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Reflection of electromagnetic waves at sea surface*

Takashi IcaIveE**

Abstract: Reflection of plane electromagnetic waves (EMW) at the sea surface is treated based on
Maxwell’s theory. Itis assumed that oil or freshwater of a uniform depth covers infinitely deep sea.

For dielectric constants and conductivity of oil or freshwater, reflectivity (R) or phase lag (PL) of
reflected waves decrease or increase almost linearly with thickness of the cover layer up to several
centimeters. The critical thickness decreases with increasing frequency and incident angle from
the vertical and is smaller for freshwater than for oil. Thus, the thickness of oil in case of oil spills
or that of freshwater caused by precipitation in the Tropical Pacific Ocean before El Nifio may be
determined with SAR (Synthetic Aperture Radar) or SLAR (Side Looking Airborne Radar) at
frequencies around 1 GHz. If the thickness is known otherwise, the precise measurements of R and
PL may estimate aging of oil or mixing of freshwater with seawater, by determining conductivity
and dielectric constants of oil or freshwater. EMW of 20 GHz or higher frequencies is not effective
to detect the freshwater but is useful to determine dielectric constant of oil for estimation of its
aging. This is because EMW are reflected at the oil film, whose thickness has a variance of a few
millimeters but at the same reflection angle and because the mean R of such reflected waves depends
only on the incident angle and dielectric constant of oil.

1. Introduction

It is believed that reflection and refraction
of electromagnetic waves (EMW) at the sea
surface are a well-known problem solved as
an exercise of the classical electromagnetic
theory. However, the recent development
and wide application of satellite and airborne
remote sensing with microwaves of the ocean
surface processes suggests that more careful
check of the problem may be warranted to
understand information obtained with such
techniques. It is found that existing litera-
ture in both oceanography and electronic en-
gineering lacks in addressing to this funda-
mental problem in depth, though it abounds
in details on oceanic processes and technical
treatment of hardwares and signal process-
ing. Classical study by LieBERMANN (1962)
dismissed EMW as a tool for exploring the
oceanic processes except possibly with ex-
tremely low frequency waves, because of
electric conductivity of the sea water which
attenuates the incident EMW amplitudes to
insignificance within centimeters for micro-
wave range, though SLATER (1942) noted that
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the sea water behaves between conductor and
insulator for that range. Development of
synthetic aperture (SAR) or side-looking
airborne radar (SLAR) has stimulated mi-
crowave remote sensing of the ocean envi-
ronment with a quantum leapfrog, since these
devices could overcome hindrances of cloud
cover inherent to the passive sensors both in
IR and microwave ranges.

However, the fundamental assumption on
which these techniques depend is that the sea
surface reflects the incident EMW as a perfect
conductor, though the surface is rugged due
to gravity waves and ripples of various len-
gths and heights (TresITs, 1987: ErLacH],
1988). PuiLLps (1988) reviewed application
of SAR to oceanic processes, particularly to
determining ocean wave spectra and noticed
many ambiguous problems in interpretation
of SAR images simply as Bragg reflection of
EMW at the multifaceted sea surface caused
by ripples.

This paper is limited to the problem of re-
flection of EMW at a flat sea surface but is
mainly addressed to two practical situations
different from the implicit assumption of the
sea surface as the perfect conductor. They
are a thin layer of oil or fresh water covering
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the infinitely deep layer of the sea water. The
oil film case is applicable to oil spills that
occurred as the disastrous but by no means
unexpected event in Prince Williams Sound,
Alaska in March 1989. The fresh water
upper layer covers the Tropical Pacific Ocean
over a wide area and its usual coverage and
seasonal change are crucial to early detection
of El Nifio. This is because the event has
been reported to start as the eastward pro-
pagating equatorial Kelvin waves from the
western Equatorial Pacific Ocean (GiLL,
1982). In the latter area an excessive pre-
cipitation causes sea level height anomalies in
the form of fresh water accumulated at the
sea surface (IcH1YE and MuUNEYAaMa, 1989). It
is impossible to monitor the fresh water ac-
cumulation over the vast tropical oceanic
area without satellite remote sensing. In
both cases the reflection of EMW particularly
in micro-wave range is a crucial problem to
understand, in order to interpret imagery
data available with the current technology
and to improve the devices available now or
to develop new ones.

