INTRODUCTION

GLOBAL, daily to subdaily monitoring of vegetation
water dynamics is essential to address fundamental ques-

tions surrounding the role of vegetation in the climate system,
and to provide information for a range of applications from
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agriculture and water management to weather prediction [1].
Vegetation temporally stores water inside its tissue and on its
surface, and this water is transferred back to the climate system
through transpiration and evaporation. Global evapotranspira-
tion (ETo) amounts from reanalysis data, land surface model,
and diagnostic products disagree by up to 50% [2], [3], and
trends are uncertain [4]. Uncertainty in ET partitioning is even
more severe than uncertainty in estimating ET itself [5], [6].
Lack of understanding of rainfall interception by vegetation
and its loss through evaporation is a key limitation of current
methods to estimate and partition ET, and is essential for land
surface modeling and understanding the role of vegetation
in land–atmosphere interactions [7], [8]. Robust modeling
of interception is hindered by holes in our basic process
understanding [6], and a lack of information about surface
canopy water (SCW), i.e., water storage on vegetation surfaces
as a result of dew formation or intercepted precipitation [9].
Furthermore, there is a fundamental need for leaf wetness
monitoring to understand how projected changes in climate
will influence the timing, frequency, duration, and intensity of
leaf wetting events and their effects on plant function in terms
of water relations, gas exchange, energy balance, pathogens
and pests, and reproduction [10].

A new perspective on ET and leaf wetness may be pro-
vided by subdaily synthetic aperture radar (SAR), which gives
direct insight into the mass balance of the vegetation. Active
microwave remote sensing has been found to be sensitive to
canopy water storage, depending on frequency, polarization,
incidence angle, and vegetation cover [11]–[17]. This sensi-
tivity has mainly been studied to account for the confounding
effect of vegetation on soil moisture retrieval, e.g., [18]–[20].
However, radar is also a valuable tool for vegeta-
tion monitoring, and well-suited to many applications
including forest biomass and height [21], change detec-
tion [22], ecology and plant physiology [23], and agri-
cultural crop classification and monitoring [24]. The
launch of European Space Agency (ESA’s) Sentinel-1
mission [25] in 2014 has accelerated the development of new
applications for SAR in vegetation monitoring. By providing
freely available data at an unprecedented high temporal res-
olution, Sentinel-1 has stimulated the rapid development of
products for monitoring natural and agricultural landscapes.
However, the repeat time of 6–12 days still limits the current
state of the art to products related to biomass, leaf area
index (LAI), phenological stage, change (e.g., harvest, tillage),
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and anomaly detection [26]–[31]. The Radarsat Constellation
Mission (RCM) was launched in 2019, and consists of three
identical SAR satellites. The resulting denser temporal sam-
pling of RCM (4-day revisit time) compared to Radarsat-2
(12-day revisit time), is also expected to improve the poten-
tial of real-time agricultural monitoring with the Radarsat
series [32].

The motivation for the current study is that the latest
developments in radar mission concepts indicate that sub-
daily SAR data will become available in the next decades.
CapellaSpace [33] and Iceye [34] are currently populating
constellations of X-band (∼10 GHz) SAR systems in Low
Earth Orbit (LEO), capable of delivering hourly data with
resolutions of 10 m or less (e.g., [35]). An alternative is to
place a SAR instrument in a geostationary orbit. A mission of
particular interest is HydroTerra, one of the candidates bidding
to become the ESA’s 10th Pathfinder mission. HydroTerra is
a C-band (∼5 GHz) geostationary (GEO) SAR mission which
will deliver data at various spatial and temporal resolutions to
meet the science needs of users [36]. L-band (∼1 GHz) geosta-
tionary SAR missions are also under development [37]. With
Medium Earth Orbit (MEO) SAR, at altitudes between those
of LEO and GEO, tradeoffs in system and orbit parameters
allow a range of possibilities in terms of spatial and temporal
resolution [38]. The goal of this study is to demonstrate the
potential value of subdaily SAR to monitor internal and SCW,
and exploit this emerging technology as a tool to address
fundamental challenges in our understanding of the role of
vegetation in the climate system.

Several studies have demonstrated that spaceborne radar
is capable of detecting plant water variations during
the day. Konings et al. [39], Paget et al. [40], and
van Emmerik et al. [41] used aggregated data from the
nonsun-synchronous RapidScat scatterometer (2014–2016) to
demonstrate that the diurnal cycles in Ku-band radar backscat-
ter were discernible over vegetated areas. Konings et al. [39]
and Emmerik et al. [41] related variations in the daily cycle
of Ku-band backscatter to vegetation water stress in the humid
tropical forests of Central Africa and the Amazon, respectively.
Other studies used aggregated data from scatterometers in
sun-synchronous orbits to study diurnal variations in canopy
water [42]–[45]. Frolking et al. [42] found Ku-band backscat-
ter over the Amazonia to be up to 1.0 dB lower at 6:00 com-
pared to 18:00. This difference decreased when a major
regional drought continued. Schroeder et al. [43] and Friesen
et al. [44] observed diurnal differences in C-band backscatter
in the United States (∼10:00 and 22:30) and on a global scale
(∼9:30 and 21:30), respectively. In a study on North-American
grasslands, Steele-Dunne et al. [45] found mean differences
between evening (21:30) and morning (9:30) observations of
C-band backscatter between −0.6 and 0.6 dB, depending on
region and season. The limitation of radar data from current
satellites is that they are in sun-synchronous orbits, and data
only available at fixed times (e.g., Advanced SCATterometer
(ASCAT) at 10 am/10 pm). These times may not coincide
with the ideal times to observe plant water variations, do not
provide enough detail to capture and study daily cycles, and
their data generally need to be aggregated to draw meaningful

conclusions. The future availability of spaceborne subdaily
SAR data therefore offers a unique possibility to study vegeta-
tion water dynamics at an unprecedented temporal resolution.

