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Radar Backscattering of Intertidal Mudflats Observed
by Radarsat-1 SAR Images and Ground-Based
Scatterometer Experiments
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Abstract—This paper presents the variation of the radar
backscattering of intertidal mudflats in the west coast of Korea
observed by Radarsat-1 synthetic aperture radar (SAR) images
and investigates the related factors by an indoor experiment and
a field experiment using a ground-based C-band scatterometer.
The 15 Radarsat-1 SAR images of the intertidal mudflat near
Jebu Island used in this study were all taken at around 6:30 P. M .,
which is an ideal local time for evaluating the daytime evaporation
effects during the 12.4-h tidal cycle. An exposure time map and
an evaporation time map of mudflats at the time of each SAR
acquisition are calculated based on the tidal records, a digital
elevation map generated by the waterline extraction method, and
the normalized daily evaporation index. The radar backscattering
of the upper intertidal mudflat did not show a monotonic change
with evaporation time but a complex pattern. An indoor experiment using a C-band scatterometer on drying mud revealed an
M-shaped change (increase–decrease–increase–decrease) of radar
backscattering due to various factors that affect dielectric constant
and roughness such as the drainage of surface water (increase),
evaporation (decrease), mud cracking (increase), and further
evaporation (decrease). The variation of backscattering observed
from SAR images agreed well with the initial three stages of the
indoor experiment (increase–decrease–increase) but did not show
the final stage of decrease from continuous evaporation. A field
experiment on natural intertidal mudflats showed not only the
pattern related to the initial drainage and evaporation but also
speckles from biological activity.
Index Terms—Evaporation time map, exposure time map,
mudflat, normalized evaporation index, radar backscattering,
Radarsat-1, synthetic aperture radar (SAR), scatterometer.

