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Refractivity estimation from radar sea clutter®
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This paper addresses the problem of estimating lower atmospheric refractivity under the nonstandard propagation
conditions frequently encountered in low altitude maritime radar applications. The vertical structure of the refractive
environment is modeled by using a five-parameter model, and the horizontal structure is modeled as range-independent.
The electromagnetic propagation in the troposphere is simulated by using a split-step fast Fourier transform based on
parabolic approximation to the wave equation. A global search marked as a modified genetic algorithm (MGA) for
the 5 environmental parameters is performed by using a genetic algorithm (GA) integrated with a simulated annealing
technique. The retrieved results from simulated runs demonstrate the ability of this method to make atmospheric
refractivity estimations. A comparison with the classical GA and the Bayesian Markov Chain Monte Carlo (Bayesian-
MCMC) technique shows that the MGA can not only shorten the inverse time but also improve the inverse precision.
For real data cases, the inversion values do not match the reference data very well. The inverted profile, however, can
be used to synoptically describe the real refractive structure.
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1. Introduction where simulated results could provide some useful in-

formation for practice inversion. Then we introduced

Atmosphere ducts can cause electromagnetic the Bayesian-Markov Chain Monte Carlo (Bayesian-

wave propagation paths and effective coverage areas to MCMC) method to retrieve refractivity parameters. 8]
Although it is slower than GA, the probability densi-

ties obtained by this method are closer to the true

be different from those under standard conditions,!*
which affects the performance of electric systems as

well as tactical selection and disposition. A signal . . . .
) P & distribution. Observation weight of propagation loss
sent from a surface or low altitude source, such as a . . . .
] ] ) o was also considered in Ref.[9]. Simulation values show
ship or low-flying object, can be totally trapped inside . .
7 ] ) ] that exponent expression can perfectly describe the
the duct. This will result in multiple reflections from . ] ] . .

. . . variety of observation weight with distance, and a rea-

the surface and they will appear as clutter rings in the . . ;
L . sonable observation weight can preferably improve re-
radar plan position indicator screen (Fig.1). The de- ) o
C . .. . trieval speed and precision.
sirability of not having to use additional equipment to

estimate refractivity motivates the estimation of range

and height variation about refractivity from clutter A oia o0t
(RFC).2) The RFC refers to techniques that estimate —250

the atmospheric refractivity profile from returns of —200

radar clutter. Gerstoft and his colleagues have tried to :133

apply various inversion algorithms, such as a genetic _50

algorithm (GA),! sequential importance sampling, 0

and a Kalman filter,% to estimate refractive structure 50

and they have achieved some delightful fruit. Their 100

latest work can be consulted in Ref.[6]. In our country, 150

however, very few studies in this field are published in ;22

literature and books. In our previous work, several nu- 200 —100 O 100 200

merical simulations were performed. The anti-noise
capability of GA for RFC was discussed in Ref.[7],
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Fig.1. Plan position indicator data (dB) from SPANDAR
radar corresponding to Wallops run 12 (Gersoft, 2003).
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In this paper, we introduce a simulated annealing
(SA) technique to ameliorate GA and combine a global
search scheme with a divisive search scheme. The in-
version algorithm is implemented both on simulated
data and real radar sea clutter from Wallops Island,
Virginia. Reference data are from range-dependent
refractivity profiles obtained with a helicopter. In or-
der to simplify the inversion process, however, the re-
fractive structure is assumed to be range-independent.
The retrieved values demonstrate the feasibility of this
approach to estimate environmental refractive struc-
ture from radar data itself and the range-independent
hypothesis is reasonable for the marine environment

in the case considered by this paper.

2. Forward modeling and inver-

sion algorithm

2.1. Propagation model

The most commonly used approach to model wave
propagation in the troposphere is the Fourier split-
step solution to the parabolic equation.'®) This nu-
merical solution is a forward solver with the ability
to handle vertical and horizontal inhomogeneities in
the refractive profile and is capable of delivering ac-
curate propagation loss estimates in complicated en-
vironments.

Let u(zk, z) be the electric field at range xy and
height z Then the field at range 41 and height z, de-
noted by u(xgy1,2), is given by the Fourier split-step
solution to the parabolic wave equation,!]

U(Ik+1, Z)

2 _
= exp{ikO[mZH . 51’}

x P (exp (—ip;gfx> -F{u(xk,z)}) . (1)

where F and F~! are the spatial forward and inverse

Fourier transform along the height z, dz = zp1 —xy is
the range increment. m = n(1+ z/ag) is the modified
refractive index, in which n is the index of refraction,
and ag is the radius of the Earth, kg is the wave num-
ber, p is the transform variable often referred to as the
vertical wave number or spatial frequency.

Based on Eq.(1), the one-way propagation loss L
in dB is determined by taking the difference between

the free space loss and the propagation factor, Q2

mr

L = 20logy, (ﬂ) ~20logy(Q).  (2)

The first term in Eq.(2) is the free space loss,
where r is the range and X is the wavelength. The

propagation factor @ could be expressed as
Q= |u(z,2)|. (3)

2.2. Radar model

The received power P, from radar sea clutter

could be calculated asft3]

- 4Tl'PthGrACO'O 4

T T2y (4)

where P; is the transmitted power, Gy and G, are the

transmitting and receiving antenna gains respectively,

A is the wavelength, A, is the illuminated area and ¢°

is the sea clutter’s normalized radar cross section. At

low grazing angles, A. is a linear function of range r,
thus Eq.(4) can be rewritten asl®!

