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Refractivity Estimation Using
Multiple Elevation Angles

Peter GerstoftMember, IEEEL. Ted Rogers, William S. HodgkisMember, IEEEand Lee J. Wagner

Abstract—Estimation of the atmospheric refractivity is impor- ~ evaporation ducts and expendables (rocket sondes or radio
tant for the prediction of radar performance. Surface or elevated sondes) for characterizing surface-based ducts [1].
trapping layers formed by the outflow of relatively dry and warm This paper represents one in a series of steps in developing a
air over a cooler body of water often result in the refractive struc- . - .
ture-supporting—convergence-zone-like behavior and multimodal capability to generate radar-performance pl’edIC'FIOI"IS using the
effects. The propagation under such conditions can be very sensi- I‘adal‘ Surface Clutter, a through'the'sensor teChanue referred to
tive to even small changes in the vertical and horizontal structure as “refractivity from clutter” (RFC) [2]-[4]. Inferring an effec-
of refractivity. Obtaining in situ measurements of sufficient fidelity  tjye evaporation duct profile from radar clutter is a fairly simple
to estimat_e _vvhere intensifications in the electromagnetic field will one-parameter estimation problem [2]. Inferring parameters de-
chﬂglzgzgggltbreviously have demonstrated the ability to infer scribing surfac_e—based ducts from radar cl_utter is more difficult
refractivity parameters from grazing-incidence radar sea-clutter  [3], [4]. Assuming that the radar cross section at the sea surface
data. The radar system was the 2.8-GHz space range radar that is not varying too much (what constitutes too much is an ac-
overlooks the Atlantic Ocean in the vicinity of Wallops Island, tive area of research), the variation in clutter return is due to the
VA. The forward modeling consisted of the mapping of an 11-pa- o way propagation from the radar to the reflection at the sea

rameter environmental model via an electromagnetic propagation . L - -
model into the space of the radar clutter observations. A genetic surface and, thus, it contains information about the atmospheric

algorithm was employed to optimize the objective function. refractivity. Itis anill-posed inverse problem that has many par-
Ground truth data were atmospheric_soundings obtained by a allels to full-field inversion methods employed in ocean acous-
helicopter flying a saw-tooth pattern. The overall result was that  tics. In fact, the research developed here is inspired by the ad-

the ability to estimate the propagation within the duct itself was ,anca jn ocean acoustic matched field inversion over the last
comparable to that of in situ measurements. However, the ability decade [5][7]

to characterize the region above the duct was quite poor. L ) ) ]
Modern three—dimensional radars, however, have relatively ~ Compared tdn situ sampling for estimating the effects of
narrow beams. Using these narrow beams at multiple elevations surface based ducts, RFC should reduce latency and provide az-

might resolve the ambiguity leading to the poor characterization jmuthal dependence. An important assumption is that the radar
in the region above the duct. Using radar data from the SPANDAR ' ¢os5 section is varying much less in range than the variation in

radar, it is demonstrated that such an approach is feasible and tw tion | Thi f d to be th f
that more-robust estimates can be obtained by using two elevation G-way propagation loss. 1his was found 1o be the case for

angles and/or by constraining the solution to contain realistic the data analyzed here [3]. This may not always be the case
refractivity profiles. in a near-shore environment, where both wind and current can

change strongly with range. Future research will address making
the algorithm robust in the presence of range-varying sea-clutter
radar cross section (RCS) and to quantify the degradation of in-
. INTRODUCTION version results as a function of the variability.

