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Sea Ice Detection and Measurement Using Coastal
GNSS Reflectometry: Analysis and Demonstration

Feng Wang “, Dongkai Yang

Abstract—Based on a developed three-layer air-ice-water re-
flection model, this article simulates the evolution of reflection
coefficient versus elevation angle. Due to the interference between
the signal components from the air-ice and ice-water interfaces,
the reflection coefficient experiences an oscillating pattern versus
elevation angle so that detecting sea ice using the power or am-
plitude of the reflected global navigation satellite system (GNSS)
signal has to choose a suitable satellite to reduce the influence
of the oscillating pattern. A sea ice surface is more stable and
presents higher correlation than a dynamic ocean surface, this
article explores the potential of detecting and measuring sea ice
using the coherency of reflected GNSS signal for coastal scenario.
Experimental results show that phase coherency can significantly
detect sea ice without strictly limiting elevation and azimuth angle.
This article also is to is to explore the potential of retrieving sea ice
thickness using the oscillating phase pattern versus elevation angle.
The phase compensation and the dual-polarization observation are
proposed to remove the delay phase between the direct and reflected
signal from the estimated phase of the reflected GNSS signal. The
results show that the amplitude and frequency of the oscillating
phase pattern, respectively, have an inversely proportional and
positively linear relationship with sea ice thickness. Simulation
shows that, compared to the oscillating amplitude, the oscillating
frequency is a better choice to measure sea ice thickness. The
frequency of the dual-polarization oscillating pattern could provide
the measurement performance with a root-mean-square error of
0.05 m.

Index Terms—Coastal global navigation satellite system-
reflectometry (GNSS-R), correlation time, dual-polarization
observation, phase compensation, random walk test, sea ice
detection, sea ice thickness.

I. INTRODUCTION

EA ICE has a significantly important influence on mon-
itoring climate change. In addition, the risk of sea ice
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disaster directly affects human activities, such as marine trans-
portation, safe production of oil, and gas resources. Due to the
importance of monitoring climate and human development, it
is necessary to detect and measure sea ice. Optical imaging
[1] is an usual way to detect and measure sea ice, however,
it is easily affected by weather, such as clouds, rain and fog so
that it is incapable of detecting sea ice all-weather and all-day.
Compared to optical imaging, microwave remote sensing, such
as synthetic aperture radar (SAR) [2], passive radiometers [3],
altimeters [4], and scatterometers [S] have also been used to
detect and measure sea ice. Radiometers and scattermeters have
typically 25-50 km resolution, which is low. SAR and altimeters
have high spatial resolution, however, are difficult to use for
high temporal-resolution detection and measurement due to high
costs and power requirements.

Since GNSS signals reflected off the earth’s surface were
proposed to explore earth’s physical parameters [6], [7], global
navigation satellite system reflectometry (GNSS-R) has been
applied to various remote sensing of earth’s physical parameters,
such as sea surface height [8], wind speed [9], soil moisture [10],
vegetation [11]. As a bistatic or multistatic configuration, it is
low-power, low-cost and can simultaneously receive the signals
from different GNSS satellites to offer the observation with the
high spatial and temporal resolution.

GNSS-R also affords an opportunity for the detection and
measurement of seaice. The first demonstration of sea ice remote
sensing using GNSS-R was conducted by an aircraft experiment
[12]. In [13], the theoretical reflection of GPS signals from
ice sheet was investigated and then airborne and spaceborne
measurements were simulated. The results indicated that the
reflected GPS signals are sensitive to snow surface roughness
and firn parameters. The permittivity and roughness from dif-
ferent sea ice types were obtained from the waveforms of the
reflected GPS signals in [14]. The UK Disaster Monitoring
Constellation (UK DMC) mission first presented the capability
of GNSS-R in global remote sensing of sea ice from spaceborne
platforms [15]. After that, the UK TechDemoSat-1 (TDS-1) and
Cyclone GNSS (CYGNSS) promoted the rapid development of
spaceborne GNSS-R in sea ice remote sensing [16], [17]. For sea
ice measurement of GNSS-R, some works have been done for
sea ice concentration [18], [19], ice sheet [20], sea ice altimetry
[21], and ice thickness [22] using UK TDS-1 data. At present,
new sea ice measurements also have been demonstrated. In [23],
the sensitivity of the reflected GNSS signals to sea ice types
was demonstrated and a multistep classification was proposed
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to distinguish young ice, first-year ice and multiyear ice in Arctic
sea. The capability of GNSS-R for Greenland ice sheet melt was
investigated using TDS-1 data in [24]. Multiangular and multi-
frequency method has been proposed to retrieve simultaneously
sea ice and snow thickness [25].

Spaceborne remote sensing is difficult for the sea ice near
the coastline due to coarse resolution. In addition, it is also
important for safe production to detect and measure sea ice
around oil rigs in real time. Therefore, long-term and reliable
observation from the coastline or oil rigs is important for both
climate monitoring and safe production. Coastal experiments
have for example been conducted in Greenland [26] and Bohai
Bay of China [27]. In [28] the method of detecting sea ice using
single-antenna GNSS-R was proposed and demonstrated by an
experiment. For sea ice measurement of coastal GNSS-R, few
works have been started for sea ice altimetry [29], and sea ice
thickness [30], [31]. Although some works have been done using
coastal GNSS-R to detect and measure sea ice, there are two
shortcomings. On the one hand, existing works ignored the role
of sea water on which the signals penetrating sea ice occur the
reflection, especially in the case of thin ice; on the other hand,
except for sea ice altimetry, the phases of the reflected GNSS
signals rarely were explored and used to detect and measure sea
ice. Actually, the phases of the reflected GNSS signals have the
potential to detect and measure sea ice [21].

This article evaluates the capability of detecting sea ice and
measuring ice thickness using the phase of the reflected GNSS
signals. Because a GNSS signal can penetrate sea ice and a
reflection occurs on the ice—water interface, a three-layer re-
flection model is developed. The interferometric amplitudes and
phases of the GNSS signals reflected off sea ice and sea water are
discussed. The correlation time and a random walk test are used
to explore the feasibility of detecting sea ice using the coherency
of the reflected GNSS signals. Furthermore, for different sea
ice thickness, the phases of the GNSS signals reflected off sea
ice show different oscillating phenomenon which can be used
to retrieve sea ice thickness. Section II gives the model of the
GNSS reflected signals off sea ice and the explanation of the
interference phenomenon between the signal components from
the air—ice and ice—water interface. Methods of detecting sea
ice using the phase coherency of the reflected GNSS signal are
described in Section III. Section IV describes the experiment
of detecting sea ice and analyzes the experimental results. The
potential of retrieving sea ice thickness is discussed in Section V.
Finally, Section VI concludes this article.