Ground-based radar experiments on subdaily variations in
backscatter have a longer heritage, and have shown that
radar backscatter is sensitive to vegetation water changes
during the day. Using a truck-mounted dual-pol radar
spectrometer scanning densely vegetated sorghum fields,
Ulaby and Batlivala [46] combined 13 data acquisitions within
ten days, where each acquisition was conducted at a different
time of day. Aggregating these data, they found clear diurnal
variations which they attributed to vegetation. Brisco et al. [16]
used a truck-mounted Ku-, C-, and L-band quad-pol scatterom-
eter to study subdaily fluctuations in backscatter measurements
of a wheat canopy. They measured three full days, spread
over two years. The results showed that for C- and L-band,
the diurnal backscatter variation correlated well with measured
vegetation water content (VWC) in the vegetative stage of
the crop, while the correlation with soil moisture was higher
when the plants were senescing. In addition, they showed that
bulk VWC (including surface and internal water content) and
HH-polarized C-band backscatter with 20◦ incidence angle
in the vegetative stage of wheat following a diurnal cycle
with maxima just after sunrise and minima between solar
noon and sundown. Using results from the same experiment,
Gillespie et al. [17] evaluated the effect of dew. The presence
of dew was assessed by visual inspection, and backscatter
patterns between two nights with and without dew were
compared. They concluded that dew has an effect on C-band
signals in particular, and that dew and internal canopy water
effects can be differentiated according to timing and strength
of response.

Other ground-based experiments focused on trees [47], [48].
Bouten et al. [47] measured the vertical attenuation profile
of a Douglas fir stand before and after rain events. The
X-band microwave generator and receiver were mounted on
two towers, 12.5 m apart, and the beam of the transmitter was
pointed in the direction of the receiver. They found a clear
increase in attenuation after canopy wetting. Moreover, they
estimated canopy surface water storage from precipitation and
throughfall measurements and found high correlations with
increments of the vertically integrated attenuation profiles.
De Jong et al. [48] analyzed the relation between vertically
polarized X-band backscatter and rainfall interception for a
single ash tree. Backscatter observations during 14 rainstorms
were averaged and compared to dry situations. The results
showed a logarithmic increase of backscatter with cumula-
tive precipitation, supported by physical model simulations.
In addition, several studies have observed a diurnal cycle in
trunk dielectric constant, which has been related to tree water
status and sap flow [49]–[54].

These ground-based experiments successfully demonstrated
that radar backscatter is sensitive to variations in total VWC.
However, the limited data sets leave many open questions in
terms of the sensitivity of radar backscatter to surface versus
internal water content, the influence of phenological stage, and
providing a quantitative link to water transport processes in the
vegetation.
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The aim of this study was to quantify fluctuations of
internal and SCW and their effect on subdaily patterns of
L-band backscatter with a view to demonstrating the potential
value of subdaily spaceborne radar backscatter for monitoring
vegetation water dynamics. An intensive field campaign was
conducted over an entire growing season of corn, combining
temporally dense radar backscatter observations with contin-
uous observations of leaf surface wetness, surface and root
zone soil moisture, sap flow, and meteorological variables,
and frequent destructive vegetation sampling. These data were
analyzed during the early-, mid- and late-season to study how
backscatter in each polarization is affected by variations of
internal and surface water content, and how this sensitivity
varies as the crop develops. Data from the fully grown canopy
were also combined to obtain an average daily cycle and
insight into the influence of SCW on the amplitude and timing
of the daily cycle of backscatter.

II. MATERIALS AND METHODS

A. Study Site

The experiments were conducted in the spring of 2018 at the
Plant Science Research and Education Unit (PSREU) of the
University of Florida and the Institute of Food and Agricultural
Sciences (UF—IFAS) at Citra, Florida (29.410N, 82.179W).
Sweet corn (Zea mays L. var. rugosa) was sown in rows on
April 13 and harvested on June 18. The average plant density
was 7.9 plants m−2. The soil at the field site consists of >90%
sand [55], [56], which allows for high infiltration rates. Early
in the growing season, the cornfield was irrigated several times
with a center-pivot irrigation system. Irrigation was applied in
the evening to minimize evaporative losses.

B. Radar Backscatter

Observations of the radar backscatter (σ 0) were made with
the University of Florida L-band Automated Radar System
(UF-LARS). A full description of the UF-LARS can be found
in [57]. The UF-LARS operates at a center frequency of
1.25 GHz and is designed to collect horizontally (HH) and
vertically (VV) co-polarized, and cross-polarized (HV and
VH) combinations simultaneously. The system was mounted
on a Genie manlift and scanned the cornfield with an antenna
height of 14 m, and an incidence angle of 40◦.

The backscatter coefficients are computed using the Single
Target Calibration Technique (STCT) [58], [59]. To suppress
fading, 27 independent samples are averaged [60]; nine sam-
ples were taken at 30 MHz increments from 1130–1370 MHz,
for each of the three azimuthal scans at −9◦, 0◦, and +9◦.
The total error was estimated by [60] to be 1.71 dB, and
includes a systematic error of 1.49 dB and a random error
of 0.85 dB (fading). The systematic error was estimated, via
error propagation, by combining the measurement errors of
calibration target geometry (1.4 dB), ranges between antenna
to terrain (0.17 dB) and calibration target (0.35 dB), and
incidence angle (0.32 dB) [57].

Ground range and azimuth resolutions were calculated
based on the 3 dB beamwidth of 14.7◦ in the E-plane
and 19.7◦ in the H -plane [57], and are provided in Table I.

TABLE I

GROUND RANGE AND AZIMUTH RESOLUTIONS

The resulting single-scan footprints in HH, VV, and cross-pol
were 40.0, 39.7, and 29.1 m2, respectively. Sampling areas
(Section II-D) and in situ sensors (Section II-C) were located
outside the arc swept by the radar, to avoid disturbing the
scene.

For most of the season, 32 averaged σ 0 observations were
obtained per day. For the last eight days of the season,
the number of acquisitions was reduced to 16 to avoid radio
frequency interference with other microwave sensors in the
field. HV and VH polarizations were averaged and further
shown as average cross-pol. All in situ sensors and vegetation
sampling areas were located outside the footprint of the
instrument.

C. Hydrometeorology

Meteorological data were obtained from the Florida Auto-
mated Weather Network (FAWN).1 The 18-m tall FAWN
weather station was located <600 m east from the exper-
imental site. Observations of rainfall, the air temperature
on 2 m height, solar radiation, relative humidity and wind
speed are available every 15 min. Reference ETo was cal-
culated from these data using an hourly version of the
Penman-Monteith approach [61].