T THE frequencies of common radars (0.9-10 GHz), I previous work, the refractivity estimate was based on a

anomalous propagation effects at low altitudes agingle beam pointed at the horizorf (Blevation). To decrease
probably more the rule than the exception. Evaporation dud@? uncertainties in the estimates, the inversion here is imple-
surface-based ducts (see Fig. 1) and subrefractive layers df&nted using two beams. The use of a higher beam adds infor-
the return strength of both targets and clutter and, thus, alf8gtion about the_v_arlatlon m_returned power c!oser to the crit-
radar performance. Radar performance assessments taki@gangle. The critical angle is the angle at which all energy is
these ducting structures into account are presently based Of@frgcted back into the duct. Two beams are used for S|mpI|c_|ty.
situ sampling, including bulk measurements of meteorologicXYhHe the use of three or more beams should lead to further im-

research to exploit the increased information.

In order to constrain the solution further, a soft constraint

is put on the refractivity profile. This constraint also limits the
Ma”“Scriptéiceixedo’];\#guslf 2, 20|02; re"iser? éagu?g 18, 2003. This waglrength of the duct. A hard constraint of this type was used in
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Fig. 1. Modified refractivity M versus height. (a) Evaporation duct (typical height 0-30 m). (b) Surface-based duct (typical height 30—500exatér) dilict.
The modified refractivity is the refractivity multiplied with0¢ and transformed to correct for the curvature of the earth [8].

dual beams are considered both together and separately SO ooy mage: Apr 02 1950 Map Fod0296-12 1800002
their marginal impacts can be assessed. =
Details of the algorithm and assumptions can be four-zeof : 40
in Gerstoftet al. [3]. The same data have been analyzed t
Vasudevametal.[4]. Here, the main emphasisis onusing muItipI(150
beams combined with a meteorological constraintto obtain stal-oof
and less-biased estimates of the range-dependentrefractivity. ol
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A. Surface-Based Ducts ol

Surface-based ducts appear approximately 15% of the tir 2

worldwide, 25% of the time off the southern California coas! i
and 50% of the time in the Persian Gulf [9]. While surface-base 100} <
ducts are less common than evaporation ducts, their effects | '
qguently are more dramatic. They often manifest themselves
a radar’s plan position indicator as clutter rings (see Fig. 2; tf 200r
Space Range Radar (SPANDAR) is described in Section Il) a | |
they can result in significant height errors for three—dimension s 200 —i50 100 50 0 50 100 150 200 250 0
(3-D) radars as the lowest elevation scans become trapped on the

: ; 2. Clutter map (signal-to-noise ratio, measured in dB) from SPANDAR
surface instead of refracting upward, as would be expected E rresponding to Wallops Run 12 (time 13:00 EST, see also Section Il). The

a standard atmosphere. elevation angle is Oand E/W and N/S ranges are in kilometers.
Surface-based ducts usually are associated with advection or
subsidence of air masses and involve processes beyond thosg . . .
T : small changes in the structure result in very large changes in
occurring in the surface layer. A common phenomena in some

coastal regions is the advection of relatively warm and dr a|re electromagnetic (EM) field [13].
9 . y ary During scientific experiments, range-dependent soundings
over a cool ocean, sea, or lake, which forms a thermal mternz}\l

L . the low-altitude refractivity structure obtained via helicopter
boundary layer (TIBL) beginning at the wind-ward shore [10 ave a level of fidelity such that the horizontal locations of

[11]. The term "internal” is used because, at least at the Iand_?r%{%nsification in the EM field are estimated with reasonable

interface, the planetary boundary layer (PBL) that has formgccuracy_ But under real-world conditions where temporal and

over land is still present. Near the wind-ward shore, the refrac-_ .. L :
L . . o Spatial sampling intervals are far less frequent, expecting more
tivity structure associated with the TIBL often looks like al P pling q P 9

Than a qualitative picture of where intensifications occur may

evaporation duct. Sufficiently far downwind, the TIBL has beeBe too optimistic. For example, the SEAWASP system [1] will
transformed to having a surface layer, a mixed layer, and an |n- ' '