II. MODEL OF GNSS SIGNAL REFLECTED OFF SEA ICE
A. Geometry of Surface Reflection

Fig. 1 sketches the three-layer reflection model including
air, sea ice and sea water. Due to a low dielectric difference
between air and sea ice, GNSS signals partially are reflected by
the air—ice interface, and the remainders penetrate through the
sea ice to the ice—water interface and then occur the reflection.
The components reflected off the air—ice and ice—water interface
coherently superpose in air to produce the totally reflected

air (0 layer) Eair

> X

Sea Ice (1 layer) Eice

Sea Water (2 layer) Esen

Fig. 1. Three-layer model including air, sea ice, and sea water.

signals. Interference between the signal components from the
two interfaces could be expected.

B. Permittivity

The relative permittivities of sea water and ice depend on their
temperature and salinity. The relative permittivity of sea water
could be computed by the Debye expression as [32]

€s — Exo . O
1+(j2nfr)t = o feo

where f is the signal frequency; e, is the dielectric constant at
infinite frequency; €, is the static dielectric constant; 7 is the
relaxation time in seconds; o is the ionic conductivity; « is an
empirical parameter that describes the distribution of relaxation
time; and ¢ is the permittivity of free space 8.854 x 10712,
The detailed definition and computation are given in [32]. For a
signal with 1 GHz frequency, the relative permittivity of the sea
ice is modeled as [33]

Eice = Eicen -+ (0.009 + §0.005) V, )

ey

€sea = €co T

where €0 1S the relative permittivity of pure ice and is 3.12 +
70.04; Vj, is the relative brine volume which was given in [34]
as

49.183

ice

Vi = 1073 Sice ( + 0.532) (3)
where Si.. and T are the salinity and temperature of sea ice.
In [35], through analyzing Arctic sea ice data, Sj.. and sea ice
thickness approximately agree with a piecewise function as

o [14.24 1939
ice =\ 7.88 — 1.5%ce

hice S 0.4m

hice > 0.4m (4)

where hj.. 18 sea ice thickness in meter. From (4) it is seen
that as sea ice thickness increases, sea ice salinity decreases.
This is to say that compared to first year (30 to <200 cm) and
multiyear ice (>200 cm), new (<10 cm) and young ice (10
to <30 cm) retain high salinity values. When the temperature
and salinity of sea water are respectively 2 °C and 20%o, the
permittivity of seaice is 79.35 + j - 33.04, and for sea ice, when
the temperature and sea thickness are respectively —2 °C and
2 m, the permittivity is 3.13 + 7 - 0.046. Compared to sea water,
sea ice permittivity has lower difference with that of the air so
that a GNSS signal penetrates through sea ice and a reflection
occurs on the ice—water interface for thin sea ice.
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C. Reflection Coefficient

The right- and left-hand circular polarization (R and LHCP)
reflection coefficients are expressed as

Tr) = Lriyor + Drezyroe?? e ()
I'r(r)o1 and I'g(1)12 are the reflection coefficients of the air-ice
and ice—water interface, and expressed as

Fior £ 101
Lripyor = TH (6)

Ty10l 112701 & Thiol 12T 01 7
2

where I'j;; and I';; are the vertical polarization and hori-
zontal polarization reflection coefficients of the interface be-
tween the ith and jth layer, respectively; 7' ;; and Tj;; are
the vertical polarization and horizontal polarization transmis-
sion coefficients from the ith to jth layer, respectively; a is
expressed as

Trpy12 =

kice
(3)

« = kyir - sin 6 sin Og—
cos 0

where k,;, is the wave number of the air, i.e., 27 f/Zair; Kice 18
the wave number of the ice, i.e., 27 f/€ice; 0o and 0 are the
incident angle of the signal to the air—ice and ice—water interface,
respectively. The detailed derivation of the reflection coefficient

is presented in Appendix A. The vertical and horizontal polar-
ization reflection coefficients are expressed as

Ni1 cos B; —m; cos B 41
7M1 cos 0; + m; cos 0; 41

C))

L=

1; cos 0; — M1 cos ;41
1; cos 0; + 1,41 cos ;4

Dyiirr = (10)

where 7; is the impedance of the ¢th layer. The vertical and
horizontal polarization transmission coefficients are expressed
as [36]

2141 cos 0;
7;+1 cos @; + n; cos ;11

Tiiiv= (11)
2141 cos 0;
7; COS 91 + 7i+1 COS 9i+1 '

Fig. 2 gives the changing trends of the RHCP and LHCP reflec-
tion coefficients as elevation angle increases for different sea ice
thickness through simulating using (5). For the RHCP reflection
coefficient, regardless of sea ice thickness, as elevation angle
increases, the amplitude of the reflection coefficient decreases
and has no significant oscillating pattern, and the phase shows an
oscillating pattern around 0°. As shown in Fig. 3(a), the reason is
that the wave components from the ice—water interface are lower
than 20% of the total RHCP waves so that it has small impact
on the reflected RHCP wave. The amplitude and phase of the
LHCEP reflection coefficient appear different for different sea ice
thickness. When sea ice thickness is 0.1 m, the amplitude and
phase both monotonically increase as elevation angle increases.
The amplitude and phase both oscillate for sea ice thickness
above 0.5 m, and the thicker the sea ice thickness is the faster the
amplitude and phase oscillate. The total LHCP waves reflected

