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Abstract—A non-coherent theoretical model of sea-ice thickness with
air-borne microwave radiometer (ABMR) was deduced based on the
analysis of air-ice-water three-layer media. In the model, the high-
order item of the brightness temperature was expressed and obtained.
From the analysis of the penetration depth of sea-ice and its high-order
item in the model, we found that ABMR with a wavelength can only
be used to detect a certain range of sea-ice thickness. The maximum
detectable sea-ice thickness is dependent on wavelength and precision
of ABMR, whereas the minimum detectable sea-ice thickness is only
related to wavelength. On this basis, the detectable sea-ice thicknesses
of ABMR were calculated. The results were given on the selection of
suitable ABMRs in different sea-ice conditions when ABMR is used to
detect the ice thickness in Bohai Sea.

1. INTRODUCTION

Bohai Sea and northern Yellow Sea are normally ice-covered in the
winter in China. This sea-ice directly affects on marine resources
survey (e.g., near-shore oil-drilling operations) and sea communication
transportations. The appearance of sea-ice can result in sea-ice hazard.
It may also provide the latent fresh water resources [1,2]. The sea-ice
thickness is a key parameter in the estimation of the ice resources’
quantity and the definition of sea-ice level. Therefore, the sea-ice
thickness monitoring and its forecast are of great importance to the
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sea communication and the marine work in the winter, and are most
instructive to the sea-ice resources exploitation.

Sea-ice thickness in a large area can be detected with remote
sensing technology [3-7]. Drucker et al. used AVHRR data to
derive the ice thickness of the St. Lawrence Island [5]. But the
visible/infrared image is limited to cloud-free conditions. Martin et al.
retrieved the thin ice thickness with Special Sensor Microwave /Imager
(SSM/I) [6], and they also estimated the ice thickness in the
Chukchi Sea with AMSR-E data [7]. Compared with the space-borne
microwave radiometer, the air-borne microwave radiometer (ABMR)
has the advantage of flexibility, rapid response, and the higher spatial
resolution. It can be used to detect ice thickness in local areas. In
China, research on the ice thickness detection with ABMR has been
studied. There are some kinds of ABMR with different wavelengths
developed in the past two decades. Some detection experiments of
ice thickness in Bohai Sea have also been carried out [8-12]. But
systematic and quantitative analyses are still needed on ice thickness
detectability of those ABMRs and their application ranges.

In this study, the measuring wavelength range of ABMR is
quantitatively investigated on the basis of sea-ice thickness theoretical
model. The selection of wavelengths is also discussed when ABMR is
applied to measure the ice thickness in Bohai Sea.

2. SEA ICE THICKNESS INVERSION MODEL

A three-layer-model is established in this study. It consists of air, sea
ice and sea water. Fig. 1 shows the schematic diagram with an exterior
radiation source. Based on the non-coherent theory, the absorptivity of
the sea-ice could be calculated as the electromagnetic energy attenuates
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Figure 1. The schematic diagram of three-layer system with an
exterior radiation source.



Progress In Electromagnetics Research, PIER 76, 2007 185

exponentially with the increasing of the media depth [13]. According
to Kirchhoff’s law [14], the emissivity of the ice layer is equal to its
absorptivity. That is, the bright temperature of the air-born microwave
radiometer can be calculated. Fig. 2 gives the schematic diagram
without an exterior radiation source. Therefore, the energy received
by the radiometer (Fig. 2) came from two parts: one is from sea-ice
layer and the other is from sea water layer.
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Figure 2. The schematic diagram of ABMR.

Assuming that the temperature of the sea water is equal to the sea-
ice temperature, the bright temperature of ABMR could be expressed
as follows

2
Tb = []_ — TO/I — (1 — 7’0/1) T1/2€72KaHseC<P]T] + AGTl (1)

where Ty is the bright temperature obtained by the AMBR antenna,
T is the physical temperature of the ice layer and water (K); rg /1 and
712 1 the reflectivity of the interface Jy/; and Jy /o, respectively, which
can be calculated by the Fresnell law [14]; AG refers to the high-order
item of bright temperature with the formula as

2
e4KaHsec0r0/1 (1 _ 7,0/1) T%/Q

AG = —
1- A27”0/17“1/2

<0 (2)

where H is the ice thickness; 0 is the angle of reflection in the ice layer;
Ka is the attenuation coefficient obtained from Ka = ¢/2; § means the
penetration depth of electromagnetic wave into the ice, which is defined
as the propagation length when the energy of the electromagnetic wave

attenuates to 1/e, with the value of § = % g Where, A is wavelength

of the microwave radiometer, ¢ and &” are real part and imaginary
part, respectively, of the sea-ice dielectric constant.
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If the high-order item AG T} is omitted, the solid line energy will
only be taken into account in the model

