Estimation of Radio Refractivity Structure using Radar Clutter
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Abstract-This paper describes the estimation of low-altitude
atmospheric refractivity from observations of radar sea clutter.
Both surface and evaporation ducts are considered. The intended
use of the technique is to provide near-real-time estimation of
ducting effects for naval forces, which is important for radar per-
formance prediction.

For surface duct inversions, we use the Simulated Anneal-
ing / Genetic Algorithm (SAGA) general purpose inversion code.
SAGA is configured to use an embedded parabolic equation elec-
tromagnetic propagation model, a four-parameter model for at-
mospheric refractivity, and a linear least-squares objective func-
tion. The mismatch between (a) the optimal replica field and the
observed clutter and (b) the inferred refractivity profile and the
range-dependent refractivity structure obtained byin situ mea-
surements, is discussed.

The inference of evaporation duct heights is simpler than the
inference of surface duct parameters and has already been pre-
sented in the open literature. The material presented here is an
update on the performance of the algorithm based on recent at-
sea testing.

I. INTRODUCTION
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Fig. 1. Modified refractivity M versus height. (a) Evaporation
duct. (b) Surface-based duct. (c) Elevated duct. The modified
refractivity is the refractivity multiplied witi0° and corrected

for the curvature of the earth.
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be used in RFC. Surface duct inversions are covered in Sec. Il.
Evaporation ducts are a ubiquitous feature of marine envi-
ronment that usually increases the range at which low-altitude
targets can be detected. Evaporation ducts are features asso-
ciated with the marine surface layer and surface layer models
such as that dfiu, Katsaros and Busing&tKB) [4] can map
shipboard point-measurements of air temperature, sea temper-
ature, relative humidity and wind speed into a refractivity pro-

Low-altitude atmospheric refractive conditions significantljje from which — along with the appropriate radar and target
affect the performance of shipboard radars. This can be djg,ge| — the performance of the radar can be determined. A
to either evaporation ducts or surface ducts, see Fig. 1. S@kathod for the inference of evaporation duct heights from radar

face ducts appear about 15% of the time worldwide and

Zpa clutter was reported in [5]. Recent results in applying the

% of the time off Southern California coast and 50 % of thg,yersion algorithm to data from a U.S. Navy cruiser are cov-
time in the Persian Gulf [1]. Surface-based ducts are less CORye( in Sec. II1.
mon than evaporation ducts, but their effects are often more

dramatic. They often manifest themselves in a radar’s plan po-

Il. SURFACE DUCT INVERSION

sition indicator (PPI) as clutter rings (see Fig. 3) and they result From [5], The clutter powep (in dB) in the absence of re-

in significant height errors for 3-D radar as the lowest elevatioge

iver noise, can be modeled as

scans become trapped on the surface instead of refracting up-

ward as would be expected for a standard atmosphere. Surface

p(r,m) = —40logf(r,m) + 10log(r) +C (1)

based ducts are usually associated with either the capping in-

version of the marine atmospheric boundary layer (MABL) owheref is the one-way propagation loss as modeled using the
thermal boundary layers, neither of which are characterized Igrrain Parabolic Equation Model (TPEM) [6F is an offset

the by surface layer models such as LKB and associated pothtit takes into account radar parameters and the radar sea clut-

measurements.

ter cross sectiona). o° is assumed to be range-independent.