Tji,ip1 = (12)

reflectivity amplitude
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Fig. 2. Simulated relationship between (a) amplitude and (b) phase of RHCP
and LHCP reflection coefficients and the elevation angle of GNSS satellites for
different sea ice thickness.
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Fig. 3. Simulated percentage of the wave components from the air—ice inter-
face versus sea ice thickness.
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to air are the coherent superposition of the signals reflected
off the air—ice and ice-water interface. Two reflected LHCP
waves produce interference so that when the phase difference
of the two waves is n - m + /2, the two LHCP waves interfere
constructively, and when the phase difference is (n + 1) - 7,
two waves interfere destructively. For the case of 0.1 m sea ice
thickness, the varying range of the phase difference of two LHCP
waves is smaller than 7/2 when the elevation angle increases
from 5° to 85°, therefore, the amplitude and phase pattern of the
LHCEP reflection coefficients do not show any oscillation, but a
monotonic change as a function of elevation angle. As shown in
Fig. 3(b), as sea ice thickness becomes thicker, the attenuation
of the waves in the ice layer increases, and the wave component
from the ice—water interface weakens so that the oscillation
pattern gradually fades. In the case with the sea ice less than 1 m,
the wave components from the ice—water interface is more than
50% of the total LHCP waves. This is the reason why in [22] the
reflection of the air—ice interface is neglected to derive the model
for retrieving sea ice thickness, but with increasing sea ice thick-
ness the derived model produces more noticeable model errors.
The amplitude oscillation pattern as a function of elevation angle
has been found when the amplitude of the reflected signal from
dry snow was analyzed in [37]. From the reflection coefficient
pattern as a function of elevation angle, two conclusions could
be obtained. One is that this oscillation pattern impacts sea
ice detection using the observables computed simply from the
amplitude of the reflected signal. The other is that it is possible
to detect and measure sea ice using this oscillation pattern. This
oscillating pattern has been found and used to retrieve sea ice
and snow thickness in the MOSAIC experiment in which a
sequence retrieval approach based on nonlinear least square was
proposed [25].

The reflection coefficient for an ice slab also can be computed
as [34]

FL(H)OI + FL(‘|)12€72jkicehice

1+ Fl(H)OlrL(H)ue_ij'icehice :

Ligy = (13)
Here, we demonstrate the equivalence of the two models. Fig. 4
shows the changing trends of the reflection coefficient amplitude
and angle as elevation angle increases for the two models. It
is clear that the reflection coefficients of the two models are
equivalent.

D. Model of Reflected GNSS Signal

Assuming that the GNSS signal experiences coherent reflec-
tion, the total received waveform could be

_i2mAT

Y, (1) =Tiv/PIT,A(T—Ar)e™? 77

(14)
where T is the coherent integration time; P, is expressed as

2
P = kQGtPtGT ; (15)
(4m)* (R, + R,)
where X is the signal wavelength; G; and P, are the transmit-
ted power and transmitting antenna gain, respectively; R; and
R, are the distance from GNSS satellite and receiver to the
specular reflection point, respectively. A7 is the delay between
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Fig.4. (a) Simulated reflection amplitude and (b) angle versus elevation angle
for two reflection coefficient models.

TABLE I
PARAMETERS OF SIMULATED SCENARIO

parameter unit value
GNSS satellite height km 20200
transmitted power w 26.8
transmitting gain dB 12.1
receiving gain dB 12
signal bandwidth MHz ~ 1.023
code type - Gold
elevation angle °© 5~85
receiver height m 10
receiver beam width ° +30
receiver point angle °© 45

the reflected and direct signals, and for a coastal scenario is
expressed as

_ 2hcosfq

AT =7, —Tg = (16)

c

where h is the receiver height relative to sea ice surface and c is
the light speed.

Fig. 5 shows the amplitude and phase of the reflected signal
versus elevation angle for the scenario as given in Table I. In
Fig. 5(a), it is clear that due to the modulation of the receiving
antenna gain pattern, the amplitude oscillation patterns of the
reflected signal are different with these of the reflection coeffi-
cients. In addition, GNSS signals usually experience noncoher-
ent scattering on the ice-free sea surface [38]. The reflection
coefficients, the receiving antenna gain modulation and the
noncoherent scattering on sea water surface all influence the
ability to distinguish between sea ice and water. It is necessary
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Fig.5. Simulated (a) amplitude, (b) phase, and (c) zoomed phase of reflected
GNSS signal for the scenario of Table 1.

to explore the phase coherency of the reflected signal to detect
and measure sea ice. Compared to the irregular oscillation of the
signal amplitude, as presented in Fig. 5(b) and (c), the phases
of the reflected signal show regular periodic oscillation. Unlike
the amplitude oscillation pattern of the reflection coefficient,
the oscillation ranges of the signal phases is relatively stable
and is independent on the sea ice thickness. Furthermore, the
oscillation pattern of the reflected signal phase is faster than that
of the amplitude. In fact, the phase oscillation of the reflected
signal contains two oscillating types. One is a slow oscillation
caused by the changing reflection coefficient versus elevation
angle. The other is a fast oscillation caused by the time-varying
delay between the reflected and the direct signal, for which the
oscillating frequency depends on the receiver height relative to

sea ice surface as
1 0(4mhcosby/,) 2h .
o= —————(—————— = —38 9 .
o= 5z 90 A oo

To measure sea ice using the phase of the reflected signal, it
should be necessary to compensate the phase caused by the delay
between the reflected and the direct signal.

a7

III. DETECTION OF SEA ICE

At present, the method to detect sea ice mainly is using the
amplitude of the reflected GNSS signal, such as the power ratio
of the reflected and direct signal [27], and the polarimetric ratio
of the reflected RHCP and LCHP signal [14], [29].

A. Amplitude Method

1) Power Ratio: The ratio of the reflected and direct signal
is expressed as

2
Pr <|Yerax| > - NTL
er - _L -

Pd <|Ydmax|2> _Nd

(18)

where (|Y, 1 max|2> and (|Yy max|2> are the waveform peaks of
the reflected LHCP signal and direct signal, respectively; N,.r,
and N, are the floor noise of the reflected LHCP signal and
direct signal, respectively, which are computed by averaging the
power in the signal-free waveform.

2) Polarimetric Ratio: The polarimetric ratio of the reflected
RHCL and LHCP signal is defined as

P, rL

I <|Y7'Rmax|2>
LR = =
PTR <|Yerax|2> _NTL

_N’I‘R
(19)

where (|Y,r max|2> and N,.p are the peak and floor noise of
the waveform of the reflected RHCP signal, respectively. As
mentioned above, the amplitude of the reflected signal shows
an oscillating pattern as a function of elevation angle, therefore,
when using the amplitude of the reflected signal to detect sea
ice it is necessary to choose the signals from suitable satellites
to reduce the impact of the reflection coefficient oscillation and
the antenna modulation due to the changing elevation angle. In
this article, the phase coherency of the reflected signal will be
explored to detect sea ice to avoid choosing the signals from
suitable satellites.