2. Basic equations

The thichkness of oil or fresh water is
denoted h (Fig. 1) and the underlying sea
water is assumed infinite in depth. The
z-axis is positive downward. The plane
EMW is incident with an angle 6 to the ver-
tical. The y-component (out of paper) of
magnetic field is expressed by

ij: (ajefujz_'_ bjeujz)e— ¢ Ax+ ¢ wt’ (1)
where j=0, 1, and 2 refer to the atmosphere
4
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Fig. 1. Schematical figure of EMW reflected
by a thin layer of oil on the sea water.

(vacuum), the upper layer and the lower
layer, respectively, and A is an arbitrary
positive parameter, a; and b; represent ampli-
tude of incident and reflected waves, and w is
a circular frequency of EMW. When a, is
prescribed, b;, u; and A can be determined in
terms of w, € and electromagnetic constants
of three media through Maxwell’s equations
and boundary conditions (STraTTON, 1941).

Hereafter the exponential term of equation
(1) is dropped. The main problem of reflec-
tion of EMW at the sea surface is to discuss
the reflectivity b,/a,. Warr (1962) derived
this ratio for multi-layered media in terms of
transmission line theory which seems to be
familiar among electronic engineers. How-
ever, for three layers, the advantage of sim-
plification on serial expressions is lost, thus
here a traditional approach that is familiar
with oceanographers and physicists is taken.

First, Maxwell’s equation leads to

uf=A%+7r4 )
W=t o0 e 1w 3)

where 0; w; and u; denotes conductivity,
dielectric constant and magnetic susceptivity,
respectively and the real part of g;is always
positive.

The boundary conditions are that H;y and
the x-component of electric field E;x are con-
tinuous, whereas

Ey=—(0;+ ¢t we;) "aH,/az. (4)

In terms of a; and b; these conditions are
expressed with

ap+by=a;+b; (5a)
Ko(—ap,+by)=K,(—a,+b,)(at z=0) (5b)
ae ""+beth=a,e " (6a)

K, (—ae """ +be"™ =K,(—a,e "
(at z=h), (6b)
where
K=y (o, +iwe)™, j=0, 1, 2. )

In the lower layer there is no reflected wave,
thus b,=0.

Equations (5) and (6) form four linear
equations about ay, a;, a,, and b,. Thus the
four a; and b; can be expressed in terms of a,.
The amplitude and phase of the reflected
wave can be represented by the magnitude of
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complex ratio by/a, and its phase. The result
of derivation from (5) and (6) is given by

-be/ao=M/N (8a)
M= (K,—K,) — (K,— KKK, ") tanha(8b)
N=(K,+K,) + K, +KK,K, ) tanha(8¢c)
a=u;h, (8d)

The argument u,h does not appear in (8),
since at z=h the r.h.s. of equation (6) lacks
b,-term.

3. Electromagnetic properties of the sea
water, fresh water and oil

In relations (8a)-(8d), parameters K; and a
can be expressed in terms of 6 and electro-
magnetic constants. In such expressions re-
alistic electromagnetic properties of the at-
mosphere, sea water, oil and fresh water are
taken into account. First, the atmosphere is
considered as insulator, thus ¢,=0. Then
oil, fresh water and sea water are all non-
magnetic. Thus go=pg=u, and y,=u.
Further ¢, is considered as the value in
vacuum and its suffix is dropped. Then

n=—uew=—(w/c)} €))

where ¢ is speed of light in vacuum. Equa-
tion (1) and Fig. 1 indicate that incident and
reflected waves have a factor e '** leading to

A=(w/c)sinb. (10)
Substitution of (9) and (10) into (2) yields
u,=(w/c)cosB. an

This with (1) confirms that ay and b, are the
amplitude of incident and reflected waves,
respectively.

Substitution of (11) into (7) leads to

KOIQt/E)%COS@:/CCOSG, (12)
where
K= (u/e)7. (13)

The expressions of u;, K;, and K, become
simplified because of values of electromag-
netic constants of oil, freshwater and seawa-
ter.