The first description of estimating surface-based duct struzolik et al. found improved results by allowing some com-
ture from radar clutter observations using modern tools wagdiance for range-dependencyaf, however, it is not possible

by Krolik et al. [2, 3]. They formulated the refractivity-

yet to draw a general conclusion as to if, or how much com-

from-clutter (RFC) problem as a maximum likelihood (ML) pliance is useful. The elements wf correspond to the four
problem using a vector of global refractivity parameters ancefractivity parameters illustrated in Fig. 2.

log-amplitude data as obtained from a radar. The work in this Replica vectors are calculated from Eqg. (1) to obtain,
paper supports determining which global parameters (whigh{m) = {pc(m,r1),---, pe(M,rn)}. C is adjusted so the av-
can include parameters describing range-dependency) shoeatdge power of the replica vector (dB) has the same average
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Fig. 2. Refractivity model

200 km

power as the observed clutter poveerAs with the radar data,

all observed datg below 0 dB are cut off. Therefore, when
adjusting the mean, the replica is also cut-off at 0 dB. A simple )
least squares objective function is used for optimization of thigld- 3. Clutter map from SPANDAR corresponding to Wallops
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unknown refractivity profile parameter vector. Run 12.
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A. Experimental data

Radar andn situ validation data were obtained during the
Wallops '98 measurement campaign [5] conducted by the
Naval Surface Warfare Center, Dahlgren Division. The data
presented here are from the surface-based ducting event tl
occurred on April 2, 1998. Radar data were obtained using tF 300
Space Range Radar (SPANDAR). The antenna height for tt 200f
SPANDAR is 30.8 meters and clutter maps were taken with th
antenna elevation angle set ta @l other parameters were set
to values given in [5], except pulse width which was set to :
psec. A clutter map from the ducting event is shown in Fig. 3.

Meteorological soundings were obtained by an in:strumentegzo0
helicopter provided by the Johns-Hopkins University Appliecgm
Physics Laboratory. The helicopter would fly in and out or
the 150 radial from a point 4 km due east of the SPANDAR.
During the flights, the helicopter would fly a saw-tooth up-and
down pattern. Contour plots of refractivity versus range an
height are shown in Fig. 4. Dark lines superimposed on th 00jj.
plot are the modified refractivity profiles. The waveguide car o

300

300

200

be seen in the first 100 m. The earlier profiles show substanti ® Rangetem *

range dependency. Fig. 4. Refractivity profiles (in M-units) sequenced in time.
The first row is observed from 13:47-15:26, middle 17:26—

B. Sensitivity 19:15 and bottom 21:00-21:52. All refractivity profiles have

Figure 5 shows the modeled clutter returns, Eq. (1), as'8€ same value at sea level.

function of range X-axis) and variation of individual parame-
ters /-axis). Clearly, changes in the inversion base height (
thickness £2) and mixed layer slopedM/d2) shift the loca-
tion of intensifications. Additionally, the size of the horizontal
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Fig. 5. Sensitivity to varying environmental parameters of theg 6. Simulation of clutter return based on a Markov chain

clutter return. The plot shows the clutter power return (Edrandom variation in a parameter for 20 realizations. a) Vari-

1). The horizontal line indicates the baseline value held fixegkion in base height from 100 m, b) variation in base height
while the other parameters are varied. from 40 m, c) variation in M-deficit from 30 M-units, and d)

variation in both base height from 40 m and M-deficit from 30

s . . . . M-units. The thick line in the clutter profile is based on the
shift in the location of an intensification increases nearly lin-

. . e L range independent baseline profile.
early as a function of the intensification’s original range. One 9 P P
might hypothesize that in performing the inversions, one is re-

ally inverting a super-parameter that is a linear combination @ft 10-minute intervals. The horizontal broadening of the en-
of zr, AzanddM/dz As long as a surface duct is created, thgejopes with respect to range possibly is explained either by
M-deficit (AM) is not an important parameter. In the presenfariations in the mean value (with respect to range) of the pa-

simulation, this happens for an @M value of about 20-30 rameters (of which Fig. 5 illustrates a case), or by random vari-
M-units. With a negative slope in the mixed layer, a surfacgiions in range as illustrated in Fig. 6.