I. I NTRODUCTION

I

NTERTIDAL flats are among the most rapidly and dramatically changing land features due to the ebb and flood of
tidal water. During the 12.4-h tidal cycle, intertidal flats are
regularly exposed to air at low tide and submerged into water
at high tide so that the surface undergoes substantial changes
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in structural and electrical properties. Satellite remote sensing
has been widely used to investigate the physical properties and
changes of intertidal flats [1]–[6]. Satellite synthetic aperture
radar (SAR) is particularly useful due to the continuity of data
acquisition regardless of weather or sunlight conditions and the
uniqueness of interaction of target surface in the microwave
region.
The radar backscattering coefficient of the intertidal mudflat
observed by the satellite SAR is particularly sensitive to the
changes in surface roughness and dielectric constant that are
affected by several factors such as drainage, evaporation, mud
cracking, and the activities of living creatures on the surface,
all dramatically changing in time. During the ebb tide when the
flats are exposed to air, the drainage of remnant surface water
increases surface roughness. The drainage rate of the surface
water is related to exposure time (the duration of mud exposed
to air), soil porosity, and the density of drainage channels
[7]. After the complete drainage of the surface water, surface
roughness is stabilized and evaporation plays a major role in
reducing interstitial soil moisture [8]. Evaporation rate depends
on the duration of exposure time to air, sunlight, and wind
and the degree of humidity. In case of mudflats, cracks are
often found in the upper intertidal flats where the exposure
time is long enough and the daily evaporation rate is strong.
Biological activities such as the motion of surface creatures
and their sediment reworking add other complex factors to
increase the surface roughness and the randomness of radar
backscattering [9].
Radar backscattering of agricultural or land-covering soil has
been extensively studied by in situ measurements [10]–[18]
and theoretical modeling [19]–[25] as a function of surface
roughness, surface morphology, soil type, porosity, salinity,
and moisture contents. However, few studies have detailed the
effects of such complex changes in the intertidal flat to radar
backscattering. Van der Wal et al. [26] investigated the intertidal
flats in the Westerschelde in southwest Netherlands by using
seven ERS-1/2 SAR images acquired at around 10:40 A . M .
local time in descending orbit. However, they could not fully
observe the dependence of radar backscattering on drainage
or evaporation because the maximum exposure time of the
flats under direct sunlight were not more than 4 h. On the
contrary, the Radarsat-1 satellite is in a dawn–dusk orbit and
the ascending orbit passes at 6:30 P. M . local time [27] where
the maximum exposure time under the sunlight can be almost
12 h. Therefore, we expect that Radarsat-1 SAR images in
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ascending orbit, used in this study, are more suitable to observe
the daytime evaporation effect of intertidal flats than any other
satellites that are not in the dawn–dusk orbit such as ERS-1/2,
Envisat, JERS-1, or TerraSAR-X.
The total area of the intertidal flat in South Korea is about
2800 km2 , which comprises 3% of the land surface of South
Korea [28]. About 83% (2300 km2 ) of the intertidal flat
is located in the western coasts while the remaining 17%
(480 km2 ) is in southern coasts. The tidal range of up to 9 m and
strong tidal current characterize the western coast of Korea as a
typical macrotidal environment. Preservation and development
of such intertidal flats have long been debated in Korean society
with conflicting arguments between environmental values of
natural flats and industrial uses by reclamation. There have
been several previous studies on the Korean tidal flats based
on satellite images [29]–[31] but few studies on the temporal
variation of radar backscattering that occurs on natural mudflats
due to complex changes of surface roughness and moisture
content.
In this paper, we focus on an intertidal mudflat in the
western coast of South Korea and analyze the variation of the
radar backscattering coefficient by using a series of Radarsat-1
SAR images and the ground-based C-band scatterometer
experiments—indoor and outdoor.
Following the description of the study area in Section II,
Section III presents the analysis of the radar backscattering
changes of mudflats observed by a series of SAR images from
the Radarsat-1 satellite in ascending orbit and its comparison
with exposure and evaporation times. Section IV reports the
results of an indoor experiment on drying mud using a C-band
scatterometer that details the complex variation of radar
backscattering due to drainage, evaporation, and mud cracking.
Section V provides a field experiment on the natural mudflat
with the scatterometer, followed by the concluding remarks in
Section VI.
II. S TUDY A REA
The study area is located in Kyeonggi Bay in the west coast
of South Korea (Fig. 1). The area is encompassed by Jebu
Island to the west, Songko-ri to the east, and Baekmi-ri to the
southeast. Intertidal flats in this area are typical muddy flats
commonly found in the western Korean coast. The average
tidal range is 524 cm with an average low tide of 171 cm, an
average high tide of 695 cm, and an average sea level of 450 cm
[32]. Intertidal mudflats in the study area can be divided into
three zones: lower, middle, and upper intertidal zones according
to elevation, exposure time, and sedimentary conditions [28].
The lower intertidal zone is exposed to air only at low tide,
and its sediment is mostly composed of fine sand. The middle
intertidal zone is regularly exposed to air and submerged by
average tides and is composed of mud and silt. The upper
intertidal zone is covered by high tides and is composed of finer
mud. We are particularly interested in the upper intertidal zone
that reveals the maximum effects of drainage and long-term
evaporation observed by Radarsat-1 SAR images and by the
indoor and outdoor experiments using a ground-based C-band
scatterometer, as shown in the following three sections.

Fig. 1. Study area including the intertidal mudflat under investigation, surrounded by Jebu island, Songkyo-Ri, and Baekmi-Ri, in Kyonggi Bay in the
western coast of South Korea. The regions from which the backscattering
coefficients were extracted are shown from numbers 1 to 6. The waterlines
extracted from 15 Radarsat-1 SAR images over the intertidal mudflat were
shown over a Radarsat-1 SAR image taken at low tide on July 11, 2004.