B. Phase Method

The phase coherency of the reflected signal has been used in
retrieving significant wave height [39], wind speed [40], sea cor-
relation time [41], and inland water [42]. For the actual surface,
the reflection has a specular component which is coherent and a
diffuse one which is incoherent [43]. When the surface is smooth,
such as the most of sea ice surface, the specular component
dominates, and on contrary for a rough surface, such as the most
of sea surface, the diffuse, or incoherent component dominates.
The coherency of the reflected GNSS signal has been found to
be proportional to the presence of sea ice using experimental
data [45]. In this article, the correlation time and a random walk
test are used to detect sea ice.

1) Correlation Time: In [39] and [46], the interferometric
complex field (ICF) is defined as

Lop(t) + jQrp(t)
La(t) + 7 Qa(t)

where I,,(t) + jQrp(t) and I4(t) + jQq(t) are the complex
correlation values at the waveform peak of the reflected and
direct RHCP or LHCP (represented by symbol p in above
equation) signal, respectively. The direct signal is used to re-
move the features unrelated to surface characterization, such as
residual Doppler, direct signal power and navigation message.
To estimate the correlation time, the autocorrelation function of
the ICF is defined as

Sice(t) = (20)

Tint
R(At) = — / Siet(t) - Sip (t— Aty dt (1)
0

int
where T;,; is the integration time. The correlation time is defined
as the width of the autocorrelation function

[ R(At) dAt

R0) (22)

Ticf =
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Fig. 6. Autocorrelation function of ICF of GNSS signals reflected off the
sea water and ice surface, and corresponding fitted curves using Gaussian and
triangle functions. The acquired GNSS signal is from the Bayuquan experiment.

When the surface height is assumed to have a gaussian proba-
bility distribution, the autocorrelation function of the ICF can
be approximated by a Gaussian function as [39]

2
(whgwh cos 09 At)
2(h72)2

Rsea (At) ~A (hswha lza 90, GT) 67 (23)

where hgywn is the significant wave height, [, is the surface
autocorrelation length, and 7. is the surface correlation time.
An example for the normalized autocorrelation function of the
actual data and the fitted Gaussian function are shown in Fig. 6,
indicating a good agreement. The correlation time of sea water
is approximately expressed as [39]

A Qg
Ticf = — + bs
T \ hswH

where as and bs are 0.167 and 0.388. Considering fully de-
veloped sea, the wind-wave relationship is modelled by the
well-known Pierson—-Moskowitz spectrum as

(24)

U2
SWH ~ 0.22-9
g
where g is the gravity acceleration; U is the 10-m wind speed.
In [41], the correlation times using coastal GNSS-R data have
also an inversely proportional relationship with wind speed as

A P
of = 3—erf [ 2.7—-
Tt Uwa“< U%)

where er f(-) is the error function; p is the resolution of the
observed pixel. For wind speed below 12 m/s, the relationship is
approximated as Ticr = 3U¢10 Fig. 7 gives the correlation time
of sea water as wind speed increases, in which when wind speed
is over 1.5 m/s, the correlation times from the two models are
both below 500 ms, and when wind speed is lower than 1.5 m/s,
the two models deviate each other. Equation (24) considers the
influence of the elevation angle, and for the same sea condition as
elevation angle increases the correlation time decreases. When
wind speed and elevation angle are 0.5 m/s and 30°, respectively,
the correlation time is 3.64 s. When elevation angle or wind
speed go to 0, the correlation times go to infinity. This strong
coherency in reflected signals for low elevation-angle case has
been used in GNSS-IR to retrieve earth’s parameters [44]. It

(25)

(26)

35 —e— cquation (5) in [36]

- ¢ -cquation (6) in [35]; elevation angle = 30°
-~ equation (6) in [35]; elevation angle = 40°

% equation (6) in [35]; elevation angle = 40°

correlation time [s]

wind speed [m/s]

Fig.7. Simulated relationship between correlation time of sea water and wind
speed using (24) and (26).

should be noted that at low wind speed, due to the influence of
other sea parameters, such as swell, the actual correlation time
may be lower than the modelled correlation time in (24) and
(26). For most sea conditions and observation geometries the
correlation time of sea water is on the level of a few hundred
milliseconds. The same results were obtained from experiment
data in [40] in which when wind speed ranges from O to 25 m/s,
the correlation time varies between 0 and 150 ms.

An ice surface is stable and the signals reflected off an ice
surface present very high correlation time. For a smooth surface,
the reflected signal is modeled by (14) and the ICF is expressed as
VP, e 15" \/Py. In the integration time, the delay between
the reflected and the direct signal A7 is assumed to be a constant,
and the autocorrelation function of the ICF is written by a typical
“triangle” function as

2
Pr|Tp|
T’inth

As shown in Fig. 6, due to the nonspecular reflection caused by
the roughness of the sea ice surface and the volume scattering in
the ice layer, the actual autocorrelation function differs from the
theoretical model, however, it is far wider than that of the signal
reflected off the ice-free sea surface. Therefore, it is possible to
detect sea ice using the correlation time of the reflected signal.
When the correlation time is larger than a given threshold, sea
ice is considered to be present. It should be noted that for the
case with very low elevation angle or very clam sea surface,
the signal reflected off the sea surface may also present high
correlation time. It is desirable to exclude the reflected signals
with low elevation angle, such as the signals with the elevation
angle lower than 30°, and make the reflector height as high as
possible. In addition, sea state changes faster than sea ice state,
therefore, long-time or time-sequence observations can reduce
the risk of error discrimination.

2) Random Walk Test: For a GNSS signal, when the ice-free
sea surface is reasonably rough, the waves over glistening zones
will shift the wave phase randomly so that the phase of the
reflected signals appear randomly fluctuating [47]. However,
the phase of a reflected signal from sea ice surface presents
relative regularity. Here, the randomness of the time-series phase
of the reflected signal will be used to detect sea ice. The phase

Rice (AL) = (| A+ Tine) 27)



142 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

2 0%

“e “Of

50T mrt i
b e e
aa ¥l
£ = i h‘ W
—@—sea ice, LHCP u
- m -sea water, LHCP y
~k--sea ice, RHCP
-4 sea water, RHCP

0 5 10 15 20 25 30 35 40
timef[s]

estimated phase [°]

-100

-150

-200

Fig. 8. Estimated phases of the signals reflected off ice-free sea surface and
sea ice surface, respectively. The acquired GNSS signal is from the Bayuquan
experiment.

of the reflected signal is defined as

$p = atan2 (%) :

rp

(28)

Fig. 8 presents the estimated phases of the signals reflected off
an ice-free sea surface and a sea ice surface. It is clear that the
phases of the signal reflected off ice-free sea surface appear more
random than these of the signals reflected off sea ice.