When s; and J; are defined by

s;=¢€;/€ G=1, 2) (14a)

8,=0,/¢; G=1, 2). (14b)
u; and Kj are expressed by
1 1

u;=i(s;ze)zw(1—s; 'sin®0—iw '8z,

(=1, 2), (15)
1 1

K,=r(s)z (1—s; 'sin®0—iw '6)z(1—id) ",

(G=1, 2), (16)

For the fresh water and the sea water, s, =~s,~
80. therefore the sin @ term in (15) and (16)
can be neglected against unity. Thus (15)
and (16) become

w=i(s,perw(l—in '8)z, (=1, 2) A7)
K,=r(s)z (1—iw '6)"2, (=1, 2). (18)

Oil has dielectric constant ranging from
22¢ to 4¢ in its component hydrocarbon
liquids (KayeE and Laby, 1988). The ap-
proximate expression (17) and (18) for oil
are not so precise compared to exact one (15)
and (16) as for the freshwater and the sea-
water, However, it is expected that oil spilled
on the sea usually is mixed with the sea water,
thus its dielectric constant may increase and
here it is assumed (15) ~ and (16) are appli-
cable to oil too.

The 6 term in (15) to (18) represents eff-
ects of conductivity on EMW reflection and
refraction by the medium. If this term is
neglible against unity the medium is insula-
tor, whereas if it is much larger than unity,
the medium is conductor. This term depends
also on the frequency of EMW, thus even if
the medium is insulator for the high fre-
quency, it may become conductor for the low
frequency EMW. The value of §; is thus
considered as a critical frequency, which
divides the medium as insulator or conductor.

For instance, the sea water witho,=4 Q!
m ™}, &, becomes 0.9GHz (Giga Hertz), with ¢,
=80 (MKS unit). Therefore for GHz wave
the sea water is neither conductor nor insu-
lator. On the other hand for oilg, is 2x107®
to 1071 Q' m™! at 20°C (LanporLT and Bor-
NSTEIN, 1960). Therefore§, of oil is about
1.8 10% Hz and thus microwaves reflect at
the oil surface as from insulator. For the fresh
water the same calculation yields the critical
frequency as 10° Hz; thus it behaves like in-
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sulator for microwaves.

The feature that the seawater is neither
insulator nor conductor in microwave fre-
quency range of GHz was recognized by
Scater (1942). However, this frequency
range is widely used for both SAR and other
remote sensing with satellite for oceanic pro-
cesses because of requirement of high fre-
quency range necessary for high horizontal
resolution of imaging targets on the sea.
Particularly for SAR and SLAR an impracti-
cally large antenna is needed to obtain reso-
lution of orders of several tens of meters both
in azimuth and range planes (ELacui, 1988).

4. Reflectivity and phase lag of the waves
reflected at the sea surface

Since the &, -term is near unity in equation
(18) for microwave range in K, this is ex-
pressed by

1 1
K,=u+iv=k(sy) 2z (1—iw '8,)7z, (19)

where u and v and both positive and de-
pendent on frequency.

The reflectivity (R) and phase lag (PL) of
the reflected waves can be expressed by R,
and ¢, as

Table 1.

by/a,=R.e **»=M,/N,, (m=1, 2), (20)

where m=1 and 2 represent the oil covered
sea and the fresh water covered sea, respec-
tively. With approximations that both oil
and fresh water are insulator for frequency
range considered (& ;- term neglected against
unity in equations (19) and (20)) and that
oil's £, value is taken as 4 ¢ (sin@ terms are
neglected against unity in equations (15) and
(16)), M,, and N, become

M,,= (cos6 — pu) cosB, —q,Vcosfsing,,
+i{pvcosB,+ (s,—aqnpucosd)sinb,},
(m=1,2) (2D
N,,= (cosf + pu) cosB,,—Qq,V cosfsinb,,
+i{pvcosB,+ (s, +a,ucosd)}sins,,
(m=1, 2). (22)
Parameters in (21) and (22) are defined as
below:
1 1
p=C(s,)"7 ~(80) 7 ~0.1118
1
q,=(s,/s,)2 = 2p, (112:1
1
B,=(w/c) (s,—sin’8)zh=(w/c)s,zh
~=0.42I'h (23c)

(23a)
(23b)

Part of R and PL versus /7. Gamma (frequency in GHz), N is 8/ 7, Mag is R and Phase is

minus PL. Symbols h, and h, denote: where R and PL become extreme for the first time.