Sap flow is the flux of water through the plant, as water
extracted by the roots is transported to the leaves to replenish
water lost through transpiration. In large trees, the time lag
between transpiration and sap flow measured at the base of
a stem can be on the order of several hours, while the time
lag between transpiration and sap flow at the crown is much
smaller [62]–[64]. For corn, we observed that the time lag
between calculated ETo and sap flow on the stem was on the
order of minutes. Therefore, sap flow is a useful indicator of
the timing and strength of the daily transpiration cycle which
drives internal canopy water dynamics during the day.

Sap flow rates of four representative plants were measured
with SGEX-19 Dynagage sap flow sensors (Dynamax Inc.,
Houston, TX, USA), which were installed close to other
sensors, just outside the radar footprint. The measurements are
based on the stem heat balance method [65]–[67]. Part of the
lower stem tissue was continuously heated by external heater
strips, and heat convection carried by the sap was measured.
The sensors were enclosed by insulating and water-resisting
materials, based on the method described in [68]. The built-in
sap flow calculator of the Dynagage Flow32-1K system was
used to estimate the sap flow rate [g h−1] for each plant
every 15 min. Sap flow [mm 15 min−1] was calculated by
averaging over the four sensors, converting the average weight

1https://fawn.ifas.ufl.edu/data/
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of water to volume using the density of liquid water at 25 ◦C
(0.997 g cm−3), and multiplying the results for an “average”
plant with the plant density. Because the installation of a
SGEX-19 sensor requires a stem diameter of at least 15 mm,
the sensors were first installed on May 18.

Data gaps, e.g., due to battery failure or poor contact,
were filled using a linear relationship between sap flow and
the transpiration component of Food and Agriculture Orga-
nization (FAO) crop ET (KcbETo) [69]. Here, ETo is the
reference evapotranspiration, i.e. the ET from a hypothetical,
well-watered grass reference surface, calculated using mete-
orological data from FAWN and the FAO Penman-Monteith
method. Kcb is the basal crop coefficient for transpiration
of a sweet corn canopy at potential rate. The multiplication
with Kcb converts hypothetical ET of a grass surface into
transpiration of a sweet corn canopy, assuming no limitation
of water [69]. Linear regression between sap flow (F) and
KcbETo was described by

F = 0.7222 × KcbETo − 0.001 (1)

with R2 = 0.871, based on n = 2389 observations.
Leaf wetness due to dew and interception was monitored

using three PYTHOS31 dielectric leaf wetness sensors (LWS).
These sensors are designed to approximate the thermodynamic
properties of leaves and output a voltage signal proportional
to the dielectric of a 1 cm zone above the upper side of the
sensor, which is proportional to the amount of water on the
sensor [70]. This mV output is then converted automatically
to a scale called “counts,” to ensure that sensor outputs are
universal regardless of the excitation voltage of the used
data logger. For the EM50 data logger used here, counts =
voltage(mV)/0.733 [70]. The sensors were attached to a
wooden pole in between two rows in the early season. They
were reattached to the corn plants once the stems were strong
enough. The sensors were installed at different heights to
capture the vertical distribution of water droplets in the canopy.
The empirical model of Cobos [71] was used to estimate the
mass of water (Mw) deposited on the sensor surface [g m−2]

Mw = 1.54 × exp(5.8 × 10−3 × counts). (2)

Estimation of the mass of water on the canopySCW was
performed in two steps. First, regular measurements of leaf
height, length, and width were conducted, and leaf areas were
estimated by assuming that corn leaves have an elliptical shape
with the assumption that corn leaves approximate the shape of
an ellipse

Aleaf = π × l × w

4
(3)

where Aleaf is the leaf area [m−2], l is leaf length [m], and
w is leaf width [m]. Second, it was assumed that the wetness
of a leaf at any height could be approximated as that of the
nearest sensor

SCW = ρplant ×
n∑

i=1

Aleafi × Mwi (4)

where SCW is SCW per square meter of ground [kg m−2],
ρplant is the average number of plants per m−2, Mwi is the

water mass on the sensor closest to leaf i [kg m−2], and n is
the number of leaves per plant.

Root zone soil moisture was measured with ten Decagon
EC-5 sensors, which were installed in two pits at five different
depths: 5, 10, 20, 40, and 80 cm. The pits were located 40 m
apart but centered between the same two rows. Site-specific
calibration was performed yielding a linear regression R2

of 0.993. Soil moisture was similar in both pits. Hence,
the presented results are the averages over the two pits.
Linear interpolation between the measurements was applied
to visualize root zone soil moisture.

Soil water potential was monitored using two T4e pressure
transducer tensiometers [72]. These were installed 40 m apart,
close to the soil moisture pits. The centers of the ceramic cups
were located at a depth of 20 cm. The presented results are
the averaged signals of both tensiometers.

D. Vegetation Sampling and Monitoring

VWC and dry biomass (md ) were measured using destruc-
tive sampling. Four sampling areas were established outside
the arc swept by the radar, and outside the in situ sensor
locations, at the beginning of the season. Each sampling
time, two representative samples were taken from each of
these four sampling areas. Any surface water present on the
plant tissue was removed with a paper towel before weighing.
From the eight samples, the stems, leaves, tillers, tassels, and
ears were separated, weighed, and oven-dried on 60 ◦C for
4–5 days in the early season to 7 days in late season. The dry
samples were weighed again, and VWC [kg m−2] was derived
from (5)

VWC = (m f − md)ρplant (5)

where m f is the average fresh weight or fresh biomass of
the eight samples [kg], md is the average dry weight or dry
biomass of the eight samples [kg], and ρplant is the number of
plants per square meter of ground. Gravimetric water content,
Mg , is the mass of water per unit mass of fresh biomass ((6))

Mg = m f − md

m f
. (6)

Equations (5) and (6) were applied for each of the plant
constituents (i.e., leaves, stems, tillers, and ears) separately.

Sampling was conducted before sunrise (6 am) to minimize
the effect of transpiration on the measurements that represent
the seasonal variability of VWC and Mg . These predawn
measurements were scheduled three times per week. On one
of these three days, one extra sampling was performed during
the day in order to capture diurnal variations. This second
sampling was at 6 pm, which would be the time of the
corresponding evening pass for a sun-synchronous satellite
such as SMAP [73].

