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Geotechnical Investigation of Exposed Intertidal Flats
at the Great Bay Estuary Using Sediment Sampling
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Abstract: Estuarine intertidal flats are exposed to a wide range of changing environmental conditions, but despite many years of field stud-
ies, little is known about their geotechnical characteristics. This study investigates (1) the variability of sediment grain size distributions,
water contents, and Atterberg limits of three distinct exposed tidal flats; and (2) the potential pathways for remote characterization of
those sites. Sediment samples were collected from three flats in the Great Bay Estuary located in the Gulf of Maine at the border of New
Hampshire and Maine, United States: two sites composed of primarily fine-grained soils (Adams Point and Woody) and one composed
of predominately coarse-grained soils (Mast Cove). Additionally, high-resolution X-band synthetic aperture radar (SAR) images were col-
lected concurrently to field measurements from various satellites and over different incidence angles. In each image, the footprint area cor-
responding to the three exposed tidal flats was extracted, and statistical properties of the backscatter intensity histograms for each region were
computed and compared. Moisture contents, fines contents, and grain size distributions varied between the three sites, with the USCS clas-
sifications ranging from elastic silts (Woody) and low-plasticity silts (Adams Point) with high water contents (83.2%–172.7%) and fines con-
tents (83.4%–99.5%) to silty sand and well-graded sands with gravels (Mast Cove) with lower water contents (17.7%–48.3%) and fines
contents (4.8%–44.3%). Across the sites, the statistical properties of the SAR backscatter exhibited distinct trends regarding mean backscat-
ter, entropy, and uniformity in relation to the Unified Soil Classification Scheme (USCS) classification and fines content. These trends were
consistent across all images collected. A potential sediment classification scheme to derive the USCS classification from the X-band SAR
imagery is suggested utilizing the mean, entropy, and uniformity of the backscatter coefficient. DOI: 10.1061/JWPED5.WWENG-2051.
This work is made available under the terms of the Creative Commons Attribution 4.0 International license, https://creativecommons.org
/licenses/by/4.0/.

Introduction

Tidal flats represent important coastal environments that support
productive ecosystems, provide commercial and recreational op-
portunities, and protect coastal communities from erosion. Effects
driven by climate change, such as a rise in sea level and an increase

in storm frequency, and anthropogenic activities threaten the phys-
ical stability of mudflats (Fagherazzi et al. 2017). Effective coastal
management strategies for mudflats require an in-depth understand-
ing of the physical properties of tidal flat sediments. Geotechnical
properties of sediments, such as the fines content, can be linked to
erodibility (Dunn 1959; Winterwerp et al. 2012) and are important
parameters in assessing the vulnerability of coastal systems (Boum-
boulis et al. 2021). However, the geotechnical properties of tidal
flats and the variability thereof are still poorly understood.

Tidal flats can be difficult to access, and the soft nature of their
sediments can complicate field sampling and accurate measure-
ments. As an alternative (or complement) to physical measure-
ments, satellite-based data may provide insight when in situ
sampling is difficult, including for initial site characterization and
for assessing large spatial areas. For example, synthetic aperture
radar (SAR) images have been used to characterize soil texture
(i.e., composition) for agricultural plots (Baghdadi et al. 2008;
Bousbih et al. 2019; Domenech et al. 2020; Gorrab et al. 2015;
Han et al. 2017; Marzahn and Meyer 2020; Zribi et al. 2012). Ad-
ditionally, the use of C-band data alone (van der Wal et al. 2005)
and in conjunction with multispectral measurements (van der
Wal and Herman 2007) has been used for monitoring the fines con-
tent (or fraction of fine sediments) of tidal flats in the Netherlands.
van der Wal et al. (2005) found that for intertidal flats at high mois-
ture contents, C-band SAR was sensitive to surface roughness and
that there was a good correlation between sediment type and sur-
face roughness, indicating that SAR can be used to map soil
type. Other studies (Choe and Kim 2011; Deroin 2012; Gade
et al. 2008; Lee et al. 2012) have addressed techniques to monitor
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changes to soil type across tidal flats using decision tree analyses
for X-band data (Lee et al. 2012) and by inverting SAR models
to assess surface properties (Choe and Kim 2011; Deroin 2012;
Gade et al. 2008). However, these techniques often rely on multi-
polarized or multifrequency data, generally distinguish between
sands and muds without consideration for the geotechnical charac-
terization/classification, and rarely utilize or apply these techniques
to high-resolution data.

This study examines the variability of grain size properties,
water contents, Atterberg limits, and sediment classifications
using the Unified Soil Classification System (USCS) across three
distinct tidal flats along the Great Bay Estuary to improve the over-
all understanding of the geotechnical properties of fringing tidal
flats. Additionally, the variability in SAR signals from high-
resolution images for different tidal flats is investigated. Correla-
tions and trends observed between the water contents, fines
contents, Atterberg limits, and USCS classification and SAR
signals are discussed, and environmental conditions associated
with the variation in sediment characteristics at the different inter-
tidal flats are considered. Finally, a sediment classification scheme
using X-band SAR signals is presented.