III. BACKSCATTERING OF M UDFLATS O BSERVED
BY R ADARSAT-1 SAR I MAGES
A. Methods
A dedicated data processing strategy was used to compare
the variation of the radar backscattering of the mudflats from
Radarsat-1 SAR data with the exposure time and evaporation
time of the mud (Fig. 2). We used 15 Radarsat-1 SAR images,
with one obtained in 2001 and the others from 2003 to 2004.
The images were all acquired at around 18:30 local time, which
is an ideal time to observe the daytime evaporation effect on
mudflats over a 12.4-h tidal cycle (Table I). All images were in
S5 ascending mode with HH polarization at an incidence angle
of 39◦ in the study area. The nominal resolutions were 15.7 m in
slant range and 8.9 m in azimuth. Each SAR image was obtained in single-look complex data and averaged into four-look
in the azimuth direction to reduce the speckles in the image.
The images were then converted to the radar backscattering coefficient according to the gain parameters contained in the data
header and then geocoded in the ground-range coordinates.
Fig. 3 shows the 15 Radarsat-1 SAR images of the study area
in a complete tidal cycle from high tide, low tide, and back to
high tide. The variation of waterlines, defined as the boundary
between sea water and the mudflats exposed to air, is clearly
visible and in accordance with the tidal sequence. However,
the variation of radar backscattering on the mudflats does not
simply follow the tidal sequence or exposure time, which will
be analyzed in the following sections. The area of mudflats
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Fig. 2. Flowchart of Radarsat-1 SAR data processing for the comparisons of the backscattering coefficients of intertidal mudflats with the exposure and
evaporation times.
TABLE I
L IST OF R ADARSAT-1 SAR I MAGES (A LL IN A SCENDING S5 M ODE , 18:30 L OCAL T IME ), T IDAL H EIGHTS , E VAPORATION L OSS ,
AND N ORMALIZED E VAPORATION I NDEX AT THE I NCHEON T IDAL S TATION L OCATED 30 km N ORTH F ROM THE S TUDY S ITE .
T HE T IDAL H EIGHTS W ERE G EOGRAPHICALLY E XTRAPOLATED F ROM THE I NCHEON T IDAL DATA TO THE S TUDY S ITE

exposed to air and visible to as many images as possible is
limited to the upper intertidal zone. To maximize the effect
of exposure and evaporation times on radar backscattering, we
selected six regions in the upper intertidal mudflats (Fig. 1) and
extracted the backscattering coefficients by averaging over the
90 m × 90 m area for further analysis. The standard deviations
of the backscattering coefficient within the area were typically
2–3 dB at six regions.
Accurate tidal records at the study site are essential to generate a digital elevation model (DEM), an exposure time map,
and the exposure time map of the mudflats. As there is no tidal
station at the study site, we modified the tidal records obtained
from the Incheon tidal station located 30 km north from the
study site. The tidal time (tstudy ) and the tidal height (hstudy )
of the study area can be calculated from the following [32]:
tstudy = tref + Δt
hstudy = (href − href ) × ρstudy + hstudy

(1)
(2)

where tref is the tidal time of the reference station and Δt is
the difference of the tidal time between the study area and the
reference station (−10 min). href is the tidal height record at
the reference station, and href is the average sea level (464 cm)
at the reference station. ρstudy is the tidal height rate between
the study area and the reference station (0.96), and hstudy is the
average sea level at the study area (450 cm). The modified tidal
height at the time of each Radarsat-1 SAR acquisition is listed
in Table I.
A DEM of the mudflat is necessary to calculate the exposure time but no such data exist with the accuracy necessary in this study. Similar to the method used in [29] and
[30], we extracted waterlines from the 15 SAR images by
visual inspection (Fig. 1) and designated the modified tidal
height to each waterline. The waterlines with elevation were
converted into a triangular irregular network DEM and then
transferred to a DEM in raster format with a pixel size of
10 m × 10 m.
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Fig. 3. Fifteen Radarsat-1 SAR images of the study area in tidal height sequence from (a) the highest tide to (j) the lowest during ebb current and then back to
(k) the highest tide to (o) during flood current.