Plant growth stages were visually identified three times per
week, using the Biologische Bundesanstalt, Bundessortenamt,
and Chemical industry (BBCH) scale for corn [74]. The
cut samples were used to measure plant heights. LAI was
calculated by multiplying the averaged, estimated leaf areas
by plant density.
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Fig. 1. Time series of (a) rainfall, irrigation, and ETo, (b) presence of SCW resulted from dew, irrigation, or rain, (c) volumetric root zone soil moisture
content, (d) surface soil moisture content only, and (e) soil water potential at 20 cm depth.

III. RESULTS

A. Hydrometeorology

Fig. 1 shows the hydrometeorological and soil moisture
conditions during the growing season. The first three weeks
of the season were characterized by high levels of ETo and
an absence of precipitation [Fig. 1(a)]. On several days,
midnight irrigation was applied to control soil moisture content
[Fig. 1(a)–(d)], leading to a soil water potential which is favor-
able for root water extraction as soon as the roots reach deep
enough [Fig. 1(e)]. These conditions allowed for high rates
of transpiration. Water films on leaf surfaces were detected
every morning [Fig. 1(b)] as a result of dew formation,
interception of sprinkler irrigation, or a combination of both,
and disappeared at around 10:00 every morning.

The mid-season weather conditions featured frequent, trop-
ical rainfall and thunderstorms [Fig. 1(a)]. This resulted in
water droplets on the canopy for long periods during the
day [Fig. 1(b)], and several sharp increases in root zone soil
moisture content [Fig. 1(c)]. Limited rain between May 22 and
27 led to a temporary reduction in root zone soil moisture
content and potential [Fig. 1(d) and (e)].

A dry period with high temperatures and solar radiation
started on June 1. This produced high evaporative demand
[ETo in Fig. 1(a)], which resulted in a rapid decrease of
soil moisture in the root zone. Despite the limited root zone
soil moisture, leaf surfaces were wet every morning, mainly
because of dew formation [Fig. 1(b)]. A substantial rain event
on June 10 ended the dry period.

B. Vegetation Development and Water Content
The sweet corn crop development is illustrated in Fig. 2.

Corresponding explanations of the BBCH phenology codes
can be seen in Table II. Fig. 2(a) shows the plant height and
dry biomass accumulation [kg m−2] of the total plant and
individual plant constituents during the life cycle, based on
destructive vegetation sampling data. Fig. 2(b) and (c) shows
how the water content of the plant and its constituents vary
during the growing cycle. Fig. 2(b) shows the mass of water
stored in [kg m−2], a measure commonly used in microwave
remote sensing. Fig. 2(c) shows this water storage in terms
of gravimetric moisture content, which is the mass of water
per total mass of the plant. This is more closely related to the
relative water content used by plant physiologists.
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Fig. 2. Seasonal patterns of (a) dry biomass and maximum canopy height,
(b) predawn VWC and LAI, and (c) predawn gravimetric water content,
including the contributions of dominant plant constituents to total. Important
phenological stages are represented by BBCH codes, which are explained
in Table II.

TABLE II

CROP DEVELOPMENT STAGES

First plant emergence was observed on April 19, six days
after sowing. Although leaf and stem dry biomass (md )
increased at similar rates until plants reached half their
final height [Fig. 2(a)], stems held substantially more water
[Fig. 2(b) and (c)]. At the end of the vegetative stage, 65% of
all VWC was stored in the stems.

In the reproductive stage, ear formation coincided with
VWC decreases in all other constituents, especially in the
stems. From May 30 to June 6, water storage in the stems
decreased by almost 30%: −0.8 kg m−2, as the ears formed

Fig. 3. Change (6:00 minus 18:00) in internal canopy water content of total
plant and dominant constituents, represented as (a) gravimetric moisture loss
and (b) equivalent weight of moisture loss [kg m−2].

and separated from the main stem [Fig. 2(b)]. Leaf senescence
of the lowest leaves occurred from June 2 onward. The
reproductive stage largely coincided with the dry period shown
in Fig. 1. The corn was harvested five days after the last
sampling.

The results of the seven days of twice-daily destructive
vegetation sampling are shown in Fig. 3. The figure shows the
internal canopy water differences between 6:00 and 18:00 for
the total plant and the most important constituents (by bio-
mass). The smallest � Mg was observed on May 16, when
cloud and rain limited transpiration. Significant decreases in
internal water content were observed in the early season, as a
result of high atmospheric demand for ET [Fig. 1(a)], a shal-
low root zone, and a relatively dry upper soil [Fig. 1(c)]. These
differences in Mg translate to small �VWC [Fig. 3(b)] due to
the limited fresh biomass in the early vegetative stages. In the
reproductive stage, diurnal moisture losses in stems increased,
while such losses decreased for ears. At this stage, ears grow
and store water, while the internal water content of the stems
starts to decrease. These subdaily variations were substantial
compared to the seasonal predawn Mg variations [Fig. 2(c)].
It should be noted that maximum subdaily moisture variations
may be higher than the difference between 6:00 and 18:00.

C. Backscatter

1) Seasonal Variations in Backscatter: Backscatter coeffi-
cients (VV, HH, and average cross-pol) are shown in Fig. 4.
Backscatter increased in all polarizations with the growth of
the crop. Copolarized backscatter increased from <−14 dB
after planting to about −5 dB when plants reached half of
their total biomass, while cross-polarized backscatter increased
from <−32 dB to about −16 dB.

The influence of early season irrigation events (Fig. 1)
is apparent in all polarizations (Fig. 4). Sensitivity to wet-
ting events (irrigation and rainfall) decreased as the canopy
grew and σ 0 became increasingly sensitive to wet biomass
(Appendix ).

The increasing trend in σ 0 due to vegetation growth tapers
off around May 20. These high values, 3–4 days prior to
plant VWC and LAI maxima can be explained by the heavy
rainstorms around May 20. Precipitation from these storms
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Fig. 4. Time series of observed L-band co- and cross-polarized backscatter.

increased both canopy surface wetness and soil moisture,
which produced high σ 0 values in all polarizations. Nonethe-
less, responses to some events after this date were observed.
The decrease in σ 0 from June 1 corresponds with the drop in
soil moisture (Fig. 1) and the sharp reduction in stem water
content [Fig. 2(b)]. Backscatter increased again following
small rain events and the formation and separation of ears.