2
Ty =[1—ron — (1 - 7"0/1) 7”1/2672]{GHS€C9]T1 (3)

Then the empirical formula of the sea-ice thickness can be written
as
Ty = a —be H (4)

where a, b and c¢ are non-negative coefficients.  They can be
obtained from the regression of the measured sea-ice thickness and
the bright temperature in ABMR. Therefore, the sea-ice thickness can
be calculated from the bright temperature of ABMR as follows

Hz%ln (a_bTb) (5)

3. MEASURING RANGE OF SEA-ICE THICKNESS IN
ABMR

3.1. High Limit of Ice Thickness Measuring Range

It can be noted that the bright temperature T} in Eq. (3) received
by ABMR is dependent on the ice temperature 77, the ice thickness
H, the reflectivity r, incidence angle ¢, and the ice penetration depth
0. If the ice characteristics and environmental conditions is stable
(e.g., Th, r, 0 fixed), the changes of the bright temperatures in two
ABMRs with different wavelengths and the ice thickness will be shown
in Fig. 3. Where, H; and Hy are the ice thicknesses retrieved from
the approximation model if two ABMRs of different wavelengths were
used to detect the ice thickness.

Figure 3 also shows that the bright temperature gradually
increases with the increase of ice thickness and is toward a fixed value
Tymax (i-e., to/1T1). When the difference of T}, and Tj ypay is less than
AT, ABMR cannot distinguish the changes of the bright temperature
if ice thickness continues to increase. In this case, it is not suitable
to retrieve sea-ice thickness using Eq. (1). For this reason, when T
is equal to (1 —rq/)Th — AT, the capability of ABMR to detect sea-
ice thickness is highly limited. Its maximal detectable ice thickness is
Hppax. From Eq. (3), it can be expressed as

dcosf (1 —7"0/1>27”1/2T1
= In (6)

Hmax 4 AT
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Figure 3. The scatter curve of the bright temperature with the ice
thickness.

when the incidence angel 6 is 0°, cos 6 is equal to 1. The reflectivity
r can be obtained from Kirchhoff’s law, e = 1 — r, and e is emissivity.
Thus Eq. (6) can be written as

e2 1—e Ty
Ho. — gln ( 0/1 ( 1/2) ) )

AT

The emissivity of sea-ice and sea water is 0.8~0.95 and
0.23~0.63, respectively, and both of them increase with the
frequency [15]. Since the variation ranges of eq/; and ey /5 are relatively
small, the effects of the precision of ABMR on the detectable ice
thickness are mainly considered. Therefore, the maximal value of eq;,
the minimal value of e;/5, and the ice freezing point T} = 273 were

used in the model. Then Eq. (7) becomes

§. (0.95% x (1 -0.23) x 273 5. (/191

It is clear that the maximal detectable ice thickness H, . increases
as the ice penetration depth § is increasing. It is also affected by the
precision of ABMR AT'. The higher the precision is, the higher Hpax
is.

On the other hand, Eq. (3) shows that the penetration depth
of electromagnetic wave ¢ is mainly dependent on the ice dielectric
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constant, while the ice dielectric constant changes with the salinity,
temperature and density of sea ice. Ulaby [16] have carried out
a thorough research on penetration depth of ice and given the
penetration depth distribution maps of different types of ice with the
frequency (see Fig. 4). Shaded areas correspond to the values range of
dielectric constant commonly reported in literature.
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Figure 4. The ice penetration depth (from Ulaby, 1986).

When ABMRs with different wavelengths were used to detect the
first year ice thickness with the precision from 1K~ 0.001K, their
maximal detectable ice thickness distributions were shown in Fig. 5.
Table 1 gives the list of the maximal detectable ice thicknesses at the
precisions of 1K, 0.1 K, 0.01 K, and 0.001 K. Table 2 is the list of the
high-order items of ABMRs with different wavelengths at the precision
of 1 K. It shows that the high-order item near at maximal detectable
ice thickness is much smaller than the precision of ABMR, and thus
its value can be omitted.

3.2. Low Limit of Ice Thickness Measuring Range

Figure 3 shows that the high-order item increases when the ice
thickness decreases. Since the difference of the approximation curve
and the theoretical curve ATb is large, it cannot be ignored in the
model. The bright temperature in the approximation model is higher
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Figure 5. The maximal detectable ice thickness.
Table 1. The maximal detectable ice thicknesses of ABMR.
wavelength (frequency /) gmm 2cm Scm 10cm 2lem
maximal AT=1K 12 15 25 41 92
detectable ice AT=0.1K 17 21 36 59 132
i AT=0.01K 22 27 47 77 173
thicknesses (cm) | AT=0.001K | 28 34 58 95 213
Table 2. The high-order item of the maximal ice thickness.
wavelength (frequency ) 8mm 2em Sem 10em 2lem
Maximal detectable ice thickness (AT=1K) 12 15 25 41 92
High-order item AG ( K) 0.0004 0.00039 0.00057 0.00054 0.00058

than that in the theoretical model at the same thickness, so the ice
thickness retrieved from the approximation model is lower than its

real value.