Using the DEM and the modified tidal records of the mudflats
in the study area, the exposure time maps of the mudflats on
each SAR image were generated. Fig. 4 shows an example
of calculating the duration of exposition to air at a certain
point with tidal height (or elevation) of 544 cm, for example,
at the time of each SAR image acquisition at 18:30 local
time on July 11, 2004. From the intersection between the
modified tidal curve and the 544-cm tidal height, we can find
that the point began to be exposed to air at 13:20 local time
so that the exposure time is 5 h and 10 min on the point.
The calculation is performed on each point of the mudflats
on each SAR image to generate the exposure time maps. The

exposure time map on July 11, 2004 is shown in Fig. 5(a), as an
example.
In addition to the exposure time, it is very likely that weather
conditions such as temperature, humidity, solar radiation, and
wind would affect the drainage and evaporation rate at the
time of SAR image acquisition, but there was no in situ data
available. Instead, we used the daily evaporation loss data measured at the Incheon weather station located about 20 km north
from the study site. The daily evaporation loss is measured
in millimeter scale by the difference of the level of water
contained in an open cylindrical pan due to evaporation within
a day [33]. The data were then normalized by dividing the value
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Fig. 4. Example of the calculation of the exposure time at a location having
an elevation of 544 cm at the time of Radarsat-1 SAR acquisition on July 11,
2004. The exposure time can be calculated from the tide curve, elevation of the
location, and the acquisition time of the Radarsat-1 SAR image.

by 8.5 mm, which is the maximum evaporation loss during the
years 2001 and 2004, to give the normalized evaporation index.
We then defined the evaporation time as follows:
[Evaporation T ime] = [Exposure T ime]×
[N ormalized Evaporation Index].

(3)

The evaporation time takes both the exposure time and the
amount of evaporation loss of the mudflat into consideration
and is more related to the drainage rate and the interstitial soil
moisture of the mudflats than the exposure time alone.
B. Results
We compared the radar backscattering at six regions in the
intertidal mudflat in the upper tidal zone (Fig. 1) with the
exposure time as shown in Fig. 6(a). However, there is no
particularly consistent trend between the six regions over the
exposure time span up to 10 h. During the first 2 h, some regions
(1, 4) showed a decrease and increase of backscattering while
the others showed increase and decrease. Four regions (1, 2, 4,
and 5) have exposure times longer than 5 h where the backscattering seems to rise, with the exception of region 4 where the
backscattering drops significantly after 9 h. We concluded that
the exposure time alone cannot reasonably explain the variation
of backscattering from the natural mudflats.
Fig. 6(b) shows the relationship between the radar backscattering coefficient and the evaporation time. The graph shows a
complicated trend rather than a monotonic decrease or increase
of radar backscattering as the evaporation time increases but
similar patterns are observed in all regions. At the early stage
of evaporation time, the backscattering increased (AB), then
decreased (BC), and increased again (CD).
To understand such complex variation of radar backscattering observed from a series of Radarsat-1 SAR images, we
performed the following indoor and field experiments using a
scatterometer system.

Fig. 5. Example of the (a) exposure time map and (b) evaporation time map
of the mudflat at the time of Radarsat-1 SAR acquisition on July 11, 2004.

IV. I NDOOR S CATTEROMETER E XPERIMENT
ON D RYING M UD
A. Methods
To interpret the relationship of backscattering and the evaporation time of the mudflat, we performed a long-term laboratory
experiment on drying mud using a scatterometer system. The
scatterometer system is mainly composed of a vector network
analyzer (Agilent 8753ES), a C-band antenna, a computer, a
camera, RF cables, and a stand, as shown in Fig. 7(a). A horn
antenna with a beamwidth of 15◦ was attached to the end of a
2-m stand with a fixed look angle of 45◦ . The center frequency
was set to be 5.3 GHz with a bandwidth of 600 MHz and
transmission power of 10 dBm. The scatterometer works in
stepped-frequency sweeping mode, which obtains the data in
frequency domain and converts the data into time domain via
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Fig 6. Comparisons of radar backscattering coefficients with (a) exposure time and (b) evaporation time at the six regions in the upper intertidal mudflat.
(a) shows no particular trend while (b) clearly shows the sequence of the increase (A–B), the decrease (B–C), and again, the increase (C–D) of radar backscattering
coefficient with respect to evaporation time.