) . . X normally utilize only range-independent refractivity at discrete
terfacial layer normally associated with the marine atmOSphe['eCmporal sampling intervals
boundary layer. By that point in range, the features of the orig- ’
inal PBL have dissipated and the PBL and marine atmospheric
boundary layer are synonymous. Thus, even under steady-state
conditions, a horizontal transient is present in the structure ofRadar andn situ validation data were obtained during the
the TIBL. Wallops '98 measurement campaign [2]. The data presented
Typically, the ducts associated with a TIBL are deeper thdnere are from the surface-based ducting event that occurred on
evaporation ducts (20—-200 m versus 0-40 m). In addition £gril 2, 1998 [3]. Radar data were obtained using the 2.8-GHz
clutter rings, multiple modes [12] are excited as well, leadinGPANDAR [14], which originally was designed as a tracking
to a complex interference structure. It is hard to generalizadar. It is equipped with (hominal) 4-MW and 1-MW transmit-
about the sensitivity as the response is state dependent. ®u$ and an 18.29-m parabolic antenna. The pulse width used

the refractivity structure of TIBL is often realized such thatorresponds to a 600-m range-bin width. With 446 range bins

50

Il. DATA AND EXPERIMENT
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Fig. 3. The radar return for a nonducting (top row) and a ducting (bottom row) environment for 0, 0.1, 0.2,arte@abion angle for the SPANDAR radar.
Note that the larger signals correspond to lower elevation angles and vice versa: Thadr —3 decays are indicated as dotted lines. The nonducting returns
were obtained on March 31, 1998 at 9:44, 11:24, and 12:13 EST, respectively. The ducting returns were obtained on April 2, 1998 at 14:26, 16 @ESRd 11:5
respectively.
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Fig. 4. Modified refractivity profiles (M-units) sequenced in time. The time for each profile is given in Table I. All refractivity profiles havedresalized to
the same value (330 M-units) at sea level.

available, this provides maximum range of 267 km when thes asin z /2 beam with 0.4 beamwidth. The radar is equipped
first range bin is set to 0 km. The beam pattern is approximateith a Sigmet Radar Data System that provides reflectivity, ve-
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TABLE |
OBSERVATION TIMES (EST) FOR THE TEN HELICOPTER RUNS ON -5r 1
APRIL 2, 1998. HE HELICOPTER FLEW IN A SAW-TOOTH _10f J
PATTERN OUT AND IN ALONG THE 150° RADIAL ) .5
=
Helicopter run Time Direction -20r 1
-25F 1
1 8:47-09:05 out % . ) ) ) ) ) ) ) )
9 09:07-09:32 in 0 005 01 015 0.2 Ang?éz(%eg) 03 035 04 045 05
3 09:33-09:57 out ’ ' i . . . i . ‘ i
4 09:58-10:26 in 508
(7]
5 12:26-12:50 out %0 6
20.
6 12:52-13:17 in s 04
50
7 13:19-13:49 out Soo
8 13:51-14:14 in 0 L L L L L . . . .
0 10 20 30 40 50 60 70 80 9 100
9 15:59-16:27 out M-excess (M-units)
10 16:29-16:52 in Fig. 5. (a) Reflection coefficient as a function of angle for an M-excess of
Am = 5 M-units. (b) Critical angle as a function of M-excessm. The
M-value in layer one is 330 M-units.
TABLE 1
OBSERVATION TIMES (EST)FOR THE12 RADAR SCANS ONAPRIL 2, 1998. HE 350 . . . . . . .
HELICOPTERRUN CLOSEST INTIME TO THE RADAR SCAN IS ALSO INDICATED
- 300 .
Scan time closest helicopter run
1 11:58:53 5 2501 )
2 12:19:00 5
3 12:26:08 5 E£2001 ]
4 12:35:08 5 5
T 150F .
5 12:45:12 5
6 12:55:05 6 100+ ]
7 13:05:03 6
8 13:15:08 6 50 ]
9 13:25:07 7
10 13:37:17 7 800 365 31'0 31'5 3:'20 355 350 3é5 340
Refractivity (M—-units)
11 13:45:19 7
12 13:55:08 8 Fig. 6. M-profile used to generate the coverage diagrams in Fig. 5.