Here, a random walk test [48] is used to measure the random-
ness of the time-series phase. The details of the random walk
test are the following:

1) Compute the median of the sequence, and divide the
sequence into two types: the elements of the type 1 are
larger than the median and the ones of the type 2 are
smaller than the median;

2) count the elements of type 1 and the element of type 2,
which are, respectively, named as n1 and n2;

3) map the elements of the type 1 to 1 and the elements of
the type 2 to O to produce a new sequence;

4) compute the number of the runs of the new sequence 7;

5) compute the test statistic z as

r+0.5—1—-2n1nsn

: \/2n1n2 (2n1ng —n)[n? (n —1)] |

(29)

A random sequence has a higher run number than a regular
one, therefore the run number could be used to distinguish
between sea ice and sea water. For a two-sided test, when
|z] > zq/2 (Where 2,5 is the quantile of significance level ),
the sequence is considered to be random. Therefore, the test
statistic z is also an important index for the randomness of the
sequence and may also be utilized to detect sea ice.

IV. EXPERIMENT FOR SEA ICE DETECTION
A. Scenario

The experiment of sea ice detection was conducted at
the Bayuquan Ocean Observatory (40.283°N, 122.092°E) in
Yingkou of the Chinese Liaoning province. The experiment
scenario and the antenna setup are shown in Fig. 9. The antennas’
height relative to the sea surface is about 20 m. Directional RHCP

(@ )

Fig. 9. (a) Aerial view of experiment scenario and (b) antenna setup in the
experiment.
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Fig. 10. Computed Fresnel area and horizontal distance from the observation
center to the antenna phase center versus elevation angle for the Bayuquan
experiment.

and LCHP antennas with a gain of 13 dB and a beam width 4+-20°
were used to receive reflected GPS L1 signal. The signals from
the satellites with the elevation angle from 25° to 65° and the
azimuth from 210° to 250° could be received. The experiment
was carried out in two stages including a sea ice period from
January 15 to 17,2016 and an ice-free water period at March 24,
2016. The used device in the experiment was a two-channel col-
lector with the intermediate frequency, the sampling frequency
and the quantization of 3.996 MHz, 16.369 MHz, and 2 b. The
experiment data were intermittently acquired every 30 minutes
and each data file contains about 50-second of the direct and
reflected GNSS signals. The corresponding temporal resolution
can be considered as 30 min. There was weak wind speed, and
the sea surface experienced low dynamics during the experiment
so that the reflected signal from the sea surface presents high
coherence.

The coherent signal mainly comes from the first Fresnel zone.
The spatial resolution is determined by the geometry, but not
by the surface roughness [49]. As shown in Fig. 10, as the
elevation angle increases, the Fresnel area and the horizontal
distance from the observation center to the antenna phase center
decrease. When the elevation angle is 20°, the spatial resolution
and the observation distance are considered as about 102.92 m?
and 55.71 m, respectively, and for the elevation angle of 80°, the
spatial resolution and observation only are 12.36 m? and 3.54 m,
respectively.
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Fig. 11.  Power ratio and polarimetric ratio of the signals reflected off sea ice
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Fig. 12.  Power ratio and polarimetric ratio of the signals reflected off sea ice
and ice-free sea surface for limited elevation and azimuth angle in Bayuquan
experiment.

B. Results

Fig. 11 gives the power and polarimetric ratio defined by (18)
and (19) for sea ice and ice-free surface. It is clear that the
power and polarimetric ratio for sea ice show a lot of fluctuation.
As analyzed in Section II, this fluctuation is mainly caused by
the interference between the reflected signal components from
the air—ice and ice—water interface. For the ice-free sea water
the power and polarimetric ratio are relative steady. It should
be noted that due to the modulation of the antenna pattern for
different directional signals and discontinuous acquisition for
the reflected signals, the power and polarimetric ratio show large
fluctuations, therefore, when the elevation angle and azimuth
angle are not limited, it is impossible to distinguish between sea
ice and sea water. When the elevation angle is limited from 45° to
65°, and the azimuth angle is limited from 180° to 300°, as shown
in Fig. 12, the power ratio and polarimetric ratio can distinguish
between sea ice and sea water, and the fluctuations for sea ice
are significantly weaker than without limiting the elevation and
azimuth angle. However, the total number of sampling points
for the detection process reduces to 23% of the total number of
observations.

Fig. 13 shows the correlation time of the signals reflected
off sea ice and ice-free sea water. It is seen that the correlation
time for sea ice is larger than 12 s and the averages are 15.33 s
and 14.99 s for the LHCP and RCHP signals. However, the
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Fig. 13.  Correlation time of the signals reflected off sea ice and ice-free sea
surface in the Bayuquan experiment.
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Fig. 14.  Run numbers of the phase sequences of the reflected signal off sea
ice and ice-free sea surface in the Bayuquan experiment.

correlation times for ice-free sea water are mostly between 4 s
to 10 s and, with the average values of 6.09 s and 6.84 s. Thus,
it is possible to distinguish between sea ice and sea water based
on the correlation time of the reflected signal. Compared to the
power and polarimetric ratio, it is not necessary to strictly limit
the elevation and azimuth angle. The correlation time can use
all experimental data to detect sea ice.

As shown in Fig. 14, the run number of the phase sequences
for sea ice is from 2 to 8, and the averages are both 5 for the
LCHP and RHCP signals. However, the averaged run number
of the phase sequences for ice-free sea is 13. Compared to sea
ice, different surface height and orientations over the glistening
zone will randomly shift the phases of reflected signal. The test
statistic z for sea ice and ice-free sea surface are given in Fig. 15,
in which the test statistic for sea ice is below —3.5, and the
averages are —5.01 and —4.85 for the LHCP and RHCP signals.
However, for the LCHP and RCHP signal reflected off ice-free
seathe averaged test statistics are —2.22 and —2.32, respectively.
These results show that the randomness of the reflected signal
could be used to detect sea ice.