2) Early Season: Two three-day periods in the early season
are highlighted in Fig. 5. Fig. 5(a)–(c) shows a period of
11–13 days after emergence when bare soil exposure was still
considerable and plant height was just 15–20 cm. Fig. 5(a)
shows co- and cross-polarized backscatter. Fig. 5(b) shows raw
data counts from two LWSs positioned 7 cm above the ground,
as well as the sap flow. Fig. 5(c) shows the precipitation at the
nearby weather station and the soil moisture observed at 5 cm
depth. The irrigation event on April 30 lead to an increase in
soil moisture at 5 cm depth, and a sharp increase in σ 0 of
up to 5 dB. Clear cyclic variations of 2–3 dB are observed
in σ 0, particularly in σVV. These cannot be explained by
the 5 cm soil moisture, but seem to follow the accumulation
and dissipation of dew on the vegetation and soil surface as
indicated by LWS data in Fig. 5(b). The LWS counts increase
during the night as dew accumulates on the sensor. The LWS
counts decrease rapidly after sunrise as the increase in solar
radiation allows the dew to evaporate. On each of the days
shown in Fig. 5, and also in Fig. 1(b), the dew has generally
dissipated by 10:00 am. It is important to note that, in addition
to forming on the leaves and the LWS, dew also forms as a
film of water on the soil surface. It is clear from Fig. 5(c)
that it is insufficient to infiltrate the soil and reach the sensor
at 5 cm. However, L-band backscatter is dominated by surface
scattering from the soil at this stage ( [75]–[78], and Fig. 10),
and the difference between a wet (e.g., 0.3 cm3cm−3) and
dry (e.g., 0.1 3cm−3) soil can produce differences of up to
3.5 (HH) and 6 (VV) dB [79]. We postulate, therefore, that
the accumulation and dissipation of this film of water on the
soil surface is the most important reason behind the cyclic σ 0

variations in Fig. 5(a). The effect of dew on the topsoil is also
clear in VV where the irrigation event on April 30 increases
σVV from −18 dB to −13 dB, a value at which it stays due
to the presence of dew until sunrise the following morning.

Moreover, σVV ramps up as dew accumulates in the early hours
of May 2, before decreasing again at sunrise.

Fig. 5(d)–(f) shows the measurements of one week later
when the maximum plant height has increased to 37 cm
(May 7) and 43 cm (May 9), LAI is around 0.57 and VWC
is increasing from 0.16 kg m−2 (May 7) to 0.23 kg m−2

(May 9). While soil moisture values are comparable to those
observed the week before, the σ 0 values in Fig. 5(d) are around
4 dB higher than those in Fig. 5(a) in all polarizations. From
Fig. 10, this can be attributed to the increase in vegetation
scattering in all polarizations, an increase in double-bounce
in VV, and an increase in vegetation ground scattering in HH
and cross-pol. In other words, the backscatter is increasing due
to plant growth, and microwave interactions with vegetation
are becoming increasingly important. Sap flow values are
higher than in Fig. 5(b) due to an increase in the plant area
and transpiration. The LWS has been repositioned at 10 and
20 cm to accommodate the growing plant, and a sensor was
added at 30 cm on May 7.

Irrigation events on May 6 and 9 lead to sharp increases in
soil moisture and σ 0. Increases of 8 dB (VV), 4 dB (HH), and
5–6 dB (cross-pol) were observed in response to the event on
May 9. On May 7 and 9, initial rapid increases in LWS counts
due to interception of irrigation were followed by more gradual
increases as dew accumulated during the night. Steady dew
accumulation is also observed during the night of May 7 and 8.
On all three days, the accumulated moisture dissipated quickly
after sunrise. The cyclic variations in σ 0 are clearer than they
were in Fig. 5, and their correspondence with the LWS data is
even more striking. The σVV is particularly responsive to the
presence of water on the soil and vegetation. This may be due
to the important role of double-bounce in σVV at this time.

3) Mid-Season: Fig. 6 shows two periods in the mid-season.
Note that average σ 0 increased significantly since the early
season, as a result of plant growth. In the time period shown
in Fig. 6(a)–(c), the corn had started to tassel, and leaves had
almost reached final sizes (Fig. 2). Fig. 10 shows that, for this
growth stage, σ 0 is dominated by vegetation scattering. There
are limited contributions from double-bounce in VV and HH,
and the vegetation-ground term in HH. This is consistent with
earlier research [75]–[78].
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Fig. 5. Early season patterns of (a) and (d) co- and cross-polarization backscatter, (b) and (e) raw data counts from the LWSs and sap flow, and (c) and (f)
surface soil moisture and precipitation. The left figures (a), (b), and (c) shows a 3-day period when plants reach 15–20 cm, while the right figures (d), (e),
and (f) shows a 3-day period when plants reach 43–65 cm. Note that the vertical axes of the left and right backscatter plots are different.

Low-intensity rain events on May 23, 24, and 25 were
intercepted by the almost fully grown leaves and had
a negligible impact on soil moisture. This suggests that
σ 0 variations in Fig. 6(a) can be attributed to variations
in SCW and internal VWC [Fig. 6(a) and (b)]. Cross-pol
backscatter, which is sensitive to leaf moisture content,
increased rapidly in response to interception in the evenings
of May 24 and 25. The presence of dew in the early hours of
May 23 and 25, and an interception on May 24 and 25 resulted
in elevated values of σcross. Rapid dissipation of dew in the
early morning on May 23 and 25 produced a ∼2 dB drop
in σcross. The difference in response of the three polarizations
to SCW is particularly noticeable during the interception and
dew events early on May 25, and could be explained by their
relative sensitivities to different canopy constituents. Note that
estimated interception sometimes exceeds measured rainfall.
This could be due to 1) the simplistic model used to convert
sensor output to full canopy interception (see Section II-C);
2) spatial rainfall variability (rainfall was collected 600 m from
the studied field); 3) accuracy of rainfall data (∼0.25 mm);
or 4) spatial heterogeneity of interception itself due to e.g.,
variations in plant architecture.