range. The behavior observed for the nonducting cases is de-
locity, time series, and spectra types of output [14]. Howevesgribed in detail in [2]. For the ducting environment, after about
for the Wallops’98 experiment, signal-to-noise ratio (SNR) wa0 km, the range falloff is essentially the same for all beam ele-
recorded rather than reflectivity. vations, about—! corresponding to a ducting atmosphere cor-

A polar plot of SNR (or clutter map) at°Celevation during rected for increased patch size with range. For the higher eleva-
a ducting event is shown in Fig. 2. The edges around radisiien beams, the first 10 to 20 km show a stronger decay, whereas
30° and 180-200 are due to the coastline. The intensificationthe shallower angles are trapped in the waveguide for shorter
around ranges 130, 180, and 230 km are due to ducting propages and, thus, the falloff more quickly approachesrthie
agation. To mitigate the effects of spurious targets (includirdgcay. Very characteristic of the ducting environment is the in-
sea spikes), the radar data used in the inversions are medérsifications of the beam that occur at regular intervals. These
filtered across range (1.8 km, three samples) and azim@th (&re similar to the intensifications shown in Fig. 2 and contain
13 samples). useful information for carrying out the inversion.

An indication of the effect of a ducting layer can be seen in In Fig. 4, observations of the refractive profiles are shown
Fig. 3, where samples of radar returns are plotted for a day withr times overlapping and exceeding the acquired radar data.
no ducting (top row) and a day with ducting (bottom row). It iShe observation times for refractivity profiles and radar scans
seen that the loss from the nonducting environment is decayiag given in Tables | and I, respectively. These profiles were
quickly with range. The-—3 decay corresponds to free-spaceneasured by a helicopter flying out and in on the °LB&dial
propagation when corrected for the increased patch size witbm a point 4 km due east of the SPANDAR radar. During the
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Fig. 7. Coverage diagrams (dB) for initial elevation angles (0>M&steps of 0.1).

flights, the helicopter would fly a saw-tooth up-and-down pat-
tern and a single transect lasted about 30 min. The minimum in
the M-profiles can be seen at around 50-m altitude. Note that
there are strong range dependencies and that the refractive en-
vironment changes in a few hours. In the first frames, the duct
height changes from 20 m near shore to 50 m further offshore.
For the later profiles, the duct is more stable. Thus, it is quite
demanding to observe these using radio sondes.

[ll. OBJECTIVE FUNCTION

A composite objective functio® is used to estimate the re-
fractivity parametersn where both the match-to-the-radar data
¢p,; (i is the beam index) and the deviation from apriori
modely,, are used. For the data, two beams are used, one close

o . . )
to the ground (beam 1 Oalevat|0n) and one ata hlgher eIeVaFig. 8. Given arefractivity profile (solid line) with the top of the trapping layer

tion (beam 2, 0.3 elevation) z¢b= and assuming adiabatic lapse rate, then all possible values of the top of the
trapping layer, will lie on a line given by the adiabatic lapse rate (dashed line).
®(m) = ¢p,1(m) + Apdp2(m) + Ayar(m). (1) ’

Based on experimentation with the data, the values of the
grangian multipliers were chosen &g = 0.25 and Ay, =
0.005. The precise values are not that important. By having For each beari a simple least-squares error measure is used.
Ap < 1, more emphasis is on the low-elevation datg: was Itis assumed that the difference (decibels) between the observed
chosen so that the value of the first two terms of the objecti®¢®® and replicaP;(m) clutter is GaussianK; and P¢"* are
function,¢p 1(m)+ Ap¢p 2(m), had slightly more sensitivity vectors of clutter return in range). The repliea(m) is based
than the second parkya (m). on the refractivity model in theAppendix, which is then fed

