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Constructing sophisticated refractivity models is one of the key problems for the RFC (refractivity from clutter)
technology. If prior knowledge of the local refractivity environment is available, more accurate parameterized model can
be constructed from the statistical information, which in turn can be used to improve the quality of the local refractivity
retrievals. The validity of this proposal was demonstrated by range-dependent refractivity profile inversions using the
adjoint parabolic equation method to the Wallops’98 experimental data.
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1. Introduction

Remote sensing of atmospheric refractivity from radar
data is an effective complement for the traditional refractiv-
ity detection methods, such as radiosonde and rocketsonde.!!
The RFC technique contains three main aspects: (i) an accu-
rate mapping between radar clutter data and refractivity, (ii) a
reasonable cost function measuring the difference between the
observed data and the replica field, and (iii) an efficient opti-
mization method finding the optimal solution. Most of the pre-
vious publications focused on the third part and heuristic opti-
mization algorithms, such as genetic algorithm,?! support vec-
tor machine, ! simulated annealing,[4] deep learning, 51 were
used for the optimal searching.

In these inversions, a feasible measure for accuracy im-
provement is to reduce the nonlinearity of the problem as
well as the number of the estimated parameters.[-8! Although
most commonly used refractivity parameterized models, such
as log—linear evaporation duct model, segmented tri-linear
model, and mixed duct model, can synoptically describe the
real refraction environments,®! these models are too simple
to characterize some profiles in detail. Besides, the mathe-
matical formulas of these models are nonlinear except for the
log-linear evaporation duct model. Constructing more sophis-
ticated refractivity models is one of the key points to improve
the inversion accuracy.

This paper is an extension of the work completed by Zhao
et al.,’® where adjoint parabolic equation (PE) method has
been proved to be efficient for range-dependent evaporation
duct structures inversion in real-time. Here, the method is ex-
tended to general duct cases by using local a priori refractive
information (supposed to be available) to formulate a more ro-
bust linear refractivity model, and the performance is validated
by the Wallops’98 experimental data.

DOI: 10.1088/1674-1056/27/12/128401

The remainder of this paper is organized as follows: Wal-
lops’98 data, including radar data and refractivity data, are
briefly introduced in Section 2. Section 3 presents the method
for local empirical refractivity model construction based on
the Wallops’98 refractivity data. The range-dependent refrac-
tivity retrievals are shown in Section 4. Finally, the conclu-
sions are presented in Section 5.

2. Wallops’98 data

Detailed description about the Virginia Wallops’98 exper-
iments and the data quality control can be found in Ref. [10]
and Ref. [11]. A simple introduction about the data used in
this paper is presented in this section.

2.1. Radar data

The radar signals were obtained using a Space Range
Radar (SPANDAR) with an operational frequency of
2.84 GHz, a beam width of 0.39°, an elevation angle of 0°,
an antenna height of 30.78 m, a range bin of 600 m, and ver-
tical polarization. The antenna pattern was approximated as
a sin(x)/x pattern. Four polar plots of clutter maps (corre-
sponding to the time of 17:40 UT, 18:10 UT, 18:32 UT, and
19:00 UT April 02, 1998) from surface-based ducting events
are shown in Fig. 1. The edges around radials 30° and 180°—
200° are due to the coastline. It is clear that because of duct-
ing propagation, many intensification patterns can be observed
over the sight-of-horizon.

To mitigate the effects of point targets (including sea
spikes), the radar data used in the inversions are median fil-
tered across range (1.2 km, 3 samples) and azimuth (5°, 13
samples, i.e., the increment of 0.4°). The filtered clutter data
along the 150° radial (pink lines in Fig. 1) are shown in Fig. 2.
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Fig. 1. (color online) Clutter echo (signal-to-noise ratio, measured in unit dB) from SPANDAR at the time of 17:40 UT, 18:10 UT, 18:32 UT,
and 19:00 UT April 02, 1998.
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Fig. 2. (color online) Clutter returns as a function of range from 0 km to 150 km for different times. The red shaded area is the

envelope of 13 returns in a 5°-interval, and the green line is the median.

along the 150° radial (pink lines in Fig. 1) from a point 4 km

to 60 km due east of the SPANDAR. Contour plots of modi-
The refractive environments were recorded using an in-  fieq refractivity versus range and height corresponding to the

strumented helicopter and a Chessie boat provided by the Ap-  measurements from time 13:47 UT to 21:52 UT April 02 1998

are shown in Fig. 3, where each subfigure has 32 refractivity

profiles,[!!] j.e., the total number of profiles collected are 320.

