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[1] The common occurrence of a marine boundary layer in coastal regions can affect radio
wave propagation significantly. Refractivity from clutter (RFC) techniques are aimed at
estimating the refractivity profile of the ambient environment based on the received radar
clutter. While most previous RFC work has not considered the dependence of RFC
inversions on a variable grazing angle, this study investigates incorporation of the grazing
angle information into the clutter model. A newly proposed clutter model based on
multiple incident angles at each range is used here. The inversion performance of the
multiple angle clutter model is compared to that of other models. Synthetic examples of
a range-independent surface-based duct and a range-dependent evaporation duct are
investigated for a S-band radar. Finally, a comparison of inversions on one set of
experimental measurements from the SPANDAR 1998 data set is provided, using single
and multiple grazing angle clutter models, and the previously used model based on
grazing angle independent sea surface reflectivity.
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1. Introduction

[2] Lower atmospheric ducts over the ocean are common
in many maritime regions of the world. These non-standard
conditions create effects such as significant variations in
the maximum operational radar range, creation of radar
fades where the radar performance is reduced, and increased
sea clutter [Skolnik, 2008]. Atmospheric ducts are more
common in hot and humid regions of the world. The Persian
Gulf, the Mediterranean and California coasts are examples
of such regions with common formation of a ducting layer
above the sea surface [Yardim et al., 2009].
[3] Surface-based ducts appear almost 25% of the time

off the coast of South California and 50% in the Persian
Gulf [Patterson, 1992]. Efforts in remote sensing and
numerical weather prediction have been directed toward a
better estimation of the refractivity profile in the lower
atmosphere (less than 500 m above the sea surface) [Rogers,
1997; LeFurjah et al., 2010]. The atmospheric refractivity
profile is often measured by direct sensing of the environ-
ment. Rocketsondes and radiosondes typically are used for
in situ sampling of the surface layer [Rowland et al., 1996].
Lidar [Willitsford and Philbrick, 2005] and GPS signals
[Lowry et al., 2002] also have been used to measure the
vertical refractivity profile.

[4] A more recent approach, refractivity from clutter
(RFC), uses the radar return signals to estimate the ambient
environment refractivity profile [Rogers et al., 2000;
Gerstoft et al., 2003; Yardim et al., 2006; Vasudevan et al.,
2007; Douvenot et al., 2010; Karimian et al., 2011]. This
approach makes tracking of spatial and temporal changes
in the environment possible [Yardim et al., 2008].
[5] Most previous RFC studies have considered a grazing

angle-independent clutter model. This model is a conse-
quence of neglecting the effect of a variable grazing angle
on the clutter power at low angles [Gerstoft et al., 2003;
Douvenot and Fabbro, 2010], or the convergence of angles
at far ranges. Convergence of the grazing angle at far
ranges is valid for a range-independent evaporation duct
[Rogers et al., 2000; Yardim et al., 2009].
[6] Grazing angle is range-dependent in ducted environ-

ments. In addition, multiple angles of arrival at each range
typically are present in strong surface-based ducts (e.g. see
Figure 1c) [Karimian et al., 2011; A. Karimian et al., Mul-
tiple grazing angle sea clutter modeling, submitted to IEEE
Transactions on Antennas and Propagation, 2012]. Thus,
neglecting changes of the grazing angle along the propaga-
tion path, or assuming single path propagation does not
yield a realistic clutter model in ducted environments.
Rogers et al. [2005] and Vasudevan et al. [2007] have con-
sidered horizontal variability of the sea surface reflectivity,
albeit considering it as a random process.
[7] The present study uses two approaches to include the

grazing angle information: a range-dependent single angle
clutter model that is based on the maximum grazing angle
at each range, and a range-dependent multiple angle clutter
model that is based on all angles of arrival. The worst
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case clutter in maritime environments can be calculated by
considering the maximum grazing angle at each location
[Barrios, 2002; Dockery et al., 2007]. However, this model
is not appropriate for RFC applications where a more real-
istic model for the expected clutter is required. The multiple
angle clutter model incorporates all incident wavefronts and
weights them proportional to their relative powers (Karimian
et al., submitted manuscript, 2012).