Methods

Regional Context

The Great Bay Estuary (Fig. 1) is a drowned river valley located
in southeastern New Hampshire (NH) in the northeastern United
States and within the Gulf of Maine. It is a shallow, tidally dom-
inated, and well-mixed estuary (Swift and Brown 1983). The
Lower Piscataqua River region of the estuary system extends
from New Castle Island, NH, to Dover Point, NH. The Little
Bay/Great Bay region of the estuary is located between Dover,
NH and Greenland, NH (Fig. 1). The Little Bay and Great Bay
regions of the estuary are separated by Furber Strait near
Adams Point. The mean tidal range at the mouth of the estuary
is 2.5 m and decreases to 1.8 m in the bay (Bilgili et al. 2003).
About 50% of the estuary is exposed as fringing tidal flats at
low tide (Bilgili et al. 2005; Cook et al. 2019). A sediment map
for the entire Great Bay estuary is presented by Wengrove et al.
(2015).

Sediment Sampling and Processing

A total of 101 soil samples were carefully collected in 10-cm-tall
transparent tubes with a diameter of 6.67 cm [Fig. 2(a)] during
field surveys at three distinct fringing tidal flats on the Great Bay
Estuary from August 4 to 8, 2021: Mast Cove [63 samples,
Fig. 1(d)] located along the lower Piscataqua River, Adams Point
[23 samples, Fig. 1(b)], and a site located near Adams Point, re-
ferred to as Woody [15 samples, Fig. 1(d)]. Two samples were col-
lected simultaneously from Adams Point and Woody during each
measurement time, whereas two simultaneous samples were only
collected on August 6, 2021 p.m. from Mast Cove. Woody is char-
acterized by a significant number of drainage channels, while only
a single drainage channel is observed running through the middle
of the tidal flats at Adams Point and Woody. Samples were always
extracted during low tide when the flats were exposed (Table 1). Of
the 101 samples collected, 38 were processed immediately after

(a) (b) (d)

(c)

Fig. 1. (a) Map of the Great Bay Estuary in New Hampshire and the locations of the field survey sites; (b) transects for Adams Point; (c) transects for
Woody; and (d) transects for Mast Cove. (Image © Google, Data SIO, NOAA, U.S. Navy, NGA, GEBCO.)

Fig. 2. Example of a sediment sample collected in this study.
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collection at the University of New Hampshire (UNH) for gravi-
metric water contents. The remaining 63 samples were transported
by automobile back to Virginia Tech (VT) and tested for gravimet-
ric water contents, Atterberg limits following ASTM 2487 (ASTM
D4318-17e1, ASTM 2005), and grain sizes following ASTM 6913
(ASTM 2017a). Samples were then classified following the USCS
classification, where samples with more than 50% of the material
between 4.75 and 0.075 mm were classified as sands and samples
with more than 50% of material less than 0.075 mm were classified
as fine-grained soil (ASTM D2487-17, ASTM 2017b). Water con-
tents were obtained by oven-drying 100 g of soil for 24 h at 100°C
and weighing the samples before and after drying. Samples with a
high percentage of fines were difficult to dry sieve; thus, a wet sieve
analysis was performed following ASTM D1140-17 (ASTM
2017c) to obtain the fines content of the samples. Due to the pres-
ence of coarse sediments in the Mast Coves samples, a dry sieve
analysis was also performed on these samples. The dry sieve anal-
ysis was performed using a stack of sieves consisting of No. 4
(4.75 mm), 10 (2.00 mm), 20 (0.85 mm), 40 (0.425 mm), 100
(0.150 mm), and 200 (0.075 mm) sieves. Atterberg limits were
also performed on the fines contents from Adams Point, Woody,
and Mast Cove to obtain the liquid limit (LL) and plastic limit
(PL) following ASTM 2487 (ASTM D4318-17e1, ASTM 2005).

Satellite Images

Concurrent to field measurements, five X-band horizontally co-
polarized SAR images were collected (see Table 1 for details) in
the staring spotlight (TanDEM-X, TDX) and enhanced spotlight
(Cosmo-SkyMED, CSK) modes to investigate the potential for
X-band SAR to classify the tidal flats with regard to sediment
type. Images had a pixel resolution of approximately 0.25 to
0.5 m. SAR sensors are active sensors (i.e., they transmit their en-
ergy source to illuminate the scene) that operate in the microwave
region of the electromagnetic spectrum. When energy pulses emit-
ted by the satellite hit the ground, energy is either scattered away or
returned to the sensor with the returned energy known as the back-
scatter, σo. The magnitude of the backscatter is related to radar
properties such as the wavelength of the transmitted signal, inci-
dence angle θ, and the imaging direction (i.e., ascending or de-
scending passes), as well as terrain characteristics such as
dielectric properties, surface roughness, and the orientation of sur-
face features. For bare soils, backscatter is strongly related to both
the surface roughness (i.e., the variation of the ground with respect
to some mean surface) and the dielectric constant, which can be
used to estimate the moisture content (Sabins 2007). For exposed
tidal flats, it has been demonstrated that, due to their saturated

nature, information regarding the soil texture can be derived from
C-band SAR images (van der Wal et al. 2005).