channel will always be created causing high clutter return. But
for positive slopes, the creation of surface duct depends on the Real Data Results

zr, AzandAM. . . L -
- r— . An example of the inversion result is given in Fig. 8. The
From the refractivity profiles in Figure 4, it is clear that the_ . X . )

y P 9 ulated Annealing / Genetic Algorithm code [7, 8] is used

refractivity profiles show a range dependence that is someh i !
WILy proti W g P ! fo optimize (2) where the observed clutter dag i6 taken

random in nature. This effect is simulated by modeling vari: m the 150 radial from 10 km to 60 km from the clutter map

ations in range as a Markov process as shown in Fig. 6. F i Fia 3. Ob i h it foll )
each kilometer, the profile was updated using a Gaussian gritown In Fig 5. Observations on these resulls are as foflows:

tribution with a standard deviation of 1 (m Bt-units). 1. The inferred refractivity profile indicates a low surface

In the top pair of plots in Fig. 6, the random variationgin based duct as do the observed profiles shown in Fig. 4.
about the starting value of 100 m provide some corruption to

the major intensification between 45 and 60 km, but the inten-2. The match between the observed clutter da}ad the
sification is still recognizable. On the other hand, in the second 0ptima| rep“ca f|e|(*)* is better than the match between
pair of plots where the variations are about a staringalue observed radar clutter data ap¥et, wherep™et is mod-

of 40 meters, features occurring beyond about 30 km, are dif-  eled based on the measured refractivity field from the heli-
ficult to associate with the features in the horlzontally homo- Copter_ This Suggests that—at least close to the surface—

geneous case. This illustrates the state-dependence of the re- m+ js more representative than the environment deter-

sponse to parameter variations. Clearly the random variations mined fromin situ measurements.

in AM do not introduce as much variability as those in the base

height. The lowest plots correspond to joint, independent vari-3, There is some displacement in range as to where peaks

ations in theAM and base height. The variability is dominated ~ and minimums appear ip* as compared to where they

by that induced from the base height. appear ing and the displacement is non-uniform. Such
In Fig. 7 are plotted the envelopes and median values of a shifting of features is problematic for the squared-

clutter return data from the SPANDAR. The upper series of  error processog(-). Before the variations in horizontal

plots corresponds to envelopes over different 5-degree sectors displacements begin to approach half of the the distance

from the same clutter map. Plots in the lower series correspond from peak-to-peak, minimizingy -) will begin favoring

to envelopes over a single 5-degree sector that were obtained smoother replicag)(s). As can be ascertained from Figs.
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Fig. 7. Clutter return as a function of range for different angles
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5 and 6, either a lowering of the duct or increasing the
range (in km) used ing would exacerbate the problem.

4. The coverage diagrams show that while both the inverted
environment indicate trapping substantial energy within
the first 50 meters, the location of nulls and intensifica-
tions in the two environments are uncorrelated. Also, the
clutter strength is not included in the inversion, thus the
absolute level in the coverage diagrams can differ.

I1l. EVAPORATION DUCT HEIGHT ESTIMATION

Rogerset al. [5] simplified the radar equation from Barton
[9] to the following expression for radar clutter powey at
ranger referenced to the power at ranggeas a function of the
evaporation duct heigldt

Dp,(r,r0,8) = Pe(r,8) — Pc(ro,9)
f(8,r)%rg

0
f(d,rg)%r4

= 1OIog[ } +k10|og[ W(r,%) }

P(ro,0)
10109[%] 02 (E(M)—02 (E(ro))]. ()

+

(top) and time (bottom). The shaded area is the envelope of 15

returns in a 5-degree interval and the dark line is the mediafyhere f(-)

is the propagation factok is the dependence of

In the top figure the 5-degree angle intervals for azimuths cel{1€ Seé@ clutter radar cross section on the grazing apgle
tered at 125-160 degrees at time 18:00. In the bottom figur€E!f @ function of the environmental conditions), asfdis the
the time interval is 17:10-18:20.
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Fig. 8. Example of inversion result.
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(top left): Estimated

component of the radar cross section of the sea surface that is
independent of the grazing angle. In absenca pfiori infor-
mation, is is reasonable to assufog (E(r)) - og (E(ro))] =

0.