Fourier transform to give the range resolution of 25 cm in this
case. The network analyzer was linked to a computer which
controls the acquisition and archive of the data. A camera
system was also linked to the computer to automatically take
pictures regularly.
We brought 1200 kg of mud from the study area and put it
into a 2-m-wide, 2-m-long, and 0.2-m-high Styrofoam frame,
as shown in Fig. 7(b). Two-way travel times (and incidence
angles) of microwave between the antenna and the mud sample
were 15 ns (27◦ ) at the front, 19 ns (45◦ ) at the center, and
25 ns (56◦ ) at the far range of the mud frame. The azimuth
resolution at the center (19 ns) is 74 cm, which is less than
half of the size of the frame. The mud sample was kept dry for
six weeks from December 6, 2005 to January 21, 2006. The
room temperature and humidity were initially set to 20 ◦ C and
30%, respectively, and controlled to be nearly constant. After
January 5, 2006, the temperature was increased to 28 ◦ C and the
humidity was lowered to 20% to speed up the evaporation. The
radar backscattering of the drying mud sample was measured
every 10 min, and photographs were taken every hour. We

measured gravimetric soil moisture from time to time. The
gravimetric soil moisture was initially 60% and monotonically
reduced to 15% on January 5, 2006 and then further reduced to
5% at the end of the experiment.
B. Results
Fig. 8 shows the variation of radar backscattering from the
mud sample measured at C-band and HH-polarization, which
is the same as that of the Radarsat-1 SAR. The backscattering
did not show a monotonic change because of the complicated
change of surface roughness and dielectric constant over the
entire drying sequence.
At the initial stage shown at point A in Figs. 8 and 9(a), the
surface of mud was flooded with water and the backscattering
was very low due to specular reflection. Surface water was
then slowly drained out, increasing surface roughness, and the
backscattering from the mud center (19 ns) increased accordingly, as shown in Fig. 8 (AB period) and, equivalently, in
Fig. 9(a) and (b).
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Fig. 7. (a) Schematic diagram and (b) photograph of the laboratory experiment on drying mud using a polarimetric scatterometer. The center of the mud sample
is at 19 ns while the near side is at 15 ns and the far side is at 25 ns of the microwave two-way travel time.

Fig. 8. Variation of radar backscattering coefficient (in decimal unit) obtained in the laboratory experiment using C-band and HH-polarization scatterometer.
The center of the mud sample locates at 19 ns. An (A–E) M-shaped sequence came from the (A–B) rapid initial drainage of surface water followed by
(B–C) evaporation, (C–D) crack development, (D–E) further evaporation, and (E to the end of the data) higher evaporation stage.

Meanwhile, there exist a period between A and B where the
backscattering decreased for a short time. This was interpreted
as a boundary effect of the laboratory experiment caused by the
front part of the Styrofoam frame. Together with the smooth
floor, the smooth and wet surface of the Styrofoam wall in the
near range formed a dihedral corner reflector, resulting in strong

backscattering at 17 ns in the beginning of the experiment. During the AB period, the evaporation of water on the frame wall
and the decrease of double bounce caused the rapid decrease of
backscattering at 17 ns (near range) and also shortly obstructed
the monotonic increase of backscattering at 19 ns (mud center)
and 21 ns (far range).
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Fig. 9. Photographs of drying mud in the laboratory experiment pictured near the antenna position. (a) Initial flooded stage, (b) after drainage of surface water,
(c) evaporation and crack development from the far range (21 ns), (d) fully developed cracks, (e) continuous drying, and (f) water spray test.

The backscattering stopped increasing when surface water
was completely drained out (B) and began to decrease as the
mud dried out, as shown in Fig. 8 (BC period) and Fig. 9(b)
and (c). Volumetric contraction on the entire mud sample occurred during the BC period but the surface roughness remained
the same. The decrease of backscattering during the BC period
was due to the reduction of interstitial soil moisture caused by
evaporation.
Near point C, mud cracks began to develop at the mud
surface, rapidly increasing the surface roughness and, thus,
backscattering in Fig. 8 (CD period) and Fig. 9(c) and (d).
The development of mud crack started from the far range of
the mud sample, which can be identified by the earlier rise of
backscattering at the far range (21 ns) during the BC period than
that of 19 ns. The backscattering of the mud center increased
rapidly until the mud crack was fully developed and the surface
structure was stabilized.
After point D, the mud sample was kept dry and the
backscattering decreased monotonically due to the decrease of
soil moisture, as shown in Fig. 8 (DE period) and Fig. 9(d)
and (e). After point E, we increased the room temperature