An advantage of the objective function is that data from tHbough a tropospheric parabolic equation code (TPEM) [17].
first low-elevation beam (Q, which usually has more energy, isThis Gaussian assumption leads to a simple least-squares ob-
emphasized. The second beam is sufficiently elevated to provjéetive function
information on the critical angle and, thus, the M-deficit (see
Section lI-B). The last term is a regularizing operator. Only if ¢p.i(m)=ele; (2)
there is strong evidence in the data of a ducting environment
will significant deviations from a standard M-profile be usedwhere
The objective function is minimized using a genetic algorithm R
[15], [16]. e =P —P;(m) - T (3)

Modified refractivity

L&.— Data-Objective Function for Each Beam
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Fig. 9. Twelve realizations of observed (solid lines) and inverted (dashed lines) clutter return for an elevation ah@lefpfadd 0.3 (right). The dotted line
indicates the mean clutter return for each beam. There are 35 dB between each event°fdretim @nd 140 dB for the 0.Deam.
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Fig. 10. The inverted refractivity profile (dashed line) compared to the measured profiles (solid linepustepm at 0.

. 1 Nbeam o butnotonthe absolute level ofthe clutterreturn. Note thatthe same
T= Noeam Z P, —Pi(m) (4)  normalization constantis used for each beam. Thus, the objective
=1 functionis sensitive to the relative power between each beam.

andthe bardenotesthe meanacrossthe elementsinthe vector (i.e.,
the mean over the ranges consideré@tis an estimated normal- B- UPPer Beam
ization constantthatfor each realizatiomofadjusted sothatthe  The upper beam is included to provide additional informa-

objective function only depends on the variation in clutter returtipn about the critical angle. It does so by utilizing the relative
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Fig. 11. The inverted refractivity profile (dashed line) compared to the measured profiles (solid line) using two beams.
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Fig. 12. Coverage diagram (dB) for each of the refractivity profiles in Fig. 5.
power between the two beams. In addition, it improves the re- R sin(63) — sm(dD) ©)

fractivity estimates by having multiple observations of the same 51;'5—32,) + san(L—él)
conditions.
For a p|ane wave propagating at an angm'n |ayer 1 with The critical angle, defined as the maximum angle that can be

an M-valuem; toward a layer 2 with an M-value., the prop- trapped, is

agation anglé, and reflection coefficient are given by 1410-5m
ST
a1 m2 1

b2 =cos [C"S(el)ml] Q) ~.001V2Am @
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Fig. 13. The coverage diagrams (dB) from each of the 12 inverted refractivity profiles.

whereAm = ms—m;y. An example of the reflection coefficient trapping layer remains constant in time, and that the lapse rate

is shown in Fig. 5(a) fokm = 5 M-units. It is seen that, for for refractivity in that air mass ig,;, leads to the relationship

this M-excess, the critical angle is 0718 he critical angle as - obs obs

determined by the above equation is shown in Fig. 5(b). M(ze) 0 M (2777) + (2 = 277°) * cinp. (8)
TPEM is used to generate propagation-loss coverage dig;, is either taken as the slope for a convective boundary layer

grams (shown in Fig. 7) using the profile given in Fig. 6 wit{c; = 0.13 M-units/m) or average slope above the trapping

the source at 35-m height. This gives a M-excess of 5 M-uni&yer (¢; = 0.118 M-units/m).

and, thus, the plane-wave reflection coefficient as shown inUse of (8) leads to the inequality constraint

Fig. 5 is representative. The radiation pattern wasna:/z _

with a 0.4 beamwidth. The transition from having subs{antial dMons = M(0) + crapze — M(z) < dM. 9)

energy trapped in the duct to having little if any energy trappedhered M. is defined as the difference between the M-unit at the

occurs over the range of 0-30.5 in Fig. 5. This is larger than top of the duct and at the surface. Examination of the soundings

predicted from the plane-wave model (0.because above theshown in Fig. 4 givegM°Ps = 60 M-units. For other areas and

plane-wave critical-angle part of the beam will have energpoundings different values @iV will be observed. The value

radiating into the duct. Were a stronger duct modeled, thad!. likely could also be derived from climatology. However, it

transition would occur at larger angles. is preferable to be able to do the inversion as a stand-alone pro-
_ _ _ cedure without depending on external information. Therefore,
C. Climatological Information (9) is implemented as a soft constraint