In this study, images were first corrected from the digital num-
ber DN to σo in the linear scale using the open-source Sentinel-1
toolbox for the Sentinel Application Platform (SNAP). The back-
scatter value can span several orders of magnitude and is typically
expressed in the logarithmic form:

σodB = 10 · log10 (σo) (1)

where σodB = backscatter (dB). Images were then geometrically cor-
rected using the STRM 1 s HGT DEM (Veci 2019). After calibra-
tion, the area of the tidal flat was extracted, and the corresponding
histograms of backscatter were plotted. Finally, the statistical pa-
rameters associated with these histograms were computed using
the equations presented in Table 2.

Results

Sediment Index Properties

From wet sieving, it was found that Adams Point and Woody were
predominately composed of fine-grained material, with an average
of 89.4% fines and 10.6% coarse material for Adams Point and
98.3% fines and 1.7% coarse material for Woody. The moisture
contents at Adams Point ranged from 83.2% to 119.5% (average
of 101.3%), while Woody exhibited moisture contents of
105.7%–172.7% (average of 148.2%). From the USCS classifica-
tion (ASTM 2017b), the samples from Adams Point were classified
as silt (ML) with an LL between 39 and 49 (average of 45), a PL
between 27 and 35 (average of 32), and a plasticity index (PI) be-
tween 7 and 18. Samples from Woody had an LL between 59 and
64 (average of 62), a PL between 38 and 44 (average of 40), a PI
between 18–25, and were classified as plastic silt (MH).

Samples from Mast Cove were all classified as sands but exhib-
ited significant variability in both the classification and percentage
of grain sizes, with classifications summarized in Table 3. From LL
and PL testing, the fines from Mast Cove were classified as non-
plastic silts. At Mast Cove, gravel content ranged between 0.4%
and 36.4%, sand content ranged between 51.9% and 93.8%, and
fines content ranged between 4.1% and 44.3%, with moisture con-
tents ranging from 17.1% to 48.3% (average of 29.9%). From these
measurements, two distinct regions were identified along the tested
areas of the Mast Cove tidal flat: one composed of a higher percent-
age of coarse material (average gravel content of 11.9%, sand con-
tent of 72.0%, and 16.1% fines) and a lower content of moisture
(min: 17.1%, max: 41.4%, average: 26.8%), as shown in
Fig. 1(d), and the other region composed of a higher percentage

Table 1. Summary of survey details, including dates and times, image collection parameters, and total number of samples tested for each site

Satellite Date/time
Incidence
angle (°)

Image time
(UTC) Sites imaged

Approximate survey
times (UTC)

No. of samples
tested

TanDEM-X (TDX) August 4, 2021 p.m. 39.9 22:36 Adams Point 20:50/21:20 7
Woody 22:30/22:50 9

Cosmo-SkyMed 2 (CSK2) August 5, 2021 a.m. 28.0 10:14 Adams Point 10:40/11:10 16
Woody 9:40/10:00 6

Mast Cove N/A N/A
Cosmo-SkyMed 4 (CSK4) August 6, 2021 p.m. 38.1 22:36 Adams Point N/A N/A

Mast Cove 20:40/21:10 22
N/A August 7, 2021 a.m. N/A N/A Mast Cove 10:10/10:40 10
Cosmo-SkyMed 2 (CSK2) August 7, 2021 p.m. 38.1 22:36 Mast Cove 22:10/22:40 10
N/A August 8, 2021 a.m. N/A N/A Mast Cove 10:20/10:40 11
Cosmo-SkyMed 3 (CSK3) August 8, 2021 p.m. 45.7 22:30 Mast Cove 22:20/22:40 10
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of fine material (average gravel content of 3.4%, sand content of
66.5%, and 30.1% fines) and a higher content of moisture (min:
18.1%, max: 48.3%. average: 35.4%), as shown in Fig. 1(d).

In general, the finer region of Mast Cove occurred to the north of
the drainage channel crossing the site and parallel to the water line.
All samples from the finer zone were classified as silty sand (SM),
while samples from the coarser zone exhibited wider variations in
the USCS classification. Moisture contents were the highest at
Woody, followed by Adams Point, with the lowest values observed
in both regions of Mast Cove [Fig. 4(b)]; slightly higher values
were observed in the finer zone of Mast Cove. A similar trend
was found for the fines content [Fig. 4(a)]. Generally, the moisture
content correlated well with the fines content across all sites (Fig. 5;
R2= 0.93), i.e., as the fines content increased, the moisture content
increased, exhibiting an exponential trend. Similar observations
have been documented for tidal flats in the Netherlands (van der
Wal et al. 2005).

Satellite Images

Fig. 6 presents examples of the cross-flat trends in the backscatter
for the three flats at the sampling locations shown in Fig. 1, taken
from the SAR image from August 5, 2021 (Fig. 3). For Adams
Point and Woody, profiles were taken across the flat at the profile
locations shown in Figs. 3(b and d), respectively, starting at the
star (a distance of 0 m). The profile for Mast Cove was taken
first cross shore and then alongshore, as shown in Fig. 3(c), and