2. Sea Clutter at Low Grazing Angles

[8] Radars operating in maritime environments encounter
a back-scattered field from the sea surface which depends
on the refractivity profile of the environment known as
the M-profile. This dependence makes inference on the

refractivity profile from the observed clutter possible
[Gerstoft et al., 2003]. The expected clutter at range r is
expressed as [Dockery, 1990]:

PcðrÞ ¼ PtG2l2qBcts0 secðqÞF4ðrÞ
2ð4prÞ3L ; ð1Þ

where Pt is the transmitter power, G is the antenna gain, l is
the wavelength, qB is the antenna pattern azimuthal beam
width, c is the propagation speed, t is the pulse width, s0
is the sea surface reflectivity per unit area, q is the grazing
angle at range r, F is the propagation factor, and L is the
total assumed system losses.
[9] The pattern propagation factor F is defined as the

ratio of the magnitude of the electric field at a given
point under specified conditions to the magnitude of the
electric field under free-space conditions with the beam
of the transmitter directed toward the point in question

[Kerr, 1951]: FðrÞ ¼ EðrÞj j
EfsðrÞj j.

[10] A review of the three models of clutter power that are
used in this study is provided below.

2.1. Grazing Angle Independent Clutter Model

[11] The dependence of the sea surface reflectivity on the
grazing angle has not been included in most previous RFC
studies [Gerstoft et al., 2003; Douvenot et al., 2010]. This
assumption results in a range-independent sea surface
reflectivity term in the clutter power equation. The sec(q)
term also is a weak function of q at low grazing angles.
Thus, normalizing the clutter power with reference to the
power at range ro yields the approximation:

PcðrÞ
PcðroÞ ≃ ðro

r
Þ3 F4ðrÞ
F4ðroÞ : ð2Þ

[12] The propagation factor F can be obtained from a
parabolic equation (PE) code [Barrios, 1994]. The assump-
tion of an angle-independent sea surface reflectivity is valid
where grazing angle does not significantly vary with range.

2.2. Range-Dependent Single Grazing Angle Clutter

[13] The clutter power typically is estimated based on a
single grazing angle of an incident wavefront at each range.
The grazing angle can be estimated from ray theory
[Barrios, 2002] or from angular spectral estimation techni-
ques, such as MUSIC, that calculate the angle of arrival
[Dockery, 1988]. Both of these methods might yield several
grazing angles at each range. Usage of the maximum grazing
angle at each location leads to the worst case clutter power.
This is a conservative estimate of the expected clutter power
that is used in radar performance analysis. However, ray
tracing has its own limitations. There are surface locations
that rays do not reach, requiring interpolation or extrapola-
tion of grazing angles at those ranges.
[14] The sea surface reflectivity s0 is dependent on the

grazing angle q. In practice it is common to use the semi-
empirical sea surface reflectivity model from the Georgia
Institute of Technology (GIT) [Horst et al., 1978]. GIT is
based on fitting the experimental measured average surface
reflectivity to a function of polarization, radar frequency,

Figure 1. (a) Power |u|2 (dB) from the parabolic equation
(PE) propagation model in an arbitrary surface-based duct
similar to the profile of Figure 2c. (b) Geometry of the line
array used for the estimation of grazing angles at each range
for curved wave spectral estimation. (c) Angular spectral
power (contour plot), grazing angle from ray tracing (solid),
the maximum angle from ray tracing (dashed).
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grazing angle, wind speed and radar look direction
[Dockery, 1990]. It is assumed that the GIT model is based
on measurements obtained under standard atmospheric
conditions. This model also depends on a single grazing
angle. Reilly and Dockery [1988] modified the GIT model
to take into account the effects of non-standard ducting
conditions on sea clutter. They divided the GIT surface
reflectivity by the standard atmosphere propagation factor to
remove the standard atmospheric effect on the measure-
ments. Derivation of surface reflectivity models at low
grazing angles continue to be an active field of research
[Gregers-Hansen and Mital, 2009]. Using the modified GIT
sea surface reflectivity model, the clutter power equation is
obtained as:

PcðrÞ ¼ PtG2l2qBcts0;GIT ðrÞsecðqÞF4ðrÞ
2ð4prÞ3LF4

stdðr′Þ
; ð3Þ

where Fstd
4 (r′) is the two-way propagation factor of a stan-

dard atmosphere (dMdh ¼ 0:118M-units/m) at range r′ with the
same wind speed and an isotropic antenna. r′ is the range
corresponding to the grazing angle q in the standard atmo-
sphere with an identical radar height and an isotropic
antenna.