to 28◦ C and lowered the humidity to 20% to accelerate the
evaporation rate. As a result, the backscattering decreased
more rapidly until the final stage of the experiment
(point F).
On the final day of the indoor experiment, another experiment was performed, as shown at point F in Figs. 8 and 9(f).
Water was gradually sprayed on the mud surface to increase
the soil moisture but not to alter the surface structure from
flooding of surface water. The backscattering was increased
rapidly up to the cracking stage between C and D in Fig. 8.
This was due to an increase of the dielectric constant of the
surface while roughness remained constant. This spray test
recursively confirmed the proportional relationship between the
soil moisture and backscattering.
Consequently, the indoor scatterometer experiment has
shown that the backscattering on drying mud has an M-shaped
(increase–decrease–increase–decrease) variation: the initial increase from drainage of surface water (AB period), followed
by the decrease from evaporation (BC period), increase due
to mud cracking (CD period), and decrease due to continuous
evaporation (DF period).
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Fig. 10. Photographs taken from the field experiment on drying mudflat on May 10, 2006. (a) Field view of the experiment. Photographs of the mudflat taken at
(b) 11:07, (c) 12:20, and (d) 17:10 local time.

From this indoor experiment, it was interpreted that the rapid
increase of backscattering observed in the Radarsat-1 SAR
images in the early evaporation time, shown as AB in Fig. 6(b),
was due to the drainage of surface water, which is equivalent to
AB in the indoor experiment in Fig. 8. The following decrease
of backscattering in BC in Fig. 6(b) would be due to the
evaporation similar to that of the indoor experiment, which is
a common process in the natural mudflat. The possible reason
of increase from C to D in Radarsat-1 SAR backscattering
could be partially due to the mud cracking similar to that of
the indoor experiment. During several field investigations to
the study area, however, mud cracks were only found in a rare
condition in the upper intertidal mudflat when the exposure time
is longer than a tidal cycle during neap tide and the weather
condition was extremely favorable to evaporation.
It is worth noting that the 15 images were taken over a twoyear period and were acquired in different seasons. Both sediment conditions and surface roughness may change within the
seasons due to different hydrodynamic conditions with more
or less sedimentation of fine particles and biological activity.
The indoor experiment performed in a confined environment
may not fully explain the nature of mudflat. An advanced SAR
system with higher temporal resolution could solve this multiseasonal problem and thus investigate the effect of drainage,
evaporation, cracking, or biological activities in a relatively
short period. Therefore, we carried our scatterometer system
and measured radar backscattering from natural mudflat, as
presented in the following section.
V. F IELD S CATTEROMETER E XPERIMENT
A. Methods
The scatterometer system, identical to the one used in
the indoor experiment, was installed on May 10, 2006 near
region 2 in Fig. 1. The location and time were chosen to maxi-

Fig. 11. Variation of backscattering coefficient on natural mudflat observed
by the C-band HH scatterometer measurement on May 10, 2006.