Co°r

Pc = 77 (5)

where C' accounts for all of the constant terms in

Eq.(4). Letting the symbols P., C, ¢° and L rep-

resent the associated values in dB as opposed to real

numbers, we can model the received signal power from

the clutter asf!

P. = —-2L+10log;,(r) +0° + C, (6)

here, some stochastic variations in range as a Markov

process are simulated as noise.

2.3. Environmental model

A five-parameter refractivity model has been pro-
posed by the Naval Force Physics Laboratory in Cal-

ifornia and can be described as!*4]

m = (67 Cl7zb7zthick7Md>T ) (7)

where § is the evaporation duct height, c; is the slope
in the mixed layer, zy, is the trapping-layer base height,
Zthick 18 the thickness of the inversion layer, and My
is the M deficit of the inversion layer.

The value of modified refractivity as a function of

height z is given byl?!
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M(z) = My +{ °

C12p — Md

In practical implementations, prior information
might be available from a variety of sources (e.g.,
numerical weather prediction models, atmospheric
soundings, etc.) that could improve the quality of the
inverse problem solutions. The boundary of refrac-
tivity parameters is shown in Table 1 (for a detailed

description refer to Ref.[3]).

Table 1. Parameter search bounds for the five-parameter
model.

parameter/unit lower Bound upper Bound
thickness/m 0 100
M-deficit/M-units 0 100

mixed layer

-1 0.4
slope/(M-units/m)
evaporation duct
. 0 40
height/m
base height/m 3 300

2.4. Radar and reference data

The data presented in Fig.1 are from a surface-
based ducting event that occurred at April 1998.
Radar data were obtained by using the space range
radar (SPANDAR). The radar’s system parameters as

300

250

200

150

Height/m

100

50

0 10 20 30

Z — Zp

b
Zthick
c1zn — Mg+ ca(z — z), for z; < z.

M + ¢o (z—(ﬂogz), for z < zq4,
2o

for zq < z < zp,

for zp < z < z,

configured for the data taken here are shown in Table
2.

Table 2. Space range radar parameters.

parameter/unit measurement
frequency/GHz 2.84
power/dB 91.40
beamwidth/(°) 0.39

antenna gain/dB 52.80
height/m 30.78
polarization vertical
Range bin width/m 600

Meteorological soundings were obtained by an in-
strumented helicopter which would fly in and out on
the 150deg radial from a point 4 km due east of the
SPANDAR. A contour plot of modified refractivity
versus range and height is shown in Fig.2. The fig-
ure illustrates that the profiles show some range de-
pendency, which indicates that for inversion a range-
dependent model might be needed. In order to sim-
plify the inverse process, however, in this paper, the
environment is assumed to be horizontally homoge-

neous.

345
340
335
330
325
320
315

40 50

Range/km

Fig.2. Contour plot of modified refractivity profiles (M-units) measured from a heli-

copter.
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2.5. Inversion algorithm

In the RFC problem, using GA and Bayesian-
MCMC to perform a global search is computation-
ally too expensive.[>78 This advances the modified
GA (MGA) for the 5 environmental parameter in-
version, which is performed by using GA associated
with the simulated annealing technique and combin-
ing the global search scheme with a divisive search
scheme. In the divisive search process, all parameters
are kept unchanged except the ith; the ith parameter
is treated with selection and mutation, but the oth-
ers are treated only with mutation. The flow chart is
shown in Fig.3.

Global search

No
‘Whether meets expectant
balance conditions?
Yes
‘ Replicate the best ones
No

- If convergent?

Fig.3. The flow chart of MGA.

Export results

The GA search parameters are: parameter quan-
tization 1024 values; population size 100; reproduction
size 0.1; crossover probability 0.5; general mutation
probability 0.01; creep mutation size 0.16. For further

l

400
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200

Height/m

100

300 320 340 360 380
Modified refractivity/(M-units)

information about the application of GA for parame-
ter estimation refer to Refs.[15] and [16].

3. Numerical experiments

Note the refractive information measured by he-

licopter as m°Ps

, and the radar sea clutter data cor-
responding to the discrete ranges of interest as PP,
The inverted refractivity parameters are described as
mi™, and the signal power calculated basing on m™
are noted as P.(m!™). It is assumed that the differ-
ence between the observed P°"* and modeled P,(m™)
clutter is Gaussian. This leads to a simple least

squares objective function,
¢(mirlv) — €T€, (9)
where

e = P — P(m™) - T, (10)
T = P> — P.(m™), (11)

and the bar denotes the mean across the elements in
the vector. T' is an estimated normalization constant

for each realization of m™V.