Backscatter in all polarizations reflects variations in internal
water content. Recall from Fig. 3 that internal water losses
were high in this period (∼0.5 kg m−2) because of a relatively

high atmospheric water demand (Fig. 1). The rise in sap flow
and transpiration resulted in a decrease in σ 0, and water uptake
in the evening resulted in an increase.

Fig. 6(d)–(f) illustrates the observations of one week later,
after a four-day period of heavy rainfall (Fig. 1). The last rain
event on May 30 was followed by two dry and hot days, result-
ing in a decrease in surface soil moisture. The limited variation
in σVV and σHH in response to the sharp increases in SCW
and soil moisture suggests that copol backscatter saturated
at ∼−4 dB. Despite high rates of sap flow on May 31, diurnal
cycles of σVV and σHH were not observed. This saturation was
probably caused by a combination of a wet field (Fig. 1) and
a peak in VWC (Fig. 2). May 31 was characterized by high
ET rates, causing canopy surface water to disappear, and soil
moisture to decrease. Meanwhile, stem water content started
to drop significantly (Fig. 2). These losses of water led to
a decrease in copol backscatter, which resulted in observed
diurnal cycles of σ 0 again [Fig. 6(d)]. Dips in cross-polarized
backscatter (May 31) and all polarizations (June 1) coincide
with the dissipation of dew and peaks of sap flow.

4) Late Season: Fig. 7 shows observations from two periods
in the late season during which the corn plants experienced
the lowest root zone water availability of the season
[Fig. 1(c) and (e)]. Recall from Fig. 3 that diurnal water
fluctuations in response to transpiration during these days
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Fig. 6. Mid-season patterns of (a) and (d) co- and cross-polarization backscatter, (b) and (e) SCW and sap flow, and (c) and (f) surface soil moisture and
precipitation. The left column (a), (b), and (c) shows a 3-day period when plants reach 125–140 cm, while the right column (d), (e), and (f) shows a 3-day
period when plants reach 180–189 cm. Note that the vertical axes of backscatter and SCW are different from Fig. 5.

were considerable. Nonetheless, the plants were able to recover
from water losses after solar noon; predawn Mg did not
decrease with higher rates than in the wet period before
(Fig. 2). Simulations in Fig. 10 suggest that σcross and σVV
were dominated by vegetation scattering, while σHH still had
limited sensitivity to ground-related terms.

The diurnal VWC cycles were discernible in σ 0 in all polar-
izations, particularly on the days without rainfall. On June 5,
there is a noteworthy decrease of almost 4 dB in all polariza-
tions. This coincides with a significant loss of internal water
content (Fig. 3) due to transpiration [sap flow in Fig. 7(b)]. The
minimal change in soil moisture at this time, and the fact that
the decrease is consistent across polarizations suggests that
this is a decrease in vegetation scattering due to the observed
drop in internal water content. From midnight on June 9 to
noon on June 10, soil moisture barely changes. Backscatter
on the other hand, especially VV and cross-pol, increases
with dew accumulation during the night and decreases as dew
dissipates and transpiration leads to internal water content
losses during the day. A similar response is observed in
the response to dew and transpiration in the early hours of
June 11. Again, the minimal variation in soil moisture and the
consistency across polarizations suggest that this is a response
to internal and SCW dynamics rather than sensitivity to soil
moisture.

Precipitation events on June 4, 6, and 10 [Fig. 7(c) and (f)]
resulted in spikes in interception [SCW in Fig. 7(b) and (e)].
The precipitation event of June 10 led to a substantial
and prolonged increase of soil moisture. The limited effect
this prolonged increase had on backscatter (particularly σVV
and σcross) confirms the strong reduction to soil moisture
sensitivity at this stage. Given the lack of sensitivity to surface
soil moisture in VV and cross-pol, it is likely that these
backscatter increases are primarily in response to interception
rather than moisture on the soil surface.

5) Mean Daily Cycles: Figs. 5–7 show that subdaily vari-
ations in σ 0 included rapid variations due to the interception
of intermittent precipitation events, and slower variations
due to dew formation and dissipation and internal water
content variations. To minimize the influence of random
individual precipitation events and gain some insight into
the average daily cycle, data were averaged over a 21-day
period between May 23 and the last day of the experiment,
June 13. This is the period in which σ 0 did not increase
anymore as a result of crop growth (Fig. 4). Previous stud-
ies and model simulations suggest that the effect of soil
moisture on σ 0 in all polarizations is limited in this period
(Fig. 10, [75], [76], [78]).

Fig. 8 shows the mean diurnal cycle of σ 0, SCW and
sap flow, soil moisture, and precipitation over this period.
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Fig. 7. Late season patterns of (a) and (d) co- and cross-polarization backscatter, (b) and (e) SCW and sap flow, and (c) and (f) surface soil moisture and
precipitation. Maximum canopy height was stabilized at 205 cm during this period. Note that the temporal density of backscatter is less than in previous
figures.

Clear daily cycles can be observed in σ 0, sap flow, and SCW.
Peaks of VV and cross-pol coincide with the peak in SCW,
and the start of the sap flow/transpiration cycle. After sunrise,
the increase in net radiation drove transpiration and led to
the dissipation of dew from the canopy. Backscatter dropped
on average with 0.7 dB (VV), 0.6 dB (HH), and 1.0 dB
(cross-pol) between sunrise and 15:00. After 15:00, there is a
downward trend in sap flow and an upward trend in σ 0. Most
rainfall events occurred during the daytime and they explain
the fluctuations in averaged SCW during the afternoon. The
peak values in rainfall at 09:45 and 12:15 were due to two
major convective rainfall events, each of which resulted in a
significant increase in average soil moisture but only a modest
and transient effect on average SCW and σ 0.

To exclude the effect of rainfall completely, the four days
without any rainfall within this period were plotted separately
in Fig. 9. Note that there was a decreasing trend in σ 0 during
this period due to the loss of internal water content of the stems
in this growth stage, and the limited root zone soil moisture
availability between June 5 and 9. Also note that sap flow
was high in this period, so high subdaily variations of internal
water content are expected. Temporal patterns were similar to
those in Fig. 8, although the timing of the σ 0 minima is slightly
different. Cross-polarized backscatter changed inflection again
after the peak hours of ET, while VV-polarized backscatter
changed inflection with the start of dew formation. In both

Figs. 8 and 9, nocturnal increase is only observed in σVV
and σcross. In the absence of precipitation, the average diurnal
difference in σ 0 on these four days was 2.4 dB (VV), 1.6 dB
(HH) and 2.0 dB (cross-pol).