Compared to the amplitude of the reflected signal, the methods
based on the phase of the reflected signal can detect sea ice with-
out selecting suitable satellites and calibrating the uncertainty
factor such as antenna pattern.
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V. POTENTIAL OF RETRIEVING SEA THICKNESS

Because of the penetration of the GNSS signals into sea ice,
the altimetric residual between the retrieved height and MSS
has been found to be consistent with sea ice thickness [21]. This
result indicated the potential of retrieving sea thickness using
the phase of the reflected signal. The methods of retrieving sea
ice thickness using the oscillating phase pattern are explored to
further demonstrate this potential. As shown in (14) the phase
of the reflected signal is jointly determined by the reflection
coefficient and the delay between the reflected and the direct
signal. Therefore, to use the oscillating phase pattern to retrieve
sea ice thickness, the first step is to remove the delay phase from
the estimated phase of the reflected signal. In addition, defining
the features sensitive to sea ice thickness from the oscillating
phase pattern is also important to measure sea ice thickness.

A. Phase Compensation Method

A method for removing the delay phase between the reflected
and the direct signal is using the estimated delay from the
(16) to compensate. For this method it is necessary to know
the antenna height relative to the sea ice surface. As shown in
(17), the oscillating frequency of the time-varying delay phase
is proportional to the antenna height. From Fig. 5(b) and (c), itis
seen that the phase pattern of the reflected signal mainly presents
a fast oscillation of the delay phase. Therefore, the oscillating
pattern of the reflected signal versus elevation angle is used to
retrieve the antenna height relative to sea ice surface. The first
step s to create the time-series vector (x;, y;) = (4w sinéx, @,);
and then to estimate the spectrum of the created time-series
vector using the Lomb—Scargle method [50]; finally, to obtain
the spectrum peak which is the retrieved height.

Fig. 16 gives the retrieved height and the truth versus different
sea ice thickness for the simulation scenario of Table I. When
sea ice thickness is below 1 m, due to the influence of the signals
from the ice—water interface, the retrieved heights experience a
large bias, and the evolution of the bias is in good agreement
with sea ice thickness. However, in case of sea ice thickness
above 1 m, because of the decreasing influence of the reflection
on the ice—water interface as shown in Fig. 3(b), the retrieved
heights are gradually close to the truth. The delay between
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Fig. 16. Retrieved height and truth versus different sea ice thickness for the
simulation scenario of Table I.

the reflected and the direct signal is computed using (16) and
then the compensated phase A, is derived as 27 AT /1. As
shown in Fig. 2(b), the oscillating amplitude and frequency of
the reflection coefficient phase pattern are relative to sea ice
thickness, therefore, the following observable is defined as:

M (6) = cos (b1 (0) — Adra () - (30)

A least square fit between the defined observable and the co-
sine function is used to estimate the oscillating amplitude and
frequency of the defined observable as

{6,/17\,5} = arg min {|M (0) —acos(b- 0+ c)|2} 31
{a,b,c}

where a, b, and c are the fitted parameters. a and b, respectively,

represent the amplitude and frequency of the oscillating pattern.

B. Dual-Polarization Observation

Reflected LCHP and RHCP signal go through the same ge-
ometric delay path, therefore, the dual-polarization observation
could be used to remove the delay phase. The observable is
defined as

M (0) = cos (@1 (0) — Pr (0)) (32)

where ¢r,(0) and () are the phase of the reflected LCHP
and RHCP signal, respectively. Least squares fitting as shown in
(31) is used to estimate the oscillating amplitude and frequency
of the defined observable.

Through simulation, the relationships between the amplitude
and frequency of the defined observable and sea ice thickness
are obtained. As shown in Fig. 17, the oscillating frequency has
a linear relationship with sea ice thickness for sea ice thickness
from 0 to 5 m. However, when sea ice thickness is below 1 m, the
oscillating amplitude remains 1, and when sea ice thickness is
above 1 m, the oscillating amplitude is dropping as sea ice thick-
ness increases. With increasing sea ice thickness, the sensitivity
of the oscillating amplitude to sea ice thickness decreases. This
will result in a more serious retrieval error for thicker seaice. The
oscillating frequency does no show this phenomenon because of
alinear relationship. This indicates that the oscillating frequency
is a better choice than the oscillating amplitude to measure sea
ice thickness. The relationships between sea ice thickness and
the amplitude and frequency of the defined oscillating pattern



WANG et al.: SEA ICE DETECTION AND MEASUREMENT USING COASTAL GNSS REFLECTOMETRY: ANALY SIS AND DEMONSTRATION 145

257717 7 2
= = =oscillation amplitude
————— oscillation frequency !
p | SR SO R SR "
115
3 >
= Q
= =1
£ 5]
=, 9 &
£ 1 &
= =]
2 e
_‘t_ﬁ. 4
= losE
g z
10
05 1.0 15 20 25 3.0 35 40 45 5.0
sea ice thickness [m]
Fig. 17.  Simulated relationships between the amplitude and frequency of the

observable defined by (32) and sea ice thickness. The simulated scenario is given
in Table I.

are approximated as

N
hice = Y pi - 0bs’ (33)
=0

where obs represents the amplitude and frequency of the defined
oscillating pattern; p; is the polynomial coefficient; and NV is the
order number of the polynomial, here for the amplitude is 3 and
for frequency is 1.

C. Influence Factors

Sea ice temperature, sea water salinity, and sea water temper-
ature also determine the reflection coefficient so that they may
affect the retrieval of sea ice thickness. As shown in Fig. 18,
the simulation shows that sea ice temperature has no signifi-
cant influence on the oscillating frequency, however, as sea ice
temperature increases, the oscillating amplitude increases, and
for the thicker sea ice, this increasing trend is more obvious.
Through analyzing the influence of sea water temperature and
salinity on the oscillating amplitude and frequency of the defined
observable, it is found that they have no significant impact on
the oscillating pattern. This is to say that sea ice temperature, sea
water temperature and salinity all have no significant influence
on the retrieval of sea ice thickness using the oscillating fre-
quency of the defined observable. This is the other reason why
the oscillating frequency is a better choice than the oscillating
amplitude to retrieve sea ice thickness.