2.3. Range-Dependent Multiple Grazing Angle Clutter

[15] Angular spectral estimation techniques find the inci-
dent power distribution versus grazing angle at each range.
The elements of the vertical synthetic array (Figure 1a)
are formed from the complex field u at each range obtained
from the FFT bins of the electromagnetic parabolic equa-
tion (PE) propagation model. For Cartesian coordinates
[Levy, 2000]:

uðx; zÞ ¼ e�jkxyðx; zÞ; ð4Þ

where x is the horizontal Cartesian range, z is the altitude,
and k is the wave number. y is the tangential electric field
Ey for horizontal polarization, and the tangential magnetic
field Hy for vertical polarization.
[16] A multiple angle clutter model based on curved

wave spectral estimation (CWS) (Karimian et al., submitted
manuscript, 2012) is considered in this work. CWS is a non-
plane wave spectral estimation technique based on the
Wentzel-Kramers-Brillouin-Jeffreys(WKBJ) approximation
to the electromagnetic wave propagation solution. The
WKBJ approximation provides a solution in a lossless
inhomogeneous medium assuming that the field solution
u(x, z) is separable: u(x, z) = t(x) f (z). This approximation
requires the vertical wave number kv(z) to be slowly vary-
ing along the coordinate system [Someda, 2006]. The latter
condition can be simplified in plane wave propagation
to the condition that the medium changes slowly with
respect to the wavelength. The vertical field f (z) is a sum-
mation of multiple pairs of incident and reflected wave-
fronts. The field due to each pair of wavefronts with angle q
at the surface in the WKBJ approximation is expressed as
[Someda, 2006]:

hðz;qÞ ¼ Aiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kvðz;qÞ

p e
þj
R z

z1
kvðz;qÞdz þ Arffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kvðz; qÞ
p e

�j
R z

z1
kvðz;qÞdz

; ð5Þ

where Ai and Ar are constants of the incident and forward
reflected waves, and z1 denotes the sea surface. Ai and Ar

are related by Ar = GAi with G the reflection coefficient.
Assuming G = � 1, (5) is simplified:

hðz; qÞ ¼ Aiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kvðz; qÞ

p e
þj
R z

z1
kvðz;qÞdz � e

�j
R z

z1
kvðz;qÞdz

� �
: ð6Þ

[17] The geometry of CWS is shown in Figure 1b. Spatial
samples of the PE field are used along a vertical line array.
CWS matches to the phase variations of different array ele-
ments based on the WKBJ solution. An inherent assumption
in CWS is that the curvature of wavefronts is only due to an
inhomogeneous medium.
[18] Let the medium have a stratified structure with the

modified atmospheric refractive index nmod(z) at each range r
and height z. The modified refractive index is obtained by
nmodðzÞ ¼ nrðzÞ þ z

re
from the atmospheric refractive index

nr(z) and earth radius re, which is a flat earth approximation
to the spherical propagation problem.
[19] The vertical wave number kv is a function of the wave

number k, the horizontal wave number kh, and gazing angle
q. Let w denote the angular frequency, and c0 the wave speed
in a vacuum. Applying Snell’s law for kh yields:

kvðz; qÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2ðzÞ � k2h ðz; qÞ

q

¼ w
c0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2modðzÞ � n2modðz1Þ cos2q

q
: ð7Þ

With kv real, the phase difference between z1 and zl is
obtained by integration of kv along the vertical line joining
the aforementioned points:

flðqÞ ¼
Z zl

z1

kvðz; qÞdz: ð8Þ

[20] The CWS output in direction q is obtained by
matching to the phase variations of array elements for a pair
of incident and reflected wavefronts with angle q, expressed
in (6):