IV. DISCUSSION

Consistent with previous studies (e.g., [80]), L-band sensi-
tivity to scattering from vegetation correlated with the buildup
of VWC during the season (Fig. 2). With low vegetation,
early season σ 0 patterns in all polarizations were consistent
with soil moisture responses to wetting events (irrigation,
precipitation), and even showed strong similarities with dew
deposition on the topsoil (Fig. 5). Similar wetting events,
with similar soil moisture responses, showed a much smaller
effect on σ 0 in all polarizations in mid and late season
(Figs. 4 and 7). In mid and late season, and particularly
beyond May 18, differences between σVV and σHH were
minimal. This can only be explained by the predominance
of volume scattering, i.e., direct vegetation scattering, since
stem attenuation and scattering, as well as double bounce is
polarization-dependent [81]. This predominance of vegetation
scattering is confirmed by the physical model simulations
in Appendix and Fig. 10. Although it is not a persistent
contribution, double bounce can still cause some sensitivity to
soil moisture at HH polarization until the end of the season.
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Fig. 8. Mean daily cycles of (a) co- and cross-polarized backscatter, (b) SCW
and transpiration, and (c) soil moisture and rainfall, for the last 21-days of
the season. Timing of sunrise and sunset are depicted with triangles in (b).

The seasonal increased sensitivity to vegetation and reduced
sensitivity to soil confirms previous work on L-band
(e.g., [20], [75], [80]).

Subdaily backscatter variability has been attributed to vari-
ations in VWC in several studies (e.g., [39], [41], [82]).
However, these satellite-based studies lacked ground validation
data. The unprecedented destructive sampling data presented
in this study confirm that subdaily variations in VWC are
substantial (>0.5 kg m−2, Fig. 3) even though corn is an
isohydric species (i.e., water content is regulated through
active stomatal control). This motivates further research to
include other species.

The deepest drops in σ 0 were observed after the acquisition
at 9:30, when dew almost dissipated completely (Fig. 9).
This is also observed on dry days in Figs. 6 and 7.

Fig. 9. Mean daily cycles of (a) co- and cross-polarized backscatter,
(b) SCW and transpiration, and (c) soil moisture and rainfall, for only the
four dry days within the last 21-days of the season. Timing of sunrise and
sunset are depicted with triangles in (b).

Since transpiration rates become substantial after this time,
this suggests that diurnal VWC fluctuations govern the most
substantial part of the subdaily σ 0 cycles in mid- and late
season.

Several studies have attributed differences in diurnal
backscatter to the presence of dew, but did not account for
variations in internal VWC (e.g., [83]–[85]). The combination
of intensive destructive vegetation sampling, continuous leaf
wetness monitoring„ and high-revisit backscatter provides
unique insight into their combined influence on the dynamics
of subdaily backscatter and how that varies throughout the
season. Gillespie et al. [17] provided one of the few studies
in which both internal and surface water are considered in the
context of dew detection. They found that the C-band HH-pol
backscatter on a night without dew had a peak 1.5 h after
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sunrise, corresponding to the peak in their observations of
internal VWC [17]. On the other hand, the backscatter peak on
a night with dew was at sunrise, which is the moment beyond
dew starts to disappear. Similarly, our L-band observations
show a subdaily backscatter maximum around sunrise, partic-
ularly in VV and cross-pol (Figs. 8 and 9). This is consistent
with the peaks of dew accumulation and suggests that dew
can have a significant effect on the timing and magnitude of
the maximum of the subdaily backscatter cycle. While [17]
provided the first indication that dew formation and dissipation
determines the peak of (C-band, HH-pol) backscatter, the data
set was limited to two nights and the use of visual inspection
to confirm the presence of dew. Our inclusion of continuous
LWSs allowed us to capture the accumulation, peak and
dissipation of dew every night for the entire growing season,
ensuring that our conclusions are based on a diverse range of
events.

The inclusion of continuous leaf wetness measurements
also provides unique, new insights into L-band backscatter
sensitivity to rainfall interception. Light rain events, inter-
cepted by the vegetation, caused strong fluctuations in σ 0

(3 dB in cross-pol and 2 dB in copol), even though soil
moisture was constant [see Fig. 6(a)–(c)]. The presence of
SCW is not considered in current electromagnetic models
(e.g., [75], [86], [87]) or retrieval algorithms (e.g., [20], [79],
[88]). The results presented here demonstrate that SCW can
have a significant effect on σ 0. Accounting for SCW in models
and retrieval algorithms can therefore be expected to lead to
improved retrievals of soil and vegetation variables.

The significant effect of both dew and interception on σ 0

illustrates the value of including continuous LWSs in
microwave field campaigns and experiments. In this study,
SCW was estimated from LWS data using a simple weighting
based on LAI. While this was sufficient to demonstrate the
important influence that SCW has on the canopy, rigorous
validation of SCW is essential in future experiments that
seek to establish quantitative relationships between SCW
and σ 0. Given that microwaves penetrate the vegetation, future
research should also examine how the vertical distribution of
SCW influences its effect on σ 0.

V. CONCLUSION

Results from an intensive experimental campaign combining
subdaily radar and vegetation water dynamics observations
were used to explore the sensitivity of L-band radar backscatter
to variations in surface and internal canopy water content of
corn. The daily cycle in radar backscatter was found to vary
in amplitude depending on the growth stage of the vegetation.
Though the strongest diurnal variations were observed during
the early vegetative stages, the limited vegetation scattering
and attenuation during this time suggests that these varia-
tions are attributed to surface soil moisture fluctuations and
heavy dew on the uppermost skin of the soil. As the canopy
approached full biomass, the sensitivity to the underlying
soil was strongly reduced, and the diurnal cycle in radar
backscatter was found to reflect temporal patterns in surface
and internal water content.