INDEX = 1 GAMMA = 0.8
6() > 0. 15. 30. 45. 60.

N(B Mag Phase Mag Phase Mag Phase Mag Phase Mag Phase
0.00 0.847 0.002 0.842 0.002 0.825 0.003 0.790 0.004 0.716 0.008
0.05 0.841% -0.011 0.837 -0.010 0.820 -0.008 0.786 -0.004 O0.716 0.008
0.10 0.831 -0.023 0.826 -0.023 0.809 -0.020 O0.776 -0.012 0.716 0.008
0.15 0.813 -0.036 0.808 -0.035 0.792 -0.030 0.762 -0.019 0.716 0.008
0.20 0.786 -0.049 0.7817 -0.048 0.767 -0.041 0.743 -0.026 0.716 0.008
0.25 0.748 -0.062 0.744 -0.059 0.733 -0.049 0.719 -0.029 0.716 0.008
0.30 0.697 -0.071 0.695 -0.067 0'690k =0.054 0.691,,-0.030 0.716 0.008
0.35 0.632, -0.073 0.633},-0.068 0.640 P-0.052 0.662 P—0.026 0.716 0.008
0.40 0.562 l—0.059 0.569 "-0.054 0.5%92 -0.038 0.638 -0.016 0.716 0.008
0.45 0.511 -0.020 0.523 -0.017 0.559 -0.010 0.623 -0.001 0.716 0.008
0'50hf 0.510 0.035h,0.522 0.0324,,0.559 O.OZShLO.623 0.017 0.716 0.008
0.55 0.560 0.074 0.567 0.069 0.591 0.054 "70.637 0.032 0.716 0.008
0.60 0.630 0.089 0.632 0.084 0.639 0.068 0.662 0.042 0.716 0.008
0.65 0.696 0.088 0.694 0.084 0.689 0.071 0.690 0.046 0.716 0.008
0.70 0.747 0.078 0.743 0.075 0.732 0.066 0.718 0.046 0.716 0.008
0.75 0.785 0.066 0.781 0.064 0.766 0.057 0.742 0.042 0.716 0.008
0.80 0.812 0.053 0.807 0.052 0.791 0.047 0.762 0.036 0.716 0.008
0.85 0.830 0.040 0.825 0.039 0.809 0.036 0.776 0.029 0.716 0.008
0.90 0.841 0.027 0.836 0.027 0.820 0.025 0.785 0.021 0.716 0.008
0.95 0.847 0.014 0.842 0.014 0.825 0.014 0.790 0.012 0.716 0.008
1.00 0.847 0.002 0.842 0.002 0.825 0.003 0.790 0.004 0.716 0.008
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1
B,~ (w/c)(syzh = 1.873I'h
1
(1—i0.8993 D z=u+iv,

(23d)
(23¢)

where in (23c) and (23d) T is the frequency
of EMW in GHz and h is the thickness of oil or
freshwater in cm.

Equations (20) (21) and (22) indicate that

Magnitude and Phase vs p/n

Magnitude and Phase vs B/n
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R and PL are periodic about 8, with a period
of 7, whereas B, are proportional to Th as
given by (23c) and (23d) for oil and fresh
water, respectively. Therefore, when R and
PL are given for the B, from 0 to 7, their
values for different h can be computed by use
of (23c) and (23d) at different frequencies.
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Fig. 2. Examples of R and PL versus beta for oil (A, Index 1) and fresh water (B, Index 2) at 1.2 and 4
GHz for 6 =0°and 45°.

Tabie 2. Part of R and PL versus h (H here) in cm. See explanation of table 1. Symbols h, and h,
indicate the thickness at which R and PL become extreme for the first time.