mize the exposure time of the mudflat so as to see the effects of
drainage and evaporation during the daytime. The height of the
antenna was 5 m above the mudflat, and the incidence angle was
fixed to 45◦ . Radar backscattering was measured every minute,
and the photographs were also taken at the same interval
[Fig. 10(a)].
B. Results
Fig. 11 is the radar backscattering observed from 11:00 A . M .
to 17:00. The signal was temporally very unstable due to the
speckle effect of the targets. The major source of randomness
was ocypodid crabs (Macrophthalmus japonicus) [9] of 3–5-cm
size abundantly living in the mud. The system was left alone
during the automatic measurements, and there was nobody
within at least 100 m from the system. The photographs taken
simultaneously with the scatterometer measurements confirmed
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the rapid movements of crabs. The density of crabs fluctuated
randomly from 60 to 100 per square meter. Crabs within the
resolution cell of the coherent scatterometer system moved
continuously and changed their body position, resulting in random variation of backscattering intensity, i.e., speckle. When
we approached the test site to check the system, all crabs
suddenly disappeared into their holes and the speckles disappeared. Such interventions occurred near A, B, and E in
Fig. 11. The disappearance of crabs must have reduced the
surface roughness to a local minimum in time but does not
minimize the backscattering intensity. Backscattering intensities in such a calm situation have a local mean rather than a
local minimum in time. This confirms that the speckle nature of
biological activity is a stochastic process while backscattering
from mud surface can be determined as shown in the door
experiment. Therefore, the signal from the mudflat can be
extracted by applying a moving-average filter to the original
data. This procedure is equivalent to speckle filtering of SAR
images.
The surface of the mudflat was initially inundated with water
and slowly drained, showing the increase of backscattering
from A to B in Fig. 11 and (b) to (c) in Fig. 10. Human intervention of the test site reduced the randomness of the signal from
crabs. The surface was completely drained at point B in Fig. 11,
and evaporation prevailed until the end of the experiment [E in
Figs. 11 and 10(d)] but no mud cracking occurred. However,
there was slight fluctuation of backscattering from C to D and
then was reduced again from D to E even though mud crack
was not developed during the experiments. The increase of
backscattering from C to D could be due to the excavation
of mud by the crabs from the holes. The digging of holes
by crabs actually happened during the drainage but the effect
to backscattering must have been weak until the surface was
fully drained. The reduction of backscattering from D to E is
hardy interpretable except the human intervention at the end of
the experiment and, thus, the reduction of the speckle effect.
However, the exact reason of the backscattering behavior from
C to E is unclear from this experiment alone.
As a conclusion of the field experiment, we can observe
the initial drainage and evaporation effect of mudflats in a
relatively short period and can relate those phenomena to the
indoor scatterometer experiment and satellite observations. We
could also observed that the biological activity can play a major
role in adding randomness of the signal and as well as surface
roughness. Due to the short exposure time and evaporation rate
during the field experiment, we could not fully evaluate the
effect of cracks and long-term evaporation seen in the indoor
experiment or from the Radarsat-1 SAR images.
VI. C ONCLUSION
The observation of 15 Radarsat-1 SAR images and the indoor
and field experiments on mudflat have revealed that radar
backscattering on intertidal mudflats has rather complicated
behavior due to drainage, evaporation, mud cracking, and biological activity. The indoor scatterometer experiment on drying
mud have shown a complete sequence of variation of backscattering that has an M-shaped (increase–decrease–increase–
decrease) change due to drainage (increase), evaporation

(decrease), mud cracking (increase), and continuous further
drying (decrease). A field scatterometer experiment on natural
mudflats revealed not only the effect of initial drainage (increase) and evaporation (decrease) but also another important
role of biological activities to radar backscattering in terms of
structural change and speckle. From the comparison between
radar backscattering observed by a series of Radarsat-1 SAR
images and the evaporation time, which accommodates the
exposure time and daily evaporation rate of the mud surface,
we could observe the initial three stages (increase–decrease–
increase) due to drainage, evaporation, and possibly from
surface structural change by mud cracking and/or biological
activity.
Due to different timescales of the three data sources—two
years of the Radarsat-1 SAR images, two months of the indoor
experiment, and one day of field work—and the difference
of the temporal resolution of the data, we could not directly
compare all the variations that might appear in the natural
mudflat. It is expected that further accumulation of SAR data
with higher temporal resolution would reveal the full-scale
M-shaped variation on a drying natural mudflat. Field experiments on natural mudflats longer than a day—by placing the
scatterometer system in a shelter—are necessary to see the
effect of structural complexity given by mud cracking and prolonged evaporation to radar backscattering, which also remains
as a future work.
Consequently, the results of this study imply that SAR image
interpretation on intertidal mudflats should be carefully conducted, considering the various natural processes that might
affect the radar backscattering. The key finding of this research
was to identify the effect of drainage, evaporation, mud cracking, and biological activities to radar backscattering. Those
environmental factors are all site and time dependent, which
affect radar backscattering significantly. A huge amount of
future works is open to the science community with advanced
equipment and resources, including in situ measurements of
environmental parameters and concurrent radar measurements
to quantify the complex nature of intertidal flats.
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