BCWSðqÞ ¼
XNr

l¼1

wlul e�jfl � e jfl
� �

¼ �2j
XNr

l¼1

wlulsin

Z zl

z1

kvðz; qÞdz
� �

; ð9Þ

where ul is the PE field at the lth element of the array and {wl}
are the weighting coefficients of the array, here half a
Hamming window. This is equivalent to using a Hamming
window on a double size array that covers the incident and
reflected wavefronts separately (Karimian et al., submitted
manuscript, 2012). Nr is the index of the highest array ele-
ment with kv ≥ 0.
[21] Figure 1c shows an example that exhibits variable

grazing angles. Figures 1a and 1c are based on computations
from an environment with a refractivity structure similar
to Figure 2c. Figure 1c shows that in a range-independent
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surface-based duct, constant or single grazing angle
assumptions are not necessarily valid. Also, most practical
situations include a range varying refractivity profile
[Gerstoft et al., 2003] where a range-independent grazing
angle assumption is no longer valid. Inversion of a range-
dependent evaporation duct is studied in section 3.2.
[22] The angular spectral power g(q) = |BCWS(q)|

2 is
obtained from (9). g(q) can be used to decompose the total
power into the power arriving from different directions. The
multiple angle clutter model is obtained as:

PcðrÞ ¼ arF4ðrÞR
q gðqÞdq

Z
q

s0;GIT ðqÞsecðqÞgðqÞ
F4
stdðqÞ

dq; ð10Þ

where ar ¼ PtG2l2qBct
2ð4prÞ3L includes all q independent terms.

[23] The multiple angle clutter model (10) can be visual-
ized by assuming a discrete set of Nq grazing angles. Using
spectral estimation, incident power at each range can
be decomposed into its angular components {g(qi)}i=1

Nq .

Consider the weighted propagation factor associated with
grazing angle qi to be defined by:

F2
i ðrÞ≜ F2ðrÞ gðqiÞPNq

n¼1 gðqnÞ
: ð11Þ

Incident power is assumed to be back-scattered uniformly.
Due to reciprocity, back-scattered angles received by the
radar are identical to the incident angles at the same range.
Thus, the total clutter power is:

PcðrÞ ¼
XNq

i¼1

arF
2
i ðrÞs0ðqiÞsecðqiÞ

XNq

j¼1

F2
j ðrÞ

¼
XNq

i¼1

arF
2ðrÞF2

i ðrÞs0ðqiÞsecðqiÞ: ð12Þ

Substituting (11) into (12) yields the discrete form of (10).
Here, we have assumed different propagation paths to be
uncorrelated.
[24] Figure 2 compares clutter power obtained from the

previously mentioned models. Figures 2a, 2c, and 2e show
the refractivity profiles of the modeled environment, and
Figures 2b, 2d, and 2f show the corresponding clutter power
at 3 GHz, vertical polarization, antenna beam width of 0.4�,
antenna height of 15 m and wind speed of 5 m/s. All clutter
power plots are normalized with reference to the starting
range (10 km for the surface-based duct example and 3 km
for evaporation duct examples).
[25] Figure 2a shows a range-independent evaporation

duct with duct height of 24 m. Differences between the fall-
off rates of angle dependent and independent models are due
to rapid variations of the grazing angle in the vicinity of the
radar. Most previous RFC studies considered the clutter
power at ranges where grazing angle does not vary signifi-
cantly with range. For evaporation ducts, this region is
shown in Figure 1 of Yardim et al. [2009]. However, this
usually means avoiding the region in the vicinity of the radar
where clutter to noise ratio is high. Figure 2 shows a surface-
based duct. Its corresponding clutter power obtained from
the maximum angle of ray tracing shows larger dynamic
range and discontinuities at boundaries of ray theory shadow
zones. Figure 2e shows a range-dependent evaporation duct
which is discussed further in section 3.2. The modeled
clutter power, assuming angle dependent sea surface reflec-
tivity, results in different clutter power than when using
angle independent sea surface reflectivity. The multiple
angle and maximum angle from ray tracing clutter power
results are identical. The latter is due to the single angle
nature of propagation in an evaporation duct.