follows the location of field measurements shown in Fig. 1(d).
These measurements also start from the star shown in Fig. 3(c) (dis-
tance of 0 m). Both Adams Point and Woody exhibited somewhat
uniform trends in the backscatter (average backscatter of −18.0 dB
and −19.0 dB for Woody and Adams Point, respectively, across the
profile), with some variation near the edge. This variation is likely a
result of factors such as imaging direction, overlay of the trees, and
vegetation/rocks found near the banks. However, the profile from
Mast Cove exhibited multiple distinct regions. The first, corre-
sponding to the coarser region of Mast Cove, stretched from the
start of the profile to a distance of approximately 42 m and again
from 47.5 m to 81 m. These two sections of the coarser region of
Mast Cove were characterized by higher backscatter coefficients,
with averages of −9.1 dB and −9.9 dB, respectively, across the
transect. Some lower values of the backscatter coefficients were ob-
served (e.g., backscatter coefficients of −19.7 dB, −19.6 dB, and
−22.3 dB at distances of 4.2 m, 38.2 m, and 57.3 m, respectively)
and likely corresponded to standing water found at the site. The two
coarse sections were separated by a zone of lower backscatter re-
sponse (average of −17.7 dB), which corresponded to a drainage
channel. Finally, a distance of approximately 81 m to the end of
the profile (110.5 m) represented the finer sediment zone of Mast
Cove and exhibited a lower backscatter (average of −15.1 dB
across the transect). This suggests that trends in the backscatter
can be used to assess soil type on an exposed tidal flat.

An example of the histograms of the backscatter coefficient for
the different tidal flats is shown in Fig. 7 for the image collected on
August 5, 2021 (Table 1, Fig. 3). Here, it is observed that the coarse
region of Mast Cove (solid line), which is composed of sandy soils,
exhibited higher backscatter coefficients (mean of −8.1 dB) com-
pared to the two predominately fine material sites and the finer
zone of Mast Cove (mean values of −16.5 dB, −17.7 dB, and
−14.0 dB for the entire flats found at Adams Point, Woody, and
the finer zone of Mast Cove, respectively). The average values
for the entire region of the tidal flats corresponded to the same
trends in average backscatter observed across the single transects

Table 2. Equations to calculate the statistical properties of the histograms of backscatter coefficients

Moment Expression Measure of texture Calculated values (min, max)

Mean
m =

∑L−1
i=0

zip(zi)
Average backscatter coefficient Adams Point: (−20.7 dB, −13.6 dB)

Mast Cove (fine): (−18.2 dB, −13.8 dB)
Mast Cove (coarse): (−13.0 dB, −8.1 dB)

Woody: (−25.4 dB, −17.7 dB)
Standard
deviation

σ =
���
μ2

√
=

������������������∑L−1
i=0

(zi − m)2p(zi)

√
Standard deviation of the backscatter coefficient Adams Point: (4.1 dB, 7.0 dB)

Mast Cove (fine): (4.1 dB, 4.6 dB)
Mast Cove (coarse): (4.2 dB, 5.4 dB)

Woody: (4.3 dB, 8.8 dB)
Smoothness R = 1 −

1

(1 + σ2)
Relative smoothness of the backscatter ranging between

0 (constant backscatter) and 1 (large variation in
backscatter). Typically, σ2 is normalized to [0,1] by

(L − 1)2

Adams Point: (1.3 × 10−3, 1.5 × 10−2)
Mast Cove (fine): (1.3 × 10−2, 2.3 × 10−2)

Mast Cove (coarse): (3.3 × 10−3, 4.7 × 10−3)
Woody: (3.0 × 10−3, 3.7 × 10−3)

Third
moment

μ3 =
∑L−1
i=0

(zi − m)3p(zi) Measure of histogram skewness: 0 for symmetric
histograms, positive for right-skewed histograms and
negative for left-skewed histograms. Typically, it is

normalized by (L− 1)2

Adams Point: (−1.0 × 10−1, −3.1 × 10−3)
Mast Cove (fine): (−2.4 × 10−2, −2.0 × 10−2)
Mast Cove (coarse): (−8.6 × 10−3, −5.9 × 10−3)

Woody: (−2.1 × 10−3, −3.6 × 10−4)
Uniformity U =

∑L−1
i=0

p2 · (zi) Measure of uniformity: the uniformity is at maximum
when all backscatter values are equal (maximum

uniform) and decreases from here

Adams Point: (0.03, 0.05)
Mast Cove (fine): (0.06, 0.07)

Mast Cove (coarse): (0.03, 0.03)
Woody: (0.01, 0.02)

Entropy e = −
∑L−1
i=0

p(zi) · log2 [ p(zi)] Measure of randomness Adams Point: (4.7, 5.4)
Mast Cove (fine): (4.1, 4.2)

Mast Cove (coarse): (5.1, 5.4)
Woody: (6.1, 6.9)

Table 3. Summary of classification of samples collected from Mast Cove

Group name (group symbol) Number of samples

Poorly graded sand (SP) 1
Poorly graded sand with silt (SP-SM) 8
Poorly graded sand with silt and gravel (SP-SM) 8
Silty sand (SM) 42
Silty sand with gravel (SM) 2

Note: Classification follows ASTM 2487 (ASTM 2017b).
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(as shown in Fig. 6), demonstrating consistency in backscatter
trends for the entire tidal flat.