H1<H, Hy < H

(9)

when the measurement error ATb was limited in an appropriate range
ATbax, the real ice thickness Hy,, in that case was defined as the
low limit ice thickness that the ABMR can detect. So the model has
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not only the high limit of ice thickness Hyax, but also the low limit of
ice thickness Hpi,. The range between H,;, and Hy,ax can be defined
as the suitable measuring range of ice thickness using ABMR

Hmin S H S Hmax (10)
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Figure 6. The detectable measuring range of ice thickness of ABMRs
with different wavelengths.

The high limit of ice thickness Hpax is mainly dependent on the
instrumental precision and the penetration depth §, while the low
limit of ice thickness is only dependent on the wavelength of ABMR
under the stable circumstance. Fig. 6 shows the measuring rang of
ice thickness with ATbn.x = 1K and AT1K. It also shows that
different frequencies’ ABMRs have various measuring ranges of sea-
ice thickness. Some of them overlap each other. This proves that
ABMR with shorter wavelengths will give more accurate results than
those with longer wavelengths if both of them were suitable to detect
a certain range of ice thickness.

4. ABMR IN BOHAI SEA ICE THICKNESS DETECTION

When ABMR is applied to detect ice thickness in Bohai Sea, ABMR
needs to be associated with the ice thickness in different ice conditions.
The ice thickness in Liaodong Bay is the highest in Bohai sea ice.
Table 3 listed the ice thickness ranges in different ice conditions [17].
Figure 7 shows the ice thickness range of ABMRs with different
frequencies and precisions in Liaodong Bay. It can be found that the
ABMRs with the wavelengths of 8 mm and 2 cm and with the precision
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Table 3. Ice thickness ranges in different ice conditions in Liaodong
bay.

Ice condition Ice thickness range(cm)
Level-1 ice year <15
Level-2 ice year 15~25
Level-3 ice year 25~40
Level-4 ice year 40~45
Level-5 1ce year >5()

of less than 0.1 K are suitable to detect ice thickness in Level-1 ice year.
ABMR with the wavelength of 5cm and with the precision of lower
than 0.001 K is suitable for the ice thickness detection in Level-3 ice
year of Bohai Sea. It is also suitable to detect ice thickness in Level 5
ice year if the instrumental precision reaches 0.001 K.
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Figure 7. The relation of ice thickness range of ABMR and ice
conditions in Liaodong Bay of Bohai Sea.

However, the low limit of Bohai Sea ice thickness reached 7.3 cm.
This value is higher than the ice thickness in the period of ice formation
as well as ice melting stage in Bohai Sea. In similar, the low limit ice
thickness of ABMR with the wavelength of 10 cm is a high value. This
is not suitable for ice thickness detection in normal ice years and light
ice years in Bohai Sea. The low limit of ice thickness of ABMR with
21 cm wavelength is beyond the ice thickness range in light ice years.
In that case, the inversion error is remarkable. Therefore, ABMR with
the wavelength of 21 cm is not useful for ice thickness detection in



192 Ji et al.

Bohai Sea.

From the suitable measuring range of ice thickness, a 5cm
wavelength instrument should be selected in heavy ice years in Bohai
Sea when thick ice exists. The wavelength of 2cm or 8mm ABMR
can be used when the ice condition is not more serious than that in
normal ice years. According to the former analysis, shorter wavelengths
ABMR should be selected because of smaller measurement error
[18-24] when both ABMR instruments with different frequencies are
suitable for the detection of a certain range of sea ice thickness in Bohai
Sea. In addition, the precision of the instrument should be improved
the inversion results.

5. SUMMARY AND CONCLUSIONS

We have the following summary and conclusions in Bohai Sea ice
detection:

A) The non-linear ice thickness inversion model has the detection
scope that is only suitable for a certain range of ice thickness
detection. It has not only the maximal detectable ice thickness,
but also the minimal detectable sea ice thickness.

B) The maximal detectable ice thickness is mainly dependent on
the instrumental precision and the penetration depth, while the
minimal detectable ice thickness is independent of instrumental
precisions. But it is only related to the change of the instrument
wavelengths.

C) The ABMR with shorter wavelengths and a higher precision
should be selected when both kinds of ABMR instruments with
different frequencies are suitable for the detection of certain range
of sea ice thickness in Bohai Sea.

D) The ABMR with the wavelength of 5cm is suitable for the ice
thickness detection in Bohai sea when ice condition is not serious
than heavy ice years. ABMRs with 8 mm and 2 cm can be selected
in Level-1 and Level-2 ice-condition years with higher detection
accuracy than a higher ABMR wavelength (e.g., 10 cm).
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