3. Performance Analysis for RFC Estimation

[26] Refractivity from clutter techniques find the best
refractivity profile that matches the observed clutter. The
expected clutter power of each candidate profile is computed
and an objective function is formed that quantifies the dis-
tance between the observed and the modeled clutter. The
candidate profile that yields the minimum objective function
is declared as the best match. Previous RFC studies have
considered the sum of the squared errors, the l2 norm, as the

Figure 2. (a, c, e) Refractivity profile and (b, d, f )
corresponding clutter power at 3 GHz using various clutter
models: multiple grazing angle, angle independent, and
maximum angle from ray tracing.
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objective function [Gerstoft et al., 2003; Vasudevan et al.,
2007; Yardim et al., 2009]. The main purpose of this sec-
tion is to analyze how different clutter models affect the RFC
model parameters.

3.1. Surface-Based Ducts

[27] Surface-based ducts typically are due to the advection
of warm and dry coastal air to the sea. These ducts are
less common than evaporation ducts but their effect is
more prominent on radar returns [Skolnik, 2008]. Here,
the M-profile of a surface-based duct is approximated by a
tri-linear function:

MðzÞ ¼ M0 þ
m1z z ≤ h1
m1h1 þ m2ðz� h1Þ h1 ≤ z ≤ h1 þ h2
m1h1 þ m2h2 h1 þ h2 ≤ z
þm0ðz� h1 � h2Þ

8>><
>>:

ð13Þ

[28] A genetic algorithm is used to invert for the para-
meters m1, m2, h1, h2 based on observed clutter [Yardim
et al., 2007]. m0 = 0.118 M-units/m is the slope of the
standard atmosphere. The specific choice of M0 (here
320 M-units) does not affect the propagation pattern of
electromagnetic waves and does not affect the parameter
estimation.
[29] The radar and environmental parameters in this

example are: 3 GHz radar frequency, 25 m antenna height,
5 m/s wind speed, antenna beam width of 0.4� and vertical
polarization. The surface-duct parameters are identical to
those of Figure 2c. The results of Figures 3a–3c are obtained
by running 200 inversions on the modeled clutter.
[30] Two random components in the observed clutter

power are modeled here: variations of sea surface reflectivity
and noise at the receiver. The selection of sea surface
reflectivity statistics for RFC applications depends on the
wind speed and direction, grazing angle, polarization and
the radar range resolution [Long, 2000]. Low grazing angle
results in complex scattering mechanisms, such as shadow-
ing caused by sea swells and diffraction over the wave

edges. These factors increase the spikiness of the sea surface
clutter [Ward et al., 2005]. On the other hand, decreasing the
radar resolution increases the number of random scatters
inside each range bin, which in turn reduces the spiky
behavior of the sea surface reflectivity [Skolnik, 2008]. The
effect of different distributions on clutter modeling and RFC
is investigated by Yardim et al. [2009]. The receiver noise
floor is another source of randomness that affects the
observed radar clutter [Rogers et al., 2000].
[31] Here, variations of the surface reflectivity from GIT is

modeled using a lognormal distribution with zero mean and
3 dB standard deviation Gaussian in the logarithmic domain.
The additive receiver noise is modeled by a Gaussian dis-
tribution over the complex field [Yardim et al., 2009].
Clutter power is normalized at the range of 10 km. Clutter to
noise ratio at that range (CNR10km) is taken as 40 dB. The
observed clutter power is obtained from the multiple grazing
angle clutter model.
[32] Results in Figure 3a are distributed around the origi-

nal parameters as expected, since both simulated clutter and
inversion algorithm use the same clutter model. The plots in
Figure 3b show that using a single angle clutter model
obtained from the maximum angle from ray tracing yields a
biased estimation. The bias of the estimated parameters is
especially clear in the first slope (m1) and the second height
(h2) of the trilinear model in this example. Using the maxi-
mum angle of arrival is common in the calculation of the
worst case clutter [Barrios, 2002; Dockery et al., 2007], but
is not appropriate for RFC applications. The plots in
Figure 3c are obtained by inversion using a grazing angle
independent clutter model, which has been used in previous
RFC studies. Some bias is observed in RFC using the latter
method, but the bias is less than using a clutter model with
the maximum arrival angle.
[33] The propagation factor of the profile used in the

simulation of Figure 3 is plotted in Figure 4a. The propa-
gation factors and electric fields are obtained using the par-
abolic equation (PE) code in the Advanced Propagation
Model [Barrios, 2002]. The differences between the propa-
gation factors of the inverted profiles and the original profile