INDEX = 1 GAMMA = 0.8
ety > a. 15. 30.
Hlew) Mag Phase Mag Phase Mag
0.0 ~0.847 0.002 0.842 0.002 0.825
0.5 0.841 -0.011 0.836 -0.011 0.819
1.0 0.829 -0.025 0.824 -0.024 0.807
1.5 0.808 -0.039 0.803 -0.038 0.787
2.0 0.7?7? -0.053 0.772 -0.051 0.759
2.5 0.732 -0.066 o 729 -0.062 0.719
3.0 0.671) -0.074 0.670 .069 0.670
3.5 0. 59?&?—0.069 0. 601&P—0.064 0.616{P
4.0 0.529 -0.040 0.539 -0.036 0.570
4.5 $.0,503 0.014p 0.014p 0.555
5.0 "RQ.541 0.065"0.550 0.060"D.578
5.5 0.613 0.088 0.616 0.082 0.627
6.0 0.686 0.089 0.684 0.084 0.681
6.5 0.743 0.079 0.739 0.076 0.729
7.0 0.785 0.066 0.780 0.064 0.766
7.5 0.813 0.052 0.808 0.051 0.792
8.0 0.832 0.038 0.827 0.038 0.810
8.5 0.843 0.025 0.838 0.024 0.821
9.0 0.847 0.011 0.842 0.011 0.826
9.5 0.846 -0.002 0.841 -0.002 0.824
10.0 0.838 -0.016 0.833 -0.015 0.816

Phase Mag
0.003 0.790
-0.009 0.785
-0.021 0.775
-0.033 0.758
-0.043 0.737
-0.052 0.709
0.055 0.679
0.047 0.649
-0.024 D0.628
0. D12ﬁ 0.621
0.047710.631
0.066 0.655
0.071 0.685
0.066 0.715
0.057 0.742
0.046 0.762
0.035 0.777
0.023 0.787
0.011 0.790
-0.001 0.789
-0.013 0.783

45.
Phase
0.004

-0.005
~0.013
-0.021
-0. 02?

QFU 029
-0.022
-0.008

0.010
0.028
0.040
0.046
0.046
0.042
0.036
0.028
0.019
0.010
0.001
-0.007

0.716
0.716

60.
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Table 1 is prepared to list R and (PL/7) to 3
decimals at 0.8, 1.0, 1.2 and 5 GHz with inci-
dent angle 6 from 0 to 60°by 15°step. For
oil (index 1) and fresh water (index 2), a part
of the printout is shown here, and the whole
table is available upon request.

Figure 2 shows the curves of R and PL
versus the parameter B, denoted as S for the
oil m=1 and the fresh water m=2 at the
incident angle 0°and 45°. It is seen that R
changes with S more strongly for oil than
for water, whereas PL changes with B the
other way. Also changes of R with A are
less conspicuous for increasing angle. This
figure suggests that to determine the thick-
ness of the film with decrease of R is more
feasible for oil than for fresh water, whereas
PL change may be useful to determine the
freshwater cover.

It is more practical to plot R and PL versus
h in cm. Table 2 is prepared to list R and
(PL/7) for h=0 to 10 cm at 0.1, 0.4, 0.6, 0.8,
1.0, 1.2, 1.4, and 5 GHz for oil and fresh water
for index 1 and 2, respectively with incident
angle ranging 0 to 60°of 15°step. A part of
the table is shown with the whole available
upon request. Some examples are shown in
Fig. 3 as R and PL versus thickness h in cm.

Figure 3 and Table 2 indicate that R and PL

Magnitude and Phase vs Thickness H

Magnitude and Phase vs Thickness H
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change little against change of thickness h up
to 10 cm for the frequency less than 0.4 GH,
or lower but at 5 GHz both change rapidly
with slight change in h. Also R and PL de-
crease or increase, respectively as 6 increases
for small values of h but as h increases this
does not hold. On the other hand for the
water at 0.1 GHz the R and PL show the
decrease with the thickness h. Also the
change of R and PL with h for different angle
6 is more complicated for the water than for
the oil.