3.1. Simulation results

Without variations, Fig.4(a) gives the retrieved
modified refractivity profile along with the simulated
true value and the corresponding propagation loss val-
ues are shown in Fig.4(b). The solid line simulates
the true values and the dash-dotted line denotes the

inverted values. For radar system parameters refer to
Ref.[7].
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Fig.4. (a) Simulated and inverted modified refractivity profile, (b) simulated and inverted propagation loss.
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From the results given by Fig.4, some conclusions
can be obtained: 1) the inverted results show a per-
fect match with the true values, which indicates that
the algorithm could be used to retrieve refractivity
parameters; 2) compared with the results in our pre-
vious work, ™ the results presented here are more
accurate; 3) although the estimated propagation loss
values have a tendency to deviate from the true values
along with range extension, within 60 kilometers, they
display good agreement.

Table 3 describes the detailed refractivity param-

|

eter values retrieved by MGA, GA and Bayesian-
MCMC. This gives the inverted results of the 5000th
generation retrieved by GA and Bayesian-MCMC but
only the 1000th generation by MGA (for the results of
GA and Bayesian-MCMC refer to Refs.[7] and [8]). It
is obviously seen that the precision and the efficiency
of MGA are higher than GA and Bayesian-MCMC.
For mixed layer slope ¢y in particular, which is impor-
tant for precision improvement, MGA could retrieve

more accurate values.

Table 3. Performance comparison of MGA and GA and Bayesian-MCMC.

0/m  ci/M-units/m  zp/m  Zghick/m Mg /M-units
true Value 30 0.13 150 30 40
MGA 29.9 0.133 147.4 34.0 39.3
GA 30.6 0.269 152.0 42.4 43.1
Bayesian-MCMC  30.6 0.212 155.4 31.3 42.5

3.2. Real data results

Figure 5(a) summarizes the inversion and assessment of the inversion results. The clutter P°" along

azimuth 150deg and 10-60 km in range is extracted from the clutter map (Fig.1) and shown as a solid line. The
best matching replica is shown as a dash-dotted line, and for reference, the modeled clutter returns from the
helicopter profiles are shown as a dashed line. Figure 5(b) shows the best estimated refractivity profiles (dash-
dotted line) along with the helicopter refractivity profiles (dashed line). This is on the assumption that the
environment is horizontally homogeneous, so the dashed line is constructed with the mean value corresponding

to the discrete ranges of interest.
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Fig.5. (a) The radar and modeled clutter return (dB). (b) Modified refractivity profiles based on helicopter and

inverted values.

The inversion can visually be judged by examin-
ing how the peaks in the replica are matched. Based
on the location of maxima and minima in Fig.5(a), the

inversion only matches well at longer ranges, which is

different from the simulated results.

There are some

reasons for this: first, the simulated values are cal-
culated without variation, and in the real case, there

exists a great deal of noise in the radar sea clutter;
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second, based on the parabolic equation model, the
initial field (i.e.

by assuming free-space conditions, which is impossi-

the field at range 0) is calculated

ble in the real atmospheric environment; third, some
stochastic variations in range as a Markov process are
simulated, which could strengthen or weaken the noise
in the radar sea clutter data. The longer the signal
propagates, the more it will counteract the noise ef-
fect. Figure 5(b) demonstrates the possibility of using
a radar itself for refractive structure estimation by the
method presented above. In this paper, the slope of
the upper layer is selected as 0.118 M-unit/m. The
profiles above the trapping layer, in general, are up-
ward refracting, so this is not a sensitive parameter.
An important issue is to be able to estimate the
statistics of posterior propagation loss, which is es-

sential for many radar and communication systems.

l

Height/m

Height/m

400
300
200
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Height/m

30

These environmental statistics can be used to pre-
dict the radar performance. Figures 6(a) and 6(b)
show the modeled propagation loss for the helicopter
profiles and the optimal inverted environment respec-
tively. It is obviously seen that owing to the existence
of a surface-based duct, the radar signal is remark-
ably trapped in the duct, which increases the maxi-
mum radar channel range. At the same time, radar
The difference
The er-
ror is controlled within 40 dB, which demonstrates

is blind to the area above the duct.

between these two is displayed in Fig.6(c).

how well the inverted profile is able to predict the
propagation loss. Although it is safe to say that hor-
izontally varying environments do occur 14% of the
time,'") in comparison with results given in Ref.[3],

the range-independent refractive structure hypothesis

will arouse much more error.

40

Range/km

Fig.6. (a) Coverage diagram (dB) based on helicopter profiles, (b) coverage diagram (dB) corresponding to
inverted profiles, (c) difference (dB) between coverage diagrams in Figs.6(a) and 6(b).

4. Conclusion

Implementation of the inference of refractivity parameters from radar clutter has been described. An

algorithm integrating SA into GA and combining a global search scheme with a divisive search scheme has been

proposed. In this paper, we attempt to retrieve the refractivity structure from real sea clutter for the first time.

Simulated results and real data inversion values both demonstrate the feasibility of this algorithm for RFC

inversion. Because the helicopter data only show a little horizontal variability for the case considered above,

the range-independent assumption gives rise to errors that are not large, whereas greater variability is likely to
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be encountered in worldwide sampling. Therefore, it is necessary to develop new methods for range-dependent

inversion.
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