The clutter power referenced to its value at 12 km, as a func-
tion of range for an S-band system (3 GHz) and an antenna
height of 30 meters is shown in Figure 9. The lines on the
plot are parametric in duct height. Two sets of lines are pre-
sented that correspond to grazing angle dependenaiésafd
y*. Presently there is some debate as to grazing angle depen-
dency for vertical polarization [10]. The grazing angle debate
notwithstanding, it is clear that the signal for the evaporation
duct is embedded in the slope of the clutter power.

Rogerset al. [5] reported on testing the evaporation duct al-
gorithm using data from the Space Range Radar (SPANDAR)
at Wallops Island, Virginia. Since that time, the duct height
estimation algorithm has been applied to data collected during
the At-Sea Demonstration of Lockheed-Martin’s Tactical En-
vironmental Processor (TEP). TEP is a system for obtaining
weather-radar output from the SPY-1 radar installed on U.S.
Navy cruisers and destroyers.

In practice, the duct-height estimation routine consists of

refractivity profile (dashed) based on a range-independefi/€ Steps: (1) quality control to remove point targets, rain, etc.,
model, the profiles measured by the helicopter Run 7 are shokf Median filtering to remove sea-spikes, (3) azimuthal aver-
as thin lines. (top right): The clutter return as observed by th&9ing to mitigate large-scale spatial variability of the sea clut-
radar data (solid), the modeled return using the inverted profilé" radar cross section, (4) determination of the initial and final
(dashed), and the modeled clutter return for the helicopter ruffRnges of the observed clutter to use in the least-squares inver-
is shown (dash-dotted). (bottom left): The reference coverag¥n @lgorithm, and (5) performing the inversion by finding the
diagram based on the profiles from helicopter Run 7. (bottomodeled%(r) having the best fit to the processed clutter data.
right): The coverage diagram based on inverted profile.

The most extensive testing was onboard the USS Normandy
(CG-60) in the time period of May 1®through May 1%,
2000, off the eastern seaboard of the United States. During
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Fig. 9. Clutter power with respect to range referenced to value,
at ro = 12 km, parametric in evaporation duct height. Solid
lines correspond ta° 00 Y° and dashed lines correspond to
o° Oy,

Algorithms for estimating refractivity from clutter has been
described for evaporation ducts and surface ducts. The evapo-
ration duct appears much simpler as it only involves estimating
one parameter.
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that test, shipboard observations of air temperature, sea-surface
temperature, wind speed and relative humidity were recordefi]
at roughly 1-hour intervals for up to 16 hours daily. During
some portions of each day, the TEP system generated clutter
maps. Valid events are occasions where both a clutter map artdl
meteorological observations occurred within 15 minutes of one
another. All valid events are shown in Figure 10.

The ground truth for the evaporation duct height calculationg3]
is the value calculated by inputting the meteorological obser-
vations into the LKB model [4]. The match between the radar-
inferred and LKB-estimated duct heights are close except for
the 9", 10" and 23 events. For these cases, the air-sea temy,
perature differences and Monin-Obukhov lengths are positive,
conditions that are problematic for LKB [11, 12].

Event 28 is the only apparent failure for the algorithm. For
this case the wind speed is quite low (2—-3 m/s). This bring§5]
up the issue of availability. The sea-clutter radar cross section
is generally an increasing function of the wind speed. To im—[6
plement the evaporation duct algorithm, it is necessary to be
able to observe clutter (a) at ranges over which the slope of the
clutter power is affected by the evaporation duct, and (b) ovef7]
a sufficient range to mitigate the effects of noisy nature of the
clutter returns. Thus there will exist a threhold wind speed be-
low which the inversion algorithm cannot be used. One of our®!
goals for the future is to obtain data at lower wind speeds to
firmly establish the availability of the algorithm.
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