Figure 3. Inverted surface based duct parameters using various clutter models: (a) multiple angle,
(b) maximum angle from ray tracing, and (c) angle-independent. The simulated clutter power is modeled
by the multi angle clutter model and include random components of the sea surface reflectivity and noise
floor in the receiver. Vertical lines are the actual parameters of this synthetic example.
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are compared in Figures 4b–4d. The assumption of an
angle independent sea surface reflectivity (Figure 4d) yields
1.8 dB average error in the propagation factor of the inverted
profile in the ducted regions, while inversion using the
single angle clutter from maximum arrival angle produces
a larger average error of 3.6 dB.

3.2. Range-Dependent Evaporation Duct

[34] Evaporation ducts are the most common types of non-
standard atmospheric phenomena in maritime environments.
The Paulus-Jeske model provides a relationship between
modified refractivity M, altitude z and duct height hd
[Paulus, 1985]. Assuming equal temperature of the sea
surface and air layer boundary simplifies the Paulus-Jeske
model [Rogers et al., 2000]:

MðzÞ ¼ M0 þ c0ðz� hd ln
zþ h0
h0

Þ; ð14Þ

whereM0 is the base refractivity usually taken as 350 M-units,
c0 = 0.13 M-unit/m is the linear slope of the refractivity and
h0 is the roughness factor taken as 1.5 � 10�4 m.
[35] This section considers a range-dependent evaporation

duct with duct heights of 5, 20 and 10 m at ranges of 0, 12.5
and 25 km respectively (shown in Figure 2e). Duct heights
in-between are linearly interpolated. The simulated clutter
power is used to invert for the duct heights using the mul-
tiple angle and the angle-independent clutter models. The
histograms of inverted duct heights are shown in Figure 5
using 30 inversions. The radar in this synthetic example
operates at 3 GHz and located at 12 m above the sea surface.

The bias in the inversion results of the angle-independent
clutter model exemplifies that the latter model is not a good
candidate for inverting range-dependent environments.

3.3. SPANDAR 1998 Data Set

[36] All three clutter models in this study are compared
using the SPANDAR 1998 data. Refractivity profile mea-
surements and radar returns were recorded in Wallops
Island, Virginia, April 1998 [Rogers et al., 2000; Gerstoft
et al., 2003]. The clutter signals were measured using the
Space Range Radar (SPANDAR) with operational fre-
quency of 2.84 GHz, horizontal beam width of 0.4�, eleva-
tion angle of 0, antenna height of 30.78 m, and vertical
polarization. The refractivity profiles of the environment
were measured using an instrumented helicopter provided by
the Johns Hopkins University Applied Physics Laboratory.
The helicopter flew in and out along the 150� radial from a
point 4 km due east of the SPANDAR in a saw-tooth pattern
with each transect lasting 30 minutes. Only the first 60 km
of clutter power is used to invert for the refractivity profile to
maintain a high CNR and avoid high spatial variations of
the refractivity index with range.
[37] The range-dependent refractivity profile measured by

the helicopter is shown in Figure 7a.This profile corresponds
to the measurement on April 2, 1998 from 13:19:14 to
13:49:00 (Run 07). The spatial variations of the M-profile
are small in the 0–55 km range. Thus, RFC results from the
corresponding clutter observations are compared to the
average of the measured M-profiles in that range interval.
Note that although measurements show slow range varia-
tions, the inversions are based on a range-independent
profile.

Figure 4. (a) Propagation factor (dB) corresponding to the
refractivity profile in Figure 2c. (b–d) The difference
between the propagation factors of the original profile and
inversion of noisy signals using multiple angle, maximum
angle from ray tracing, and angle-independent clutter models
respectively. The color scale is identical in Figures 4b–4d.
Profile parameters are obtained from the distribution peaks
in Figure 3.