2.2. Refractivity data

plied Physics Laboratory of Johns Hopkins University. The
helicopter flew a saw-tooth up-and-down pattern in and out
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Fig. 3. (color online) Contour plots of modified refractivity (M units) versus range and height sequenced in time. All refractivity
profiles have been normalized to the same value (333.8-M units) at sea level.

3. Local empirical refractivity model construc-

tion

For a particular region of interest, if reliable a priori re-
fractivity information is available (e.g., from historical mea-
surements or outputs of numerical weather prediction mod-
els), more robust parameterized refractivity model can be con-
structed for this region by analyzing the principal character-
istics of the provided prior information. The methods can
be used for this purpose including empirical orthogonal func-
tion (EOF),[!?] principal components analysis (PCA),['3 and

4 etc.

Karhunen-Loeve (KL) transform, !

Let there be K refractivity profiles mi(z),...,mg(z). Itis
understood that the height z is actually discrete with length N.
Note the eigenvalues and eigenvectors of the covariance ma-
trix of the data setas A1,...,Ay and ¢;(2),. .. oyn(z), where it is
assumed that the eigenvalues and corresponding eigenvectors
are arranged in the order A; > A,... > Ay. Then, any profile

in the data set can be expressed as

N Nr
m(z) :n‘1(z)+;ci¢i(z) %m(Z)Jr;cm)i(Z), ()

where 7(z) is the mean profile and ¢; are the coefficients that
need to be determined. It is usually pointless and unneces-
sary to estimate the whole coefficients, especially when the
number N is too large. For a practical problem, only the Nt
(Nt £ N) principal components are used to balance the accu-
racy and the complexity. The number of Nt can be determined
by the weight of magnitude of the eigenvalues.

For the inversion purpose, the helicopter-based refractiv-
ity profiles were used as the basic prior information to con-
struct the local linear empirical refractivity model. Make per-

turbations to each profile at every sampling height in Fig. 3
with zero mean Gaussian noise of variance (3 M-units)? and
smooth the perturbed profile by a 4-th-order polynomial fit,
seeing Fig. 4(a) where the black line is the helicopter-based
profile at range O km during 13:47-14:05 UT, the green line
is the perturbed profile, and the blue line is the polynomial
fitted profile. Repeating this process 100 times for each pro-
file, then we obtained 32320 refractivity profiles (32000 poly-
nomial fitted realizations plus 320 original observed profiles)
which provided more possibilities of the real refractive envi-
ronments and were used as the a priori refractivity information
in this paper. The first 10 eigenvalues of all these 32320 refrac-
tivity profiles are given in Fig. 4(b), where the weight of the
summation of first 4 eigenvalues is over 90%. Thus, it is rea-
sonable to use the first 4 corresponding eigenvectors shown in
Fig. 4(c) as the basis to approximate each refractivity profile,
L. e., NT =4.

The refractivity fields in Fig. 3 show substantial range
dependency, which indicates that a range-dependent model is
needed for inversion purpose. Referring to the work completed
by Gerstoft et al.,!'!) range dependency can be described by 6
profiles at the range of 0 km, 12 km, 24 km, 36 km, 48 km, and
60 km. The profiles in between are linearly interpolated. Then
the total estimated coefficients for refractivity profiles are 24
(4 coefficients for each profile multiply 6 profiles).

Compared with the traditional parameterized refractivity
models (segmented tri-linear model, mixed duct model, etc.),
the primary advantage of the local empirical model is that it
is completely linear, which reduces the nonlinearity of the ad-
joint RFC problem and simplifies the corresponding computa-
tions, although it just can be used for local inversion purposes.
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Fig. 4. (color online) The statistical information of a priori refractivity profiles, (a) the refractivity profiles, (b) the first 10 eigenvalue,

and (c) the first 4 eigenvector.

4. Inversion results

The adjoint PE method for range-dependent refractivity
profiles inversion was described in Ref. [8]. More detailed ad-
joint PE derivation can refer to Ref. [6]. How to make use of
the a priori refractive information for the inversions is intro-
duced in this Section.

The relationship between radar clutter power and refrac-
tivity parameters can be formulated as!®!