The minimum and maximum statistical properties of the back-
scatter coefficient histograms for each site across all images are pre-
sented in Table 2 and Fig. 8. The values of the mean backscatter are
in line with those previously observed for tidal flats. For horizon-
tally co-polarized TerraSAR-X images, Dehouck et al. (2011) ob-
served σodB values of −15.6 dB to −15.5 dB for muds and
−12.4 dB for beach sands for images with incidence angles of
32°–33°. From Fig. 8(a), it can be observed that the finer sites
were associated with lower backscatter values across all images
in comparison with the coarse site, with the coarse site at Mast
Cove exhibiting average values of backscatter greater than

−13.5 dB and the finer sites exhibiting average values less than
this. Across the sites and images, it is observed that there were lim-
ited trends regarding standard deviation, smoothness, and third mo-
ment with respect to both the USCS classification and fines content
[Figs. 8(b–d)]. However, the smoothness [Fig. 8(c)] is generally
higher for the finer zone of Mast Cove compared to the other
sites. Woody exhibited higher standard deviations in comparison
to the other sites [Fig. 8(b); 7.1–7.0 dB versus 4.3–8.0 dB for
Woody]. Similarly, the cross-shore profile of backscatter
[Fig. 6(b)] exhibited a more variable profile than Adams Point
and Woody [Figs. 6(a and c)]. In a previous study, Lee et al.
(2012) indicated a standard deviation of 4.27 dB for exposed
tidal flats across a range of soils using TerraSAR-X images. In

(a)

(b)

Fig. 4. (a) Measured fines contents for the four sites; and (b) measured gravimetric moisture contents for the four sites. The bottom and top of the
boxes are the 25th and 75th percentiles of the samples, respectively, with the distance between the boxes representing the interquartile range. The stars
represent outliers, which are values that are greater than 1.5 times the interquartile range away from the top or bottom of the box.

(a)

(b)

(c)

(d)

Fig. 3. Example of an SAR image of the Great Bay collected on August 5, 2021 at 10:14 UTC of the (a) overall site; and (b–d) three sites surveyed. In
b–d, the stars represent the start of the transects (solid lines) shown in Fig. 6. (COSMO-SkyMed Product—©ASI—Agenzia Spaziale Italiana—2020.
All Rights Reserved.)
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the present study, the minimum standard deviation observed on
August 5, 2021 for Woody was near this value using an image
from the CSK 2 sensor. However, the maximum value of standard
deviation exceeded this value (8.8 dB) when using a TDX image
from August 4, 2021. The standard deviation at Woody is likely in-
fluenced by the number of drainage channels observed at the site.
The remaining two properties, uniformity and entropy, are limited
to a distinct range of values for Adams Point, Woody, and the finer
region of Mast Cove, as seen in Figs. 8(e and f), respectively. For
the finer sites, the highest entropy values were observed at Woody,
followed by Adams Point, with the lowest values observed over the
finer region of Mast Cove. These trends are reversed for uniformity,
with the highest values observed in the finer zone of Mast Cove and
the lowest at Woody, demonstrating that these trends can likely be
used to distinguish between soils of different USCS classifications.

To check whether the incidence angle at which the image was
collected influenced the backscatter histograms, the three metrics
that exhibited distinct trends for the different sites were plotted
against the incidence angle (Fig. 9). With regard to the mean back-
scatter [Fig. 9(a)], the coarse region of Mast Cove exhibited the
highest mean backscatter across all angles, followed by the finer re-
gion of Mast Cove, Adams Point, and Woody. Similarly, for the
three finer regions (Adams Point, Woody, and the finer region of
Mast Cove), the uniformity [Fig. 9(b)] was the highest for the
finer region of Mast Cove across all incidence angles, followed
by Adams Point, with the lowest values observed at Woody across

all incidence angles. Reverse trends were observed for the entropy
[Fig. 9(c)], with consistently higher values of entropy for Woody
observed across all incidence angles, followed by Adams Point
and the finer region of Mast Cove. Finally, in general, consistent
trends in the metrics were observed for a given site at a single in-
cidence angle. For example, similar values of entropy (4.09 and
4.13) and uniformity (0.067 and 0.066) were observed for the im-
ages from August 6 and 7, 2021, which had the same incidence
angle (38.1°) but were from two separate CSK satellites (CSK4
and CSK2, respectively; Table 1). However, slight variations in
the mean backscatter were observed (−14 dB and −15.6 dB for
the images from August 6 and 7, respectively). This is likely a re-
sult of differences in the water levels at the time of imaging (−0.5 m
and 0.3 m, respectively; WillyWeather 2023), leading to a different
amount of Mast Cove being exposed. Further investigation is re-
quired to validate these results.