Radar backscatter, especially in cross-pol, was found to be
sensitive to SCW, with temporal variations in radar backscatter
closely following the slow accumulation and rapid dissipation
of dew, and exhibiting transient but significant increases in
response to interception. In addition to being a variable of
interest in its own right, the prevalence of dew during the night
and early morning and its influence on the radar backscatter
highlights the potential influence of overpass time on the
interpretation of radar observations from sun-synchronous
satellites for vegetation monitoring. It also highlights the
potential benefit of being able to choose subdaily SAR data at
specific overpass times to avoid the confounding influence of
dew on the retrieval of biomass and internal water content.
Both the effects of surface and internal canopy water on
backscatter underscore the importance of including canopy
water dynamics in physical models, particularly those used
to simulate subdaily radar observations.

One of the key challenges of exploiting subdaily spaceborne
SAR will be to disentangle surface and internal water content.
Continuous monitoring of SCW significantly improved the
interpretation of subdaily radar. During the daytime, inter-
ception events are often transient and easily identifiable, and
dew dissipation is often rapid. However, the slower dynamics
of dew accumulation and internal water content variations
are more difficult to separate. Developing a reliable approach
to monitor VWC continuously would ease this separation
of signals, and would improve the interpretation of subdaily
radar significantly. The sensitivity to surface and internal water
content variations was found to be polarization-dependent.
This suggests that subdaily polarimetric SAR (PolSAR) could
be particularly useful to disentangle surface from internal
canopy water variations.

The results demonstrate a potentially valuable application
for subdaily spaceborne SAR missions. However, the data set
is limited to a single crop type and a single radar configuration.
There are many open questions to be addressed. Planned and
candidate missions have been proposed that could yield data
at different frequencies. Additional experimental research is
essential to explore the sensitivity of backscatter from L-,
to Ku-band to canopy water dynamics given the influence
that frequency will have on both the penetration depth in
the canopy and the sensitivity to the various vegetation con-
stituents. The influence of viewing geometry also warrants
investigation. The incidence angle of radar backscatter obser-
vations from geostationary satellites varies by latitude. Hence,
the suitability of subdaily SAR data may be limited to certain
latitudinal bands. For constellations, a time series of data for
a given location on the ground will combine acquisitions that
may vary by incidence and azimuth angle. Both influence
backscatter, particularly in agricultural areas, so their impact
on the relative sensitivity to surface and internal water content
and soil moisture and roughness should be characterized.
Moreover, given the importance of rainfall interception on
the radar signals and its complexity, more research should be
conducted on a better estimating interception, under different
conditions, for different types and stages of vegetation, and the
effect of the distribution of intercepted water in the canopy on
backscatter.
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The future availability of subdaily fine resolution data on
surface and internal water content offers an extraordinary
opportunity to study plant water dynamics from a new per-
spective, and at the landscape scales most relevant for under-
standing water and carbon exchanges in the climate system.
By providing information on rapid surface and internal plant
water dynamics, subdaily spaceborne SAR has the potential to
become a valuable source of data in the fields of hydrology,
land surface modeling, climate modeling, numerical weather
prediction, and plant physiology.

APPENDIX

ELECTROMAGNETIC MODEL SIMULATIONS

A physical model for corn, developed at the Tor Vergata
University of Rome [86], [89], was used to illustrate contribu-
tions of soil and vegetation components to total backscatter,
and the changes during the season. This model is based on the
radiative transfer theory and provides polarimetric backscatter
of agricultural fields. It is able to simulate both scattering
and extinction properties of vegetation elements and of the
underlying soil applying the most suitable electromagnetic
approximation, depending on the scatterer size and shape.
Furthermore, it is able to take into account multiple scattering
of any order and it can separate contributions of different
scatterers in the vegetation canopy.

The inputs for the model are listed in Table III. Soil root
mean square (rms) height was estimated using the meshboard
approach described in [90], and was measured in the period
between sowing and crop emergence. The correlation length
is very difficult to measure accurately because it is extremely
variable [91]. Therefore, we chose the correlation length which
gave the best fit between simulated and observed σ 0 during the
bare soil period. Plant density was averaged over 40 randomly
chosen samples. The model was run with a daily time step.
Because the model does not account for SCW, soil moisture
values at 10:00 were used to ensure that dew had dissipated
from the canopy at the observation time. Since water on leaves
suppresses transpiration [10], the internal water content at
10:00 should be close to 6:00 observations. Time series of
vegetation parameters were linearly interpolated. Similar to
the observed σ 0, cross-polarized backscatter represents the
average of VH and HV polarizations.

The model simulations (root mean square error (RMSE) =
3.91 dB) are presented in Fig. 10. Note that the observed copo-
larized backscatter is underestimated by the model, while the
cross-pol increase due to vegetation growth is very well repro-
duced. Vegetation scattering refers to the volume scattering by
the vegetation layer. Ground scattering refers to direct scatter-
ing solely from the ground. Vegetation-ground scattering rep-
resents multiple scattering effects due to interactions between
the vegetation and ground. Double-bounce scattering repre-
sents the contribution coming from specular reflection from the
soil followed by a specular reflection by stems, and vice versa.

Copolarized backscatter was dominated by the direct ground
contribution in the early season. Increasing VWC during the
vegetative stages (Fig. 2) results in attenuation of the ground
contribution, and an increase in the vegetation, vegetation-
ground, and double-bounce terms. Double-bounce scattering

TABLE III

INPUT PARAMETERS FOR MODEL SIMULATION

Fig. 10. Tor Vergata model simulations for (a) HH-polarized backscatter,
(b) VV-polarized backscatter, and (c) cross-polarized backscatter. UF-LARS
observations at 10:00 are plotted for reference.

increases with stem growth and is most significant in VV dur-
ing the early vegetative stages.

Both copolarized σ 0 simulations are dominated by direct
vegetation scattering after May 16, when LAI > 1, and
VWC > 1.5 kg m−2. After May 23, when LAI > 3.5 and
VWC > 3.5 kg m−2, σVV simulations can be almost
completely explained by direct scattering from vegetation
in mid- and late season, and other scattering mechanisms
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are negligible. However, indirect and direct scattering from
the ground still contributes to σHH to some degree in this
period. These results are comparable to those of [78], where a
larger double bounce effect at HH polarization is observed, due
to a much smoother soil surface. Cross-polarized backscatter
(σcross) was dominated by direct scattering from vegetation,
even when the plants were still small.
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