The last term in (1) penalizes unrealistic profiles. For ex- 0, for dM,,s < dM..
ample, that could be done by penalizing the deviation from a dar(m) = { %, for dMp,s > dM.,
standard profile. However, we use a constraint that is relate
to the strength of the duct, which is discussed below. Such;
constraint could be formulated from climatological data [9], th ot have_ any effect on profll_es where the M-excess is less than
output of numerical weather prediction models, or from Ioca0 M.-unlts. Implemented th|s.way, Iarg.e valuegakaﬂobs are
observations. possmle, provided that there is strong information about them

For an arbitrary refractivity profile, we will denote the top of" the data.
the trapping layer as?®® and the associated value of modified
refractivity asM (z2"*). Based on simple physics ( e.g., as de-
scribed in Gossard [10]), it is possible to estimate a set of valuesThe SPANDAR data (Section Il) is used to assess the impact of
for the top of the trapping layer, and its associated modifiedusing two beam elevations and the soft meteorological constraint,
refractivity, as indicated in Fig. 8. For a surface duct, this withoth separately and together. The observed clutterRigtais
correspond to the minimum value of the M-profile. Assumingaken from the 150 radial and 10-60-km range using clutter
that the value of modified refractivity immediately above the seaaps similar to Fig. 2. The horizon elevation beam used in the
surface remains constant, that the air mass above the top offhevious work[3] is augmented with data from theCeBevation

(10)

wheredM, is chosen to 40 M-units. Thus, the constraint will

IV. RESULTS
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Fig. 14. Average propagation error (dB) for the 12 inversions. (a) One beam, (b) two beams, (c) one beam plus the meteorological constraint,eza(sl) two
plus the meteorological constraint.

beam. As seen in Fig. 3, 0.3s highest elevation at which theway of handling this “compliance” problem is to add degrees
clutter data are generally above the noise floor of the receivef;freedom to the environmental model that describe horizontal
different conditions might warrant using a higher or lowevariations in the refractivity structure. We add compliance to the
elevation. The data (solid) corresponding to 12 scans are shawadel by incorporating parameters that are coefficients corre-
in Fig. 9. Each of the 12 scans are inverted independently ussgpnding to the principal components of modeling the behavior
the constrained multiple-angle approach and the optimal replicthe base height as a Markov process with respect to range.
field is shown using a dashedline. The plotis designed to indicdter additional details, see [3].
the weighting of each beam inthe inversion. Thus,theBada  The estimated refractivity profiles (dashed lines) are com-
1/Ap = 4times less sensitivity (there are 35 dB between eaglared to the measured profiles (solid lines) for radar data at a
eventforthe @ beam and 140 dB for the 0.Beam). single elevation and two elevations in Figs. 10 and 11, respec-
The refractivity profile was modeled using the refractivitytively. By visual inspection, it is clear that the duct strength is
model in the Appendix and the radar return was then modelederestimated for runs 1, 2, 5, 6, and 8 when only a single ele-
using a parabolic equation code [17]. It is clear that the heation is used (Fig. 10). When two elevations are used, the duct
licopter profiles in Fig. 4 show considerable horizontal varisstrengths for those runs are much closer (Fig. 11). Based on the
tion. They lead to horizontal shifting of intensifications in theliscussion in Section 111-B, these are (a) expected results and
clutter, which may be realized in ways that might not be fe#b) lead to better characterization of the “blind zone” above the
sible for a horizontally homogeneous refractivity structure. Orduct.
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Fig. 15. Average propagation error (dB) between a coverage diagram for a full range-dependent run using the refractivity profiles as given uh &ig. 5 an
range-independent run using just the profile at 20 km [(a) and (c)] or 50 km [(b) and (d)]. In (a) and (b), the helicopter profiles correspondinestavitieradar
observations (middle row in Fig. 5) are used. In (c) and (d), there is 4-h delay between the coverage diagram for the range-independent anddemtgesdepen
(using the top row in Fig. 5).