To distinguish between sites composed of soils of different
USCS classifications, the values of entropy and uniformity from
each image are plotted against the mean backscatter in Figs. 10(a
and b), respectively. These plots clearly show distinct differences
between the entropy/uniformity for Adams Point, Woody, and
the finer zone of Mast Cove. In both plots, a qualitative boundary
between the finer and coarser tidal flats can be drawn at a mean
backscatter coefficient of −13.5 dB (solid black line) following
the observed trends. While this boundary is lower than the average
value observed for beach sands by Dehouck et al. (2011), it is dic-
tated by the mean backscatter from the image from August 8, 2021.
The image on this date was collected at a higher incidence angle
than the images collected by Dehouck et al. (2011) [45.7° in the
present study versus 32°–33° in Dehouck et al. (2011)]. In the
three remaining images, the coarse region of Mast Cove exhibited
higher backscatter values at Mast Cove than the average values ob-
served by Dehouck et al. (2011); the significant gravel content of
the coarser region of Mast Cove likely increased both the surface
roughness and the resulting backscatter. For entropy, boundaries
can be drawn at 6 to divide Woody and Adams Point and at 4.5
to divide Adams Point and the finer zone of Mast Cove (dashed
lines) using the trends observed from Fig. 8(f) to classify the flats
according to their USCS classification. A similar process can be re-
peated for uniformity, with boundaries drawn at 0.055 to separate
the finer zone at Mast Cove and Adams Point and at 0.025 to sep-
arate Woody and Adams Point, again using the trends observed in
Fig. 8(e).

Fig. 5. Relationship between fines content, FC, and moisture content,
mc. The trendline shown exhibits R2= 0.93.

(a)

(b)

(c)

Fig. 6. Cross-shore variation in the backscatter coefficient for (a)
Adams Point; (b) Woody; and (c) Mast Cove from the image collected
on August 5, 2021 at 10:14 UTC.

Fig. 7. Example of histograms of backscatter coefficient for the four
sites from the images collected on the morning of August 5, 2021;
see Table 1 for image details.
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Discussion

The differences in fines content, water content, and USCS classifi-
cation/index properties between the three sites are likely governed
by differences in tidal energy and flow velocity. The lower Piscat-
aqua River portion of the Great Bay [Fig. 1(a)] is a highly dissipa-
tive region that behaves like a partially progressive wave, while the
Little Bay/Great Bay (inner estuary) section behaves like a standing

wave with a lower dissipative regime (Cook et al. 2019; Swift and
Brown 1983). Nearly half of the tidal energy at the mouth of the
estuary system is lost as the tides travel through the lower Piscata-
qua River, turn at Dover Point, and move into the inner estuary. In
the lower Piscataqua River, the channel depth ranges between 13 m
and 26 m and features coarse sediment at the bottom of the deep
channels (Cook et al. 2019). The strong maximum tidal currents
of up to 2.0 m/s in the lower Piscataqua River prevent most fine
sediments from being deposited on flats such as those found at
Mast Cove, leading to a higher percentage of coarser sediments.

From sediment sampling, Mast Cove exhibited a high percent-
age of coarse material (>50%) for both the coarse and fine regions,
resulting in all samples being classified as sand (Table 3). The fine
region, which occurred closer to the water line at the time of mea-
surements, exhibited moisture contents of 18.1%–48.3%, with fines
contents ranging from 14.1% to 44.3%. Conversely, samples from
the coarser region exhibited moisture contents of 17.1%–41.4%,
with fines contents of 4.1%–43.7%. Five samples from the coarser
region of Mast Cove exhibited higher moisture contents (40.0%–
41.4%) and fines contents (25.1%–43.7%) than the typical values
for this region. These samples were collected near and within the
drainage channel (that exhibited active flow during measurements).
While it is anticipated that the moisture content would be influ-
enced by proximity to the water line, these results suggest that,
for mixed sand flats [sand contents between 30% and 70%, Choi
et al. (2011)], proximity to water also strongly influences the
fines content.

On the other hand, fine sediments, such as silts and clays, typi-
cally settle at very low currents in estuaries (Dronkers 1986). In the
main channels of the inner estuary, currents reach a maximum of
0.5 m/s (Ertürk et al. 2002; Swift and Brown 1983) with a maxi-
mum channel depth of 10 m (Ertürk et al. 2002). In both the

(a) (b)

(c) (d)

(e) (f)

Fig. 8. Trends in (a) mean backscatter; (b) standard deviation; (c) smoothness; (d) third moment; (e) uniformity; and (f) entropy across all images (see
Table 1 for image details and Table 2 for equations). The solid horizontal line in (a) represents the separation between finer and coarse sites, while the
dashed horizontal lines in (e) and (f) represent the separation between the finer sites. The bottom and top of the boxes are the 25th and 75th percentiles
of the samples, respectively, with the distance between the boxes representing the interquartile range.

(a)

(b)

(c)

Fig. 9. Relationship between incidence angle and (a) mean; (b) unifor-
mity; and (c) entropy across all images using the histograms of
backscatter.
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lower Piscataqua River and the inner estuary, the tidal current
speeds decrease away from the center of the channel and reach a
minimum along the edges of the estuary, leading to the deposition
of finer sediments onto the tidal flats such as those found at Adams
Point and Woody. While both sites exhibited a high percentage of
fines (on average, 89.4% and 98.3% for Adams Point and Woody,
respectively) and both classified as fine-grained, silty soils, Atter-
berg limit testing indicated different USCS classifications with dif-
ferent plasticity characteristics (ML for Adams Point and MH for
Woody). This suggests that factors beyond tidal currents may be in-
fluencing the type of sediment found at the sites. This may include
factors such as benthic biological activity or the presence of vege-
tation. For example, salt marshes are located near the Woody sam-
ple collection sites [Fig. 11(a)], while there are no salt marshes near
Adams Point. Thus, the proximity of Woody to salt marshes may
impact the sediment type found at the site due to the decomposition
of vegetation.