D. Simulation Test

Here, Monte Carlo simulation is used to analyze and evaluate
the measurement performance of retrieving sea ice thickness
using the proposed methods and observable. The simulation
procedure is as follows:
1) Randomly generate 13 000 sea ice thicknesses for the
scenario as given in Table I;

2) simulate RHCP and LHCP waveforms for the above sea
ice thicknesses using the models expressed by (14) and
(15), and then add gaussian noise to simulated waveforms;
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Fig. 18. Simulated influence of the sea ice temperature on oscillating
(a) amplitude and (b) frequency of the observable defined by (32) for different
sea ice thickness. The simulated scenario is given in Table I.

3) compute the oscillating observable sensitive to sea ice
thickness from the waveforms using (30) and (32);

4) estimate the amplitude and frequency of the oscillating
observable using (31);

5) retrieve sea ice thickness using the retrieval model ex-
pressed by (33);

6) compare retrieved sea ice thickness with the truth.

Fig. 19 gives the comparison between the truth and retrieved
sea ice thickness. Compared to the phase compensation method,
the dual-polarization observations could obtain better perfor-
mance. The main reason is that the dual-polarization observa-
tions more precisely compensate the delay phase between the
direct and the reflected signal so that obtain a clearer oscillating
pattern. The frequency of the oscillating pattern provides higher
retrieving precision than that using the amplitude of the oscil-
lating pattern. The reason is that the frequency of the oscillating
pattern has a linear relationship as shown in Fig. 14, however,
the amplitude has the inversely proportional relationship which
causes a decreasing retrieval performance with increasing seaice
thickness, and fails to work when sea ice thickness is below 1
m. In addition, the partial estimations do clearly not agree with
the truths, which are caused by the failed fitting. To evaluate
this inconsistency between the retrieved value and truthes, the
efficiency ratio is defined as

N,
n=—= % 100%

total

(34)

where N.g is the number of the effective retrievals for which
the error is below 0.5 m and Ny, 18 the simulation number.
As given in Table II, for the phase compensation, the efficiency
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Fig. 19.  Scatter between the truths and the retrieved sea ice thickness using
(a) the phase compensation and (b) dual-polarization observations for the
simulated data of the scenario given in Table I.

TABLE II
PARAMETERS OF SIMULATED SCENARIO

efficiency [%] RMSE [m]
amplitude of phase compensation 65.52 0.16
frequency of phase compensation 67.85 0.11
amplitude of dual-observation 94.21 0.16
frequency of dual-observation 95.54 0.03

ratios using the amplitude and the frequency of the oscillating
pattern are 65.62% and 67.85%, respectively, and these of the
dual-polarization observation are 94.21% and 95.54%, respec-
tively. When using the oscillating amplitude and frequency of
the phase-compensated pattern to retrieve sea ice thickness, the
root-mean-square error (rmse) of 0.16 and 0.11 m are obtained.
For the dual-polarization observation, the rmses using oscillating
amplitude and frequency are 0.16 m and 0.03. This indicates
that the dual-polarization observation more precisely corrects
the delay phase so that obtain better retrieval performance, and
among these defined observable the oscillating frequency of the
dual-polarization observation provides the best retrieval result.
Fig. 20 shows the dependence of the rmses of the retrieved sea
ice thickness on sea ice thickness for Monte Carlo simulation, in
which all rmses experience concavely varying trends and show
the best retrieval precision for the sea ice thickness from 2 to 3 m.
When using the amplitude of the oscillating pattern, the low and
high sea ice thickness have significantly worse results than the
moderate sea ice thickness, due to the weaker sensitivity. The os-
cillating frequency of the phase compensation method presents
worse precision than that using the oscillating frequency of the
dual-polarization method for the low sea ice thickness. The main
reason is that, as shown in Fig. 16, the retrieved height for low sea
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Fig. 20. RMSEs of the retrieved sea ice thickness for different sea ice thick-
ness. The used data are simulated for the scenario in Table 1.

ice thickness is wrong so that low accuracy compensation for the
delay phase is obtained. To improve the retrieval performance,
it is necessary to obtain a highly accurate reflector height.

VI. CONCLUSION

Sea ice detection and measurements near coastlines are im-
portant for climate monitoring and safe production. GNSS-R as
a new bistatic remote sensing has been widely used to observe
earth’s physical parameters. Automatic detection and measure-
ment of sea ice is becoming a promising application of coastal
GNSS-R. At present, the methods to detect sea ice mainly are
based on the amplitude or power of the reflected signals, such
as the power ratio of the reflected and direct signal, and the
polarimetric ratio of the reflected RHCP and LHCP signals.
Because of the penetration of GNSS signal into sea ice, the signal
components from the air—ice and ice—water interface interfere
so that the amplitude or power experiences an oscillating pattern
as a function of elevation angle. In addition, the gain modulation
of the receiving antenna also has an influence on the amplitude
or power of the reflected signal. The oscillation and the gain
modulation would decrease the ability of detecting sea ice. To
reduce these effects, suitable satellites have to be chosen to
estimate the power ratio and polarimetric ratio.

Compared to an ice-free sea, a sea ice surface is smoother so
that the signals reflected off a sea ice surface contain more co-
herent components than the signals reflected off the ice-free sea.
Based on this, this article explored to use the phase coherency of
the reflected signal to detect sea ice. In this article, two metrics
including the correlation time and a random walk test were used
to distinguish between sea water and sea ice. The correlation
time for sea ice is larger than that of sea water, and compared
to the signals reflected off the ice-free sea, the phases of the
signals reflected off sea ice are less random. This indicates that
the phase coherency is able to distinguish sea ice and sea water.