Further, R and PL decrease with increasing
incident angle up to 60°. For oil and fresh
water, R decreases and PL increases with
increasing thickness up to a certain thickness.
This critical thickness is denoted as h, and h,
for R and PL, respectively. Then both h, and
h, depend on frequency and incident angle.
In practical term these depths may be con-
sidered as a limit for using R or PL of reflected
waves to determine the depth of oil or fresh
water covering the sea surface. Fig. 3 and
Table 2 indicate that both h; and h, are larger
for fresh water than for oil at the same fre-
quency range and that h, is larger than h, for
the same frequency for oil but practically the
same for the fresh water. However, values of
h, and h, are almost independent on the inci-

Magnitude and Phase vs Thickness H
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Fig. 3. Examples of R and PL versus thickness (H, in cm) for oil (A, Index 1) and fresh water (B, Index
2) at 1.2 and 5 GHz for 6 =0%and 45°.“h,” and “hy,” represent the depth at which R and PL become

extreme for the first time.
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dent angle. Also both are less for fresh water
than for oil at the same frequency and the
same incident angle.

If his intended to measure with change of R
and PL of reflected waves, oil is easier to do so
than water, because the range of h which
makes this possible is larger for oil than fresh
water. This is in accordance with the intui-
tive judgment, since oil is more different in
electro-magnetic properties from sea water
than fresh water is, with oil being different
both in conductivity and dielectric constant,
whereas freshwater having the same dielec-
tric constant as the sea water.

5. Very high and low frequencies

As discussed in Section 3, media in which
EMW propagates behave as conductor or in-
sulator according to frequencies of incident
EMW. However, reflection of EMW at the
sea surface covered by oil or fresh water
depends on the behavior of the sea water in
relation to EMW frequency, since oil and
fresh water behave as insulator at microwave
frequencies near or higher than 1 GHz be-
cause conductivity of these media is several
orders lower than that of sea water. This can
be seen from equations (21) and (22) which
do not contain terms depending on ¢ ;.
These two equations do contain u and v that
depend on 6 , through equation (19) or (23e).

However, conductivity of oil or fresh water
may reach that of sea water when mixture
between the two progresses. In that case the
approximations (21) and (22) are not valid

Rzandq)vse
1.0 e ey

—R, ¢

00 0 10 20 30 40 50 60 70 80 90
0 (deg)
Fig. 4. R and PL versus incident angle 6
for fresh water from equation (25).

and results of Appendix I should be used.
Equation (23e) indicates that

u=1, v=0 (24)

for I" 215 within an error of 6%. Then (21)
and (22) become simple and for freshwater
(m=2), from equation (20),

R.e %= (cosf —p) (cosf+p)~". (25)

Therefore PL is zero for 6 less than 83.6° and
is 7 for @ larger than this angle. Fig. 4
shows curves of R, and ¢, versus 8. The
values of R, and ¢, do not depend on h and
indicate reflection simply at the sea water
surface without the upper layer. Therefore
microwaves of frequency higher than 15 GHz
are not useful to monitor presence of fresh
water over the sea surface.

On the other hand, for oil the approxima-
tions (24), (23a) and (23b) lead to

R.e ""={(cos6—p) cosf—i (0.5—2pcosd) sinB} X
{(cos8+p) cosB +i (0.5+2pcos) sing} !, (26)

where 8=5, of (23c¢). When (26) is averaged
over B8 from nzto (n+1) 7, the r.hs. of (26)
becomes simply by approximation of (23a)
and (23b) (See Appendix II for derivation),
ere‘i;l: {(1+2p)cos8§—p—05} X
{(1+2p)cosO+p+05F" (27a)

or returning to dielectric constants of oil and
sea water, €, and ¢,

1.0 — e
L ~—~A—~R1 ..... 6
0.8 |
1T
_ 08 ~
R, o
0.4
10

0.2

00 0 10 20 30 40 50 60 70 80 90
0 (deg)

Fig. 5. R and PL averaged over beta versus
incident angle 6 for oil from equation (27
a) or (27b). (The dotted lineshould jump
to wat 8=60°)
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Magpnitude and Phase vs B/n
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Fig. 6. R and PL versus beta for frequency range higher than 15 GHz for § =0° and 45°. (Compare with

Fig. 2)

Rie ™ =[{1+ (e,/e,)7) cosO— { (/&7 (&/e)7}] X
[(1+ (e,/ep)7) cosO+ { (e/e)t+ (e/e)z) 1™, (27b)

where ¢ is dielectric constant of vacuum.