The sediment samples collected represent point measurements
and, therefore, small regions of the tidal flats. Conversely, remote
sensing can be used to improve the classification of the entire
flat. Previous studies primarily focused on identifying the variabil-
ity of sediments within a single tidal flat (Choe and Kim 2011;
Deroin 2012; Gade et al. 2008; Lee et al. 2012; van der Wal
et al. 2005; van der Wal and Herman 2007) and did not follow geo-
technical sediment classification schemes such as the USCS. These
frameworks have applied regression techniques (van der Wal et al.
2005; van der Wal and Herman 2007), backscatter modeling

utilizing multipolarized or multifrequency data (Choe and Kim
2011; Deroin 2012; Gade et al. 2008), and decision tree analysis
(Lee et al. 2012). However, due to the spatial homogeneity and
the relatively small area of the flats investigated in the present
study, it is instead of interest to develop a classification scheme
where the general soil type of the entire flat can be identified, pri-
marily following the USCS classification and percentages of
gravels, sands, and fines using X-band SAR. Of the aforemen-
tioned studies, only two applied X-band data: Lee et al. (2012)
utilized horizontally co-polarized, vertically co-polarized, and
cross-polarized X-band (TerraSAR-X) following a decision
tree analysis, while Choe and Kim (2011) only used vertically
co-polarized TerraSAR-X data to derive surface parameters. Statis-
tical properties of backscatter for tidal flats environments have only
been minimally investigated (Adolph et al. 2018) and have not been
widely applied.

Previous work has demonstrated that in intertidal flat environ-
ments, the surface roughness and soil texture (i.e., composition)
can be derived from SAR images (van der Wal et al. 2005), and
along with moisture content, represent the important soil character-
istics impacting backscatter (Ulaby et al. 1986). The relationship
between water content and fines content presented in Fig. 5 demon-
strates that different soil types (sands versus silts) will exhibit dif-
ferent characteristic water contents. While the time of exposure to
air of the tidal flat impacts the moisture content and, in turn, affects
the backscatter (Lee et al. 2011), the impact in the present study is
likely minimal due to the short exposure time for Great Bay

(a) (b)

Fig. 10. (a) Relationship between the mean backscatter coefficient and entropy for the four sites; and (b) relationship between the mean backscatter
coefficient and uniformity for the four sites. In both, the dashed lines represent differences for the finer material sites, while the solid black lines
delineate between coarser and finer material.

(a) (b)

Fig. 11. (a) Example of the proximity of the sampling location at Woody to salt marshes; and (b) example of pillow-hollow structure surface rough-
ness features found on the surface of the Adams Point mudflat.
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sediments (<4 h). Previous studies (Bousbih et al. 2019; Gorrab
et al. 2015; Zribi et al. 2012) have demonstrated that soil texture
significantly impacts the backscatter, primarily due to the ability
of soil to retain water. Fine-grained soils, such as clays, exhibit
good water retention capacity and cannot dry as fast as sands
(which freely drain). At saturation, clean sands (i.e., limited
fines) exhibit moisture contents of approximately 25% (Sherman
1990), while clays can exceed 700%, depending on the mineralogy
(Lambe and Whitman 1969); in this study, it was assumed that the
sediments were saturated or nearly saturated throughout their entire
exposure. Accordingly, sands should exhibit higher backscatter co-
efficients than muds (Hallikainen et al. 1985), which is consistent
with the results presented here. Regression equations from van
der Wal et al. (2005) for mud content and backscatter also express
this relationship.

The lower mean backscatter values of Adams Point, Woody,
and the finer region of Mast Cove are consistent with the higher
water contents found at these sites (water contents of 83.2%–
119.5%, 105.7%–172.7%, and 18.1%–48.3%, for the three respec-
tive sites), especially in comparison with those found in that coarse
region of Mast Cove (moisture contents of 17.1%–41.4% and
17.1%–33.6% when excluding the samples collected near and
within the drainage channel). Lee et al. (2012) observed slightly
higher backscatter values for mud flats (−14.7 dB) than those ob-
served in the present study. This higher backscatter was influenced
by site topography and a higher density of tidal channels than that
observed in the present study (Choi et al. 2011; Lee et al. 2012).
However, Dehouck et al. (2011) observed a mean backscatter of
−15.6 dB to −15.5 dB; these values represent the higher end of
the backscatter observed (Table 2; Fig. 8). In the present study,
the scattering behavior is likely strongly influenced by water pond-
ing within pillow-hollow structures [Fig. 11(b)] where water ponds
during ebb tide, representing roughness elements on the order of
tens of centimeters horizontally (van der Wal et al. 2005). The im-
pact of ponded water on the backscatter response of muddy tidal
flats has been previously observed (Adolph et al. 2018; Kim
et al. 2011), with a reduction in the backscatter of 3–7 dB compared
to the backscatter response of tidal flats without ponded water (Kim
et al. 2011). These bed morphology features have previously been
documented at Adams Point (Anderson 1983) and are potentially
influenced by rainfall (Anderson 1983) or biological activity
(Whitehouse et al. 2000).