Sea ice thickness is an important parameters for climate
monitoring and safe production, therefore, sea ice thickness
measurement is a key in sea ice remote sensing. Limited work
has been done for measuring sea ice thickness using GNSS-R.
Based on the developed three-layer reflection model, it has
been found that the oscillating amplitude and frequency of the
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reflection coefficient’s phase depend on sea ice thickness. This
article explored the potential of the oscillating phase pattern
in retrieving sea ice thickness. To obtain the phase pattern of
the reflection coefficient from the reflected signal, it is neces-
sary to remove the delay phase between the reflected and the
direct signal from the estimated phase of reflected signal. For
this purpose, two methods including the phase compensation
method and the dual-polarization observation were proposed.
The capacity of GNSS-R retrieving height could be used for the
phase compensation method. The amplitude and frequency of
the oscillating pattern were defined to measure sea ice thickness.
When sea ice thickness is below 1 m, the oscillation amplitude
of the oscillating pattern is steady around 1, and is inversely
proportional with the sea ice thickness from 1 to 5 m. The
frequency of the oscillating pattern showed a linear relationship
with sea ice thickness. For the sea ice thickness below 1 m, due
to the large error in retrieved reflector height using GNSS-R
altimetry, the precision of the phase compensation is low so that
it is difficult to accurately measure sea ice thickness. Compared
to the phase compensation method, the dual-polarization obser-
vation provided a better performance with rmses of 0.16 and
0.11 m, and the efficiency ratio of 94.21% and 95.54% when
using the oscillating amplitude and frequency. Finally, other
factors influencing sea ice thickness were analyzed. The results
showed that, when using the amplitude of the oscillating pattern
to retrieve sea ice thickness, sea ice temperature has a weak
influence on retrieving thick sea ice, and sea water temperature
and salinity both have no significant impact. It was concluded
that it is possible to retrieve sea ice thickness using the phase
pattern of the reflected GNSS for coastal GNSS-R, and the
frequency of the oscillating phase pattern is a better choice than
the oscillating amplitude to retrieve sea ice thickness.

A limitation to measure sea ice thickness using the proposed
methods are signal coherence. Although GNSS signals reflected
off sea ice are more coherent than these reflected off a sea
surface. When sea ice roughness exceeds a particular value,
the coherence of the reflected signals could be lost. Therefore,
sea ice roughness will determine the measurement ability. In
[23], through analyzing TDS-1 data, the delay and Doppler
waveforms from multiyear ice have shown slower decay from
the maximum value than these from young and first-year ice. In
[14], it was also found that the gradual ageing of sea ice has a
weak correlation with increasing GPS-derived roughness. These
indicate that compared to young and first-year ice, multiyear ice
contains rougher ice structures so that the proposed method may
have worse performance for multiyear sea ice than young and
first-year ice. The penetration depth is other factor impacting the
proposed methods. The increasing of sea ice thickness or water
content in sea ice both decreases the components reflected off
the ice—water inference, and results in the reduced ability of
retrieving sea ice thickness. This indicates that when sea ice
melts, sea ice thickness measurement will probably be impossi-
ble due to reduced penetration depth. In addition, different sea
concentrations result in different reflection coefficients so that it
is still difficult to simultaneously retrieve sea ice thickness and
concentration.

The drawback of this article is that the experimental data
used in this article are intermittently acquired every 30 min
and each dataset contains about 50 s of the direct and reflected
GNSS signals, therefore, the proposed methods for retrieving
sea ice thickness are not demonstrated using experimental data.
The proposed methods skillfully use the oscillating interference
pattern as a function of elevation angle. In [25], the oscillating
pattern of the signal reflected off sea ice surface has been
investigated to retrieve snow and ice thickness. The interference
pattern between the signals reflected off the air—ice and ice—water
interface have also been found in other works, such as radiometry
[51] and GNSS-IR [52], [53]. These works all indicated that the
interference pattern of the signals reflected off an ice slab has
the potential to retrieve sea ice thickness. The drawback of the
experiment is expected to overcome in future.
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APPENDIX A
REFLECTION COEFFICIENT OF THREE-LAYER MEDIUM

The RHCP electromagnetic wave is expressed by vertical and
horizontal polarization as

_EL-I-E”
2

where E| and EH are the vertical and horizontal polarization
electromagnetic wave. Correspondingly, the LHCP one is ex-
pressed as

R 35)

_E, - E
==

The vertical and horizontal incidence wave at point O are,
respectively, expressed as

EL (36)

E, =i, (37)

E| = j (iz cosp — i.sinfy) Eo. (38)
Correspondingly, the reflected waves at point O in Fig. 1 are

(39)
(40)

E, 101 =iyl 101Eo
E, o1 = j (—iz cos Oy +i. sin ) I'jo1 Ebo.

The vertical and horizontal incidence wave at point S are,
respectively, expressed as

iyEOej2ka;rhice tan 04 sin 0 (41)

Eg, =
ESH _ ] (lw cos 90 . lz sin 90) Eoeijairhice tan 04 sin 0y ) (42)
Correspondingly, the transmissive waves at point S are

(43)
(44)

Ei 01 =iyT101Es.

E¢jo1 = j (i cos 6y —i.sin ) Tjo1 Eyo1-
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The transmissive waves penetrate sea ice to the ice—water inter-
face, two waves are expressed as

. h;
: ke i
Eij12 =1,T 1 01Es.¢ cos0y (45)

; hice
EiHlZ =7 (ix cosfy — i, sin 91) THOlESHC Jhice zosdy . (46)

The reflected waves for the vertical and horizontal polarization
at point S1 are expressed as

(47)
(48)

Eiii2 =1, 112E; 112
EiH12 =7 (—ix cosfy — i, sin 91) FngEing.

The reflected waves penetrate the sea ice to the point O on the
air—ice interface. And then two waves transmit to the air and are
expressed as

: —jkice o
E;110 = iyT110E;i 10e 7" 000 (49)
. . . . — -kicehi#
Et”lO =7 (_la: COSs 00 + 1, sin 00) ,_TnloEiHlQe J cosO
(50)
Total reflected waves for vertical and horizontal polarization

are the coherent superposition of the wave component from the
air—ice and ice—water interface as

E.. =E; 01 +E;10 =i, 'L Ep (5D
E, = E;jo1 + E¢0
=7 (—i£ cosfy + i, sin 90) FHEO (52)

where I' | and F” are

2hice (Kair-sin 01 sin g — —ice
FL — FHOl +’I‘H10F”12CT|‘016] ce( air-S1N 01 sin g Cosgl) (53)

32hiceo (kair~sin91 sin 6 — Fice )

Iy=Tl01 +T110l 12T 016 0361
(54)
The total wave reflected to the air is expressed as
Eita = E,| + E=TrEr+T'LEL (55)
where I'r and ', respectively, are
r,+r i2h
Ip= LTH = Iro1 + Dpige? e (56)
r,-r )
o 5 L — Ty = Tppgei?hicee (57)

where I'r(ry01, I'r(1)12, and o has been given by (6)—(8). Er
and E, are expressed as

(58)
(39)

Er = [iy + (—i, cos Oy + i, sinby)] Ey

E; = [iy — (—iycosby +1i.sinby)] Ep.
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