Curves of R; and ¢, versus @ are plotted in
Fig. 5 based on equation (27a). Both para-
meters depend only on 6, since they are inte-
grated over h. The R, decreases with in-
creasing 6 as seen in Fig. 3 for lower fre-
quencies but for the same value of h. On the
other hand, ¢, is zero for 8 =~60° and then
jumps to 7. In terms of dielectric constant
of oil, equation (27b) leads to

N 1
@, =0 for 0 <0 < Arctan (g/e,)z
1
=7 for Arctan (¢/e)2 < 0 <z/2.(27¢c)

The averaging over 7 on phase 5 of equ-
ation (26) is justified, because at 15 GHz
about 5 mm change in h can produce change
by 7z in Bfrom equation (23c¢). This is based
on an assumption that in the field thickness
of the oil film is not uniform but its variance
may reach 5 mm.

When wave frequencies higher than 20 GHz
are used, identification of oil over the sea may
be possible if its dielectric constant identifies
the kind of oil. This is to apply equation (27
b) to measured R, that becomes useful if the
oil thickness has a variance of a few mm. For
scanning a narrow field with much less thi-
ckness variances, equation (26) may be used
to determine thickness by measuring R;,. PL
from equation (26) fluctuates rapidly with
change of h as discussed before, thus it is

doubtful that PL. may be used to determine h.
Fig. 6 shows R, and ¢, versus 8.

For EMW with frequencies less than 0.1
GHz, relations (21) and (22) become simplified
again, since from equation (19)

u= v =k (s,0/8,)7. (29)

Further sine and cosine functions of (21) and
(22) can be approximated by

sinB,, = Bnm cosf, =1, (30)

However, for oil the low frequency EMW
causes very little change in R and PL with
increasing hup to 10 cm. Thus possibility of
determining h with EMW of 0.1 GHz or lower
frequencies is practically slight.

For the fresh water, 0.1 GHz wave may be
utilized to determine h with reduction in R
and increase in PL with increasing h. The
very low frequency approximation for (21)
and (22) is simple substitution of (27) and
(28) into these equations, thus it is not pre-
sented explicitly here.

However, there is a possibility that both oil
and fresh water may change their electro-
magnetic properties, particularly their con-
ductivity by mixing with underlying sea
water as time progresses. Therefore, no
more valid is the approximation o !'§,< 1
that leads to equations (21) and (22). In
order to compute in such cases, expression of
be / a, without approximations of (17) and
(18) but with (15) and (16) is given in Ap-
pendix 1. This may be used to give correc-
tions to Fig. 2 for determing R and PL, if, ¢,
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N

o O Km

Fig. 7. Wake of a ship that was supposedly discharging oil or oil contaminated liquid. This ship was
about 500 km from the coast and heading for Delaware Bay (p. 116 in Fu and Holt, 1982). (The glossy

print is courtesy of Dr. Fu at JPL.)

and ¢, of oil or fresh water is known by aging
or mixing with the sea water. Inversely, this
relation can be used to estimate of aging of oil
or mixing rate of the fresh water with the sea
water by measuring R and PL of reflected
EMW at the sea surface.

6. Applications and concluding remarks

The R and PL of EMW reflected at the sea
surface covered with oil or fresh water show
significant departure from those of the un-
contaminated sea surface. Some SAR
images taken with SEASAT-satellite in 1978
showed the oil covered sea surface with a
black patch as indicated in Fig. 7 that is
duplicated from report by Fu and Holt
(1982). This has been interpreted as R being
diminished due to suppression of capillary
waves and ripples by oil film. However, as
indicated in Fig. 3, R is reduced by 15t0 18 %
from the clean sea surface with presence of oil
film a few mm thick for EMW of 1.4 GHz.
Therefore reduction of R of plane EMW due
to a thin film should be considered to account
for blackness of oil covered sea.

On the other hand R and PL decrease or
increase almost linearly with thickness of oil
or fresh water up to its critical value of a few

centimeters depending on the frequency of
incident EMW.  The critical thickness is
larger for water than oil and becomes smaller
at higher frequencies in GHz range. There-
fore, SAR or SLAR may be used to determine
thickness of oil or fresh water over the sea by
determing of R or PL of reflected EMW.

Since present SAR and SLAR use the fre-
quency range that is adequate for determi-
ning R or PL of expected thickness, they can
measure thickness of oil in case of a major oil
spill or that of freshwater and precipitation
on the Tropical Pacific Ocean to forewarn El
Nifio processes.