Underestimating the degree of ducting should be as muchlafam plus the meteorological constraint, and 4) two beams plus
a matter of concern as overestimation. It is clearly evident ththie meteorological constraint. From the plots, it is clearly seen
duct strengths are underestimated in some instances—cas#saB8using just a single beam in the inversion cannot estimate the
and 7 when using a single elevation and cases 3 and 6 wipgapagation loss above the trapping layer [Fig. 14(b)]. Incor-
using dual elevations. porating either the meteorological constraint and/or using two

Propagation loss is calculated from observed and radar-bbeams reduces this error significantly.
ferred refractivity profiles (Fig. 4), generated using two beams.
The coverage diagrams for the observed soundings and theAn-
verted profiles are shown in Figs. 12 and 13, respectively. Note
that the times of the 12 radar observations overlap the last sixThe helicopter profiles are not easy to obtain in practice. In
range-dependent soundings and that no radar data are availtdile having a single radiosonde or rocket sonde might be con-
for the first four soundings. Summary results for using radar dagalered a best case scenario. As noted by Goldhirsh and Dockery
to estimate the propagation calculations based on the range{d8], this leads to systematic errors in the coverage diagrams.
pendent soundings are shown in Fig. 14. The following apgdditionally, the interval between soundings may be from 10
proaches were tested: 1) a single beam, 2) two beams, 3) a simgile. to several hours. Two benchmarks are developed based

Discussion
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on these factors. Having a single sounding is simulated by asClearly, one day of observations are not sufficient to make
suming the vertical refractivity profile at all ranges equal ta broad conclusion, particularly about the relative goodness of
the helicopter refractivity profile at either 20 or 50 km. Onaoundings versus radar-inferred values of refractivity. However,
benchmark is the accuracy of these “range-independent” enwie are confident on the following.

ronments in estimating the propagation loss predicted using the 1) The clutter inversion problem is ill-posed and using ad-

range-dependent soundings. The effects of time lags can be con-  gitional information as, e.g., a meteorological constrain
sidered as well, since the helicopter soundings were started sev- o radar data at multiple elevations, will improve the re-

eral hours before the radar observations. The second benchmark fractivity estimation.
is thus based on using soundings 4 h prior to the range—depen—z) Using radar data at multiple elevations where one or

dent soundings. o more of the elevations is near the critical angle may sig-
The benchmark results are given in Fig. 15. In general, nificantly improve inversion results.

the on-time 20- and 50-km benchmarks have roughly the 3y cqngigeration of typical time-lag values associated with
same error, while the tlme-delay(_ad versions of _the same show a particular form of sensing is necessary in determining
substantially more error. In particular, the region within the their relative merits.

duct (0-50 m) at ranges of 20 km and greater shows errors that
exceed 10 dB over at least half the region.

In comparison with benchmarks, the following is observed

for the configurations considered:

1) For propagation within the duct, the goodness of the Surface-based ducts can be associated with either convective
radar-inferred propagation predictions is somewhat legg stable boundary layers, e.g., [18]. A typical case for the
than that of the on-time benchmarks. However, those difonvective boundary layer is that the surface layer within the
ferences are on the order of a few decibels. In comparisbaundary layer is unstable (e.dw.. > T.i;) and the vertical
with the time-delayed benchmarks, the radar-inferrestructure is described by Monin—Obukhov similarity theory.
propagation loss is substantially better. The reason fAbove the surface layer is the mixed layer, where the potential
this is the substantially different propagation conditiontemperature and specific humidity are largely height indepen-
in the morning than in the afternoon (see Fig. 4). dent. The gradient of modified refractivityM/ /dz within the