Figure 5. Inverted range-dependent evaporation duct
height parameters using clutter models: (a) multiple angle
and (b) angle-independent. Vertical lines denote the actual
parameters of this synthetic example. Each row corresponds
to one of the refractivity profile parameters.
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[38] Clutter power recorded from the SPANDAR between
azimuth 145–155� are used for estimation of the trilinear
function representing a surface based duct, since the clutter
pattern and the two duct parameters m1 and h1 are rather

stationary in this interval [Yardim et al., 2008]. Histograms
of estimated parameters using three different clutter models
are plotted in Figure 6. The peaks of the parameter dis-
tributions (solid lines in Figure 6) are used in Figure 7 to

Figure 7. (a) Refractivity profile along the 150� azimuthal line. (b) Average of the first 55 km of mea-
sured refractivity profiles compared to the estimated profiles from RFC. Trilinear function parameters
are obtained from Figure 6. (c) Observed clutter at 150� azimuth and modeled clutters based on inverted
profiles. The shaded area shows the variation of clutter power between 145–155� used in RFC.

Figure 6. Histograms of estimated trilinear function parameters for the SPANDAR data set, Run 07,
along azimuth 145–155�. The peaks of parameter distribution (solid lines) are used in Figure 7. Inversions
use different clutter models: (a) multiple angle, (b) maximum angle from ray tracing, (c) angle-independent.
Dashed lines show inverted parameters only using the clutter at 150�.
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represent the estimated refractivity profiles and their clutter
powers. The dashed lines in Figure 6 are the inverted para-
meters using only the clutter power at 150� azimuth. The
distribution of inverted parameters for m1 and h1 is narrower
than that of m2 and h2, since the SPANDAR refractivity
profile can be well approximated by a bilinear function.
[39] The average measured refractivity along the first

55 km of recordings and 150� azimuth, the observed clutter
along the same angle, and the distribution of clutter power
between azimuth 145–155� are compared to the inverted
trilinear profiles and their modeled clutter in Figures 7b
and 7c. Figure 7b shows that the refractivity profile esti-
mated from the multiple angle clutter model has the closest
resemblance to the average refractivity profile measured by
the helicopter.
[40] Another important characteristic of refractivity pro-

files is the M-deficit, which is defined as the total change
in the modified refractivity of the trapping layer. The aver-
age M-deficit of the observed profile from 0 to 55 km is
22 M-units. This is consistent with the inverted profile
with 20 M-units of M-deficit, using the multiple angle
clutter model.
[41] Previous RFC studies that used the 1998 SPANDAR

data set were based on an angle-independent clutter model
for inversions. Although results of Figure 7 suggests that the
multiple clutter model is a better model for inverting clutter
data for estimating refractivity profiles, more analysis with
real data is required for verification.

4. Conclusion

[42] RFC estimates the refractivity profile of maritime
environments from observed radar clutter. A grazing angle
independent clutter model was assumed in previous studies.
Two new clutter models are considered here: a range-
dependent multiple angle clutter model and a range-
dependent single angle clutter model based on the maximum
grazing angle from ray theory. Multiple angle clutter
includes all incident grazing angles weighted proportional to
their relative powers at each range.
[43] The performance of clutter models in RFC is com-

pared in a simulated surface-based duct, a range-dependent
evaporation duct, and the 1998 SPANDAR data set. The
differences in the clutter power of different models are pro-
jected into the environmental parameter domain during the
RFC inversion. Results show that the range-dependent sin-
gle angle clutter model based on the maximum grazing angle
yields biased estimations relative to the multiple angle clut-
ter model. An angle-independent clutter model also yields
biased parameter inversions, especially when inverting for
range-dependent refractivity profiles. Although more analy-
sis is required, the results suggest that the multiple angle
clutter model yields more accurate RFC inversions, espe-
cially when surface-based ducts and range varying environ-
ments are present.

[44] Acknowledgments. This work was supported by SPAWAR
under grants N66001-03-2-8938, TDL 0049 and TDL 0054.
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