P.(x,m,0) =40log,, |u(x, zer, m)| — 10log,o(x) + 0, (2)

where x is the range and zs is the effective scattering height
and usually approximates 1 m above the ocean surface.l]
Term o is a normalization constant determined by radar sys-
tem parameters and the mean sea radar cross section (RCS)
averaged over the range. Knowing an accurate value of the
averaged RCS is difficult, especially at low grazing angles.
Therefore, term o can be treated as an unknown parameter.
Term u is the complex electric field that can be computed from
a split-step Fourier PE method. !>

The mismatch between the predictions and the observa-
tions can be quantified by a least-squares form cost function.
With the background (or a priori) information, the cost func-
tion can be modified as

J = % |:I)1~*PrObS:|TO_1 |:Pr*Pr0bS}
& - b
—l—;i[mi—m} B [m;—m}, 3)

where P, is the clutter predictions computed by Eq. (2) and
P is the clutter observations. m; = [cy,... ,cNT]T is the co-
efficient vector that needs to be estimated, i is the range index
of the refractivity profiles. mP is the background field for co-
efficient m;. The matrices O and B are the clutter observation
and refractive background error covariance, respectively.

For the problem in this paper, the number of the total es-
timated parameters is 25, i.e., Ny = 4 times 6 profiles at the
ranges of 0 km, 12 km, 24 km, 36 km, 48 km, and 60 km
plus the nuisance parameter o. The matrix O was set with

elements of the variance of the clutter noise, and matrix B
was set diagonal with elements of the first four eigenvalues
in Fig. 4(b). The optimization process was performed by a
quasi-Newton method, %! and the maximum iteration num-
ber was set 400 to terminate the algorithm. With the com-
putation source of a ThinkPad T440 with i7-4700MQ CPU
and 8-GB RAM, all the four inversion examples can be fin-
ished within 30 seconds. The inversion results and compar-
isons with the observed data are given in Fig. 5, where the
radar clutter profiles (from top to bottom corresponds to the
time of 17:40 UT, 18:10 UT, 18:32 UT, and 19:00 UT) are
marked in black, the inverted refractivity profiles and inverted-
based clutter profiles are marked in red, and the helicopter re-
fractivity profiles (from top to bottom corresponds to the time
bin of 17:26 UT-17:50 UT, 17:52 UT-18:17 UT, 18:19 UT-
18:49 UT, and 18:51 UT=19:14 UT) and helicopter-based clut-
ter profiles are marked in blue.

From the left column of Fig. 5, it is clear seen that the
inverted refractivity profiles can synoptically reflect the duct
structures and their range-varying characteristics observed by
the helicopter, but these two kinds of profiles do not fully
match well with each other. The reason for this phenomenon
is that: 1) each group of helicopter-based refractivity profiles
was observed within a time range about 25 minutes, but the
inverted profiles just reflect the instantaneous refractivity in-
formation corresponding to each clutter measurement. When
the refractive environment varies with time, the 25 minutes
bin observations definitely introduce errors. 2) The helicopter
flew in a saw-tooth up-and-down pattern and the refractivity
near the sea surface was not available by the helicopter, which
can also cause electromagnetic (EM) prediction errors.

In the right column of Fig. 5, the patterns of the inverted-
based clutter profiles agree well with that of the SPANDAR
clutter observations, while the clutter patterns computed from
the helicopter-based refractivity profiles deviate far from the
observations. This is because for the tropospheric EM propa-
gation problem, the propagation characteristics are mainly de-
termined by the refractive conditions. Small differences in the
refractivity structure can cause large errors in the EM prop-
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agation simulations. This also demonstrates why it needs to
acquire accurate refractive information in real time. From the
clutter comparisons, it can infer that the inverted refractivity
profiles describe the real refractive environment better than
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that of the helicopter-based profiles observed during about 25
minutes. All the four pairs of inversion results show similar
conclusions, which indicate the validity and stability of the
proposed method.
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Fig. 5. (color online) The inversion results and comparisons with the observed data, where the left column compares the inverted refractivity profiles
(red) with the helicopter observed profiles (blue), and the right column compares the inverted clutter strength (red) and helicopter-based profiles (blue)
with the radar clutter strength (black). To eliminate the influence of the uncertainty value of o on the helicopter-based clutter strength, all the clutter

data were modified by subtracting each mean value.

5. Conclusions

This paper addresses the problem of how to use the a pri-
ori refractive information to formulate a more robust linear re-
fractivity model for real-time RFC inversions. The validity of
this method was demonstrated by range-dependent refractiv-
ity profile inversions using Wallops’98 experimental data. Al-
though the results show promise, the proposed method is just
aimed at local refractivity inversion purpose. Only 320 avail-
able helicopter-based refractivity profiles were used as the ba-
sis to construct the prior information. Future work is required
to evaluate the performance of the method with more real data.
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