2) For propagation above the duct, it appears that only thgixed layer will tend to a value of 0.13 M-units/meter [10]. The
use of dual beams without the soft constraint approachgsgpping inversion is the region between the mixed layer and
the goodness of the on-time benchmarks. It is argualie free troposphere and can have strongly negative modified
that the use of dual beams with the soft constraint apsfractivity gradients. Often the change in the gradient is quite
proach the goodness_of the_ time-delay_ed be_”Chmarb?onounced, producing a “sharp top” [19].

Clearly, the unconstrained single-beam inversion shows\ujth the stable boundary layer, the surface layer is stable
no Skl|.| in th|s regard, while the skill of the constramed(e_g”TSca < T.,) and the gradient of modified refractivity
beam is limited. will transition from negative to positive values within distances
ranging from a few to many tens of meters. There is no mixed
V. CONCLUSION layer or capping inversion per se, but as the profiles from the

An inversion algorithm has been implemented to invert for réVallops '98 experiment indicate (Fig. 4), the profiles of modi-
fractivity profiles from radar sea-clutter data using the horizdid refractivity can be quite complex.
elevation beam by itself and in conjunction with the same clutter The environmental model illustrated in Fig. 16 usually can
observed at a second elevation, so as to exploit the influerft&scribe refractivity profiles corresponding to either convective
of the critical angle of propagation. Both beam combinatiory stable cases. The model consists of an evaporation duct
are implemented with and without a soft constraint as might pofile (for the surface layer) and line segments corresponding
based on climatology, the output of a numerical weather predte-the mixed layer, capping inversion, and free troposphere for
tion model, orin situ observation. the case of a convective boundary layer. By letting the slope in

Radar-inferred propagation calculation are compared to prdpe segment corresponding to the mixed layer take on negative
agation calculated from range-dependarsiturefractivity pro- values (as opposed to having a slope fixed at 0.13 M-units/m),
files obtained by helicopter. Performance benchmarks are batfeel model can also describe profiles associated with stable
on range-independent sampling having either no time delay daegers. However, when a stable layer is present, the mixed
4-h time delay. These benchmarks arise from considering hawd inversion layers do not conform to the meteorological
in situ sampling would be implemented in a practical scenariaefinition. The value of modified refractivity as a function of

For all four possible combinations of the number of beantight is given by
and whether or not the soft constraint is used, the goodness of

APPENDIX
MODELING OF REFRACTIVE ENVIRONMENT

the propagation estimates based on the radar-inferred environ- My + co (z — dlog %) , forz < z4
ments appear closer to that of the on-time benchmarks than H)ﬁ . 12, forzg >z < 2
. . MT(z) = My + ’ a )
time-delayed benchmarks. Only the radar-inferred propagation c1zy — Mg===2, forzy <z <z
estimates based on two beams appear to estimate the propaga- ez — My '_[_]"S;(Z — ), forz <z

tion above the duct roughly as well as do the benchmarks. (A1)
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Fig. 16.

M-deficit
Thickness
Mixed layer slope

Base height

Evaporation
duct height I

Refractivity (M-units)

Five-parameter refractivity model.

where

the expressiony (= — § log(z/z)) with roughness factor

zo = 0.00015 andcg = 0.13 corresponds to the neutral
refractivity profile [20].6 is the evaporation duct height;

¢y is the slope in the mixed layer. A feasible range is
[—1,0.4] M-units/m. This includes the typical value of
0.13 M-units/m for a convective boundary layer [10];

¢ is the slope above the trapping layer. Typical values
are 0.13 M-units/m corresponding to an adiabatic equi-
librium or 0.118 M-units/m, which is consistent with the

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 28, NO. 3, JULY 2003

4 is M-deficit of the inversion layer. We allow it to vary

from [0, 100] M-units.
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