With about 100 GHz or higher frequencies,
if variance of oil thickness is an order of 0.1
mm or more over a relatively wide area, the
aging of spilled oil at the sea surface may be
determined through change of its dielectric
constant by measuring R as indicated by
equation (27b). At the currently available
frequency range of 1 to 20 GHz, if R and PL of
reflected waves can be determined accurately,
not only thickness h of oil or fresh water
covering the sea surface may be measured but
also its aging or mixture with the sea water
could be determined. In the latter case, ap-
proximate equations (21) and (22) are no
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more valid but relations presented in Appen-
dix I should be applied.
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Appendix I
Substitution of (12), (15) and (16) into (8
b) and (8c¢) lead to

by/a, =P/Q (A-1D)
P={(cosf—P)cosfB,
—i(B,—cosOP)sinB,, (A-2)
Q= (cos8 +P)cosf,,
+i(B,+cosOP)sins,, (A-3)
where
1 1
P=s, 7(1—s;'sin®0—6,0 ')z
(1—-id,0 ™! (A-9)
1 1
B=(s, ) 2(1— (s, m)'sin®0—s, ,o0 ')z
(1—i6, o D (A-5)
P, = B/P. (A-6)
Bn= 81 m@/c){1—(s;m) 'sin’
1
—8 no i e (A-T)

In equations (A-4), (A-5) and (A-7), m=1
and 2 represent oil and fresh water respec-
tively. Note m-suffix is added to s, and &,
the upper layer parameters corresponding to
s, and 0, of the sea water. Therefore, s;,
corresponds to s;in (23b) and (23c) and s,,=
s;. When aging of oil and mixing of fresh
water with sea water progress, range of s;;
changes from s; to s,. Further those of &,
from 1077 to 0.9 GHz and of &, from 107* to
0.9 GHz, respectively, though electromagnetic
properties of oil s;; and ¢, are less known
after aging than those of rain water after
mixing with sea water.

Appendix II

For high frequency, (23c) and (23d) in-
dicate B, and f3; become large for small change
in h. For example, at ' = 20, 8, and B,
change by one cycle (2 7z) for variances of h

of 1.3 cm and 0.17 cm respectively. When
SAR or SLAR scans the sea surface, it covers
a sufficient swath area to include variances of
h of this orders of magnitude. Then the ref-
lected wave consists of many component
waves reflected at oil or fresh water of vari-
ous thicknesses, variances of which make
those of B, or B, 27 or much larger. This is
different from reflection or scattering of
EMW from rough surfaces treated by a mon-
ograph of BEckMANN and SeizzicHiNo (1963),
because all reflected wave components in this
case are reflected with the same angle. The
irregularities in h are random but continuous.
Thus R and PL of the effective reflected
waves are expressed by averaging compo-
nents waves with 8, over interval 7 as

Rme‘i‘“"zif”(Mm/Nm)dBm’ (BL)
7do

where M,, and N, are given by (21) and (22),
since M, and N,, are repeated over 7 to 27.

Hereafter, suffix m is dropped. Then (Bl)
becomes

X 1 z
Re ¥ = *IO (acosB —ibsingB)
T

X (A cosB+iBsing)"'dA (B2)
Re ™ = {z(AX—B)} '(a{AB+iBlog X
(iBsinB+Acosp) |5} —ib{iBs

— Alog(iBsin+AcosB)I3}) (B3)

a=cosf—p, b=05—2pcosb (B4)

A =cosf+p, B=05+2pcosé (B5)

and in the integrated expression the loga-
rithm is generalized to a complex argument
by use of analytic continuation from formulas
listed for a real argument (MoRriGuUcHI et al.,
1957, p. 191-192). In integration from B=0
to 7, the argument of log-terms in the com-.
plex plane changes from (A, 0) at 8=0
through (0, iB) to (-A, 0) at 8= 7x. There-
fore, the real and imaginary part of log-term is
given by

log(iBsinB+ A cosf) :
=log|—Al|—loglA|+ir=1ir. (B6)
Thus (B-3) becomes simply

Re “=(a—b)(A+B)™!
=(cos8—05)(cos8+05)". (B7)
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