In the finer region of Mast Cove, surface water and similar bed
morphology features were observed; however, they were less pro-
nounced than those at Adams Point and Woody. The coarser region
of Mast Cove did not exhibit noticeable bed morphology features
or a significant amount of standing water at the time of measure-
ments and exhibited higher mean backscatter coefficients. The
lower percentage of fines likely allows for increased drainage in
the coarser region of Mast Cove and limited standing water during
low tide. Lee et al. (2012) observed a backscatter of −16.6 dB for
mixed flats (sand contents between 30% and 70%; Choi et al.
2011), in line with the mean backscatter values observed for the
finer zone of Mast Cove (Table 2). The finer region of Mast
Cove would classify as a mixed flat following Choi et al. (2011),
indicating that the mean backscatter observed in the present
study for the finer zone of Mast Cove is in line with the expected
results.

Beyond the mean value of the backscatter, other characteristics
of the backscatter histogram, such as uniformity and entropy, as
shown in Fig. 8 and Table 2, may be able to provide insight into
differentiating between sandy sites with a high fines content
(such as the finer region of Mast Cove) and sites that classify as
fine-grained (such as Woody and Adams Point). The differences

in the trends for these two parameters for the three different finer
sites (Figs. 8 and 10) are likely due to variations in the bed morpho-
logical features and surface roughness observed at the sites, which
is known to impact the backscatter (Ulaby et al. 1986; van der Wal
et al. 2005). The high entropy and low uniformity for Woody are
likely a result of the sporadic drainage channels found on the
site, which result in a more random (higher entropy) and less uni-
form (low uniformity) backscatter histogram. At Adams Point,
where bed features were the most prevalent, intermediate values
of uniformity and entropy were observed. These pillow-hollow fea-
tures occur consistently across the site and appear less random than
drainage paths. Both types of surface features typically occur on
mudflats and are less common on sandy flats (Dyer 1998; White-
house et al. 2000). The low entropy and high uniformity at the
finer region of Mast Cove may be due to the limited bed morphol-
ogy features. Thus, backscatter response histograms with high
entropy and low uniformity may aid in identifying muddy environ-
ments versus sandy environments with high fines contents. How-
ever, it should be noted that whether the differences in entropy
and uniformity between Woody (MH with little coarse material)
and Adams Point (ML with approximately 10.6% coarse materials)
are due to differences in soil classification or bed features is un-
known at this time and warrants further investigation.

There are two major shortcomings associated with the use of
SAR for the identification of soil types on tidal flats that should
be addressed when interpreting results. First, SAR is unable to
image through water, meaning that information cannot be collected
during flood conditions or times of high water. A second issue with
the use of SAR arises from imaging geometry. The landward side
of the flats is rimmed by trees that are significantly higher than the
mudflats (Fig. 1). Since SAR systems are active sensors, trees will
appear to overlay the mudflat, and information related to the soil
type cannot be obtained if the incident radar energy images the
trees first. This can lead to loss of information in tree-shadow re-
gions of the mudflat for a specific image.

Conclusions

The sediment fines content, moisture content, plasticity, and vari-
ability in X-band SAR signals from three distinct intertidal flats
in the Great Bay Estuary are investigated. Two sites primarily con-
sist of fine-grained soils (Adams Point, Woody) but with different
USCS classifications (ML and MH for Adams Point and Woody,
respectively), and one mostly consists of coarse-grained soils of a
wide range of grain sizes, fines content, and water contents (Mast
Cove; Table 3). Using grain-size analysis, USCS classifications,
and the moisture contents, Mast Cove is determined to contain
two distinct regions: one comprises a higher percentage of coarse
material with lower moisture contents and a range of USCS classi-
fications and one comprises a higher percentage of finer material,
higher moisture contents, and a consistent USCS classification of
SM. As a complement to in situ sampling, X-band SAR is also ex-
plored for characterizing intertidal flats. The percentage of fines im-
pacts the SAR backscatter signals, as previously observed by van
der Wal et al. (2005). Tidal flats with higher percentages of fines
(Adams Point, Woody) and, therefore, with higher moisture con-
tents generally exhibit lower mean backscatter coefficients com-
pared to a sandier flat with lower moisture contents (coarser
region of Mast Cove). The finer region of Mast Cove also generally
exhibits lower backscatter coefficients (similar to those found for
Adams Point and Woody) compared to the coarser region, which
may be a result of the high fines content and moisture content
found within this region of Mast Cove. The three finer locations
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are clearly distinct in terms of the SAR backscatter entropy and uni-
formity, with Adams Point and Woody exhibiting higher and lower
values of entropy and uniformity, respectively, than the finer region
of Mast Cove. Geomorphological surface features such as small-
scale (tens of centimeters) pillow-hollows or drainage channels,
which are common in muddy but not sandy environments, likely
impact the histograms of the backscatter coefficient, suggesting
that uniformity and entropy can be used to distinguish between
sites composed of fine soils (e.g., silts and clays) and coarse
sandy soils with a high fines content. These metrics (mean back-
scatter, uniformity, and entropy) are consistent for a given image
incidence angle (Fig. 9) and sensors from the same satellite constel-
lation (Table 1), demonstrating that high-resolution X-band SAR
can provide information related to soil classification, fines contents,
and general ranges of moisture contents for a given site.
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