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Abstract. The ALTAIR UHF radar was used in an incoher- throughout the bottom-side F-region are the main concerns
ent scatter experiment to observe the low-latitude ionospheref this paper.
during the Equis 2 rocket campaign. The measurements pro- As the ALTAIR beam was scanned, it probed the iono-
vided the first high-resolution electron density maps of thesphere at different magnetic aspect angles, going through a
low-latitude D- and E-region in the Pacific sector and alsoperpendicular orientation with respect to the geomagnetic
extended into the F-region and topside ionosphere. Althoughield at an elevation of~-80°. That orientation coincides
the sampling frequency was well below the Nyquist fre- with the spike-like intrusion seen in Fid. This is better
quency of F-region returns, we were able to estinfayer; illustrated in Fig.2 where power is now displayed as func-
ratio and infer unbiased electron density estimates using @on of elevation angle and height. The superposed white ar-
regularized inversion technique described here. The techrows depict the relative orientation of the geomagnetic field
nique exploits magnetic aspect angle dependence of ISHB with respect to the radar beam direction over a sample
cross-section fof,>T;. grid. The enhanced power corresponding to the spike ob-
served in both figures is characteristic of incoherent scatter
(IS) process for probing directions perpendicularBaand
for heights where electron temperature exceeds the ion tem-
perature (i.e.T,>T;). The theory presented Barley(1966
guantifies this enhancement in terms of IS radar cross-section
1 Introduction (RCS) that depends on electron denswy 7,/ T; ratio, and
magnetic aspect angte The RCS function constitutes the

During the 2004 Equis 2 NASA Rocket Campaign, inco- €Ore ofa_forward mod.el for the po_werd_ata}dis.played in Eig.
herent scatter radar (ISR) measurements of the low-latitudd/hich will be used to infer the height distributions 8 and
daytime ionosphere were conducted using the ALTAIR UHF 7e/7i as described in Sect. 4.

radar. The measurements were made for common volume In practice, the standard RCS function Fdrley (1966
comparisons with rocket based D- and E-region electron denis inaccurate — and, in fact, unspecified — for small aspect
sity estimates described Friedrich et al.(2006§. During anglese where electron and ion Coulomb collisions are be-
the observations, ALTAIR beam was scanned along a northcoming important as shown t§ulzer and Gorédez(1999.
south oriented plane that coincides with the rocket trajectorySince the ALTAIR beam goes through= 0°, we had to ex-
and ISR signal returns were sampled from D-region up totend the RCS model to include these collisional effects. This
the topside F-region heights. The scan geometry and rada#as done by using the collisional incoherent scatter spec-
data collected in a single scan (lasting about 5min 20 s) arérum model described Byoodman(1967) andKudeki et al.
illustrated in Fig.1 where the color map corresponds to the (1999, and an empirical collision frequency model proposed
logarithm of backscattered power. A detailed analysis of theby Woodman(2004.

power data shown in this figure and how it can be used to Another detail of the measurements concerns the linear
obtain F-region density maps corrected foy 7; variations  frequency modulation (LFM) used to generate the transmit-
ted radar pulses. The response of the resultant “chirped”
Correspondence tdz. Kudeki pulse was modeled in terms of the corresponding radar ambi-
(erhan@uiuc.edu) guity function (AF) and its influence on the collected power

Keywords. lonosphere (Equatorial ionosphere; Plasmatem
perature and density) — Radio science (Remote sensing)
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Date: 20-Sep-2004 9:32 AM Table 1. Experiment configuration.
12.5
Radar parameters
200 Peak power AMW
P Radar frequency 422 MHz
sood -t =2 Pulse modulation 250kHz LFM
» Pulse width 400 psec (60 km)
500 Inter-pulse period 8 msec (1250 km)
g BT 1N o Sampling rate B psec (240 m)
=400~ 3 oLl 2 Range 65- 755km
= Lo : : o
=] W R - 5
£ 300
200
11 data was included in the forward model used to estimate
100 and7,/T;.
0. The paper is organized as follows: after a brief description

4 of the radar configuration in Sect. 2, we present, in Sect. 3,
11 40 166 10.5 the derivation of the forward theory model for backscattered
9 ) ISR power, including the AF analysis of transmitted pulses
i Longitude (de ! .
Latitude (deg) 9 (@) and our extended ISR RCS model, as outlined above. Sec-
tion 4 describes our inversion method to estimateNhand

Fig. 1. An example of the ALTAIR scan measurements collected 7/ 7i profiles from measured power data, namely, a reg-
during the Equis 2 campaign. In colors, levels of backscatteredularized least-squares minimization algorithm relying on a
power calibrated to match electron densities in the probed regiorgraphic criterion for optimal selection of the regularization
are displayed. parameterl(-curve). Finally, Sect. 6 is devoted to the pre-
sentation of our resultsy, and7,/T;, and their discussion.

13 12

Date: 20-Sep-2004 9:32 AM

2 Radar measurements

ALTAIR, located on Roi-Namur island (39° N, 167.47° E)

of the Kwajalein Atoll, is a dual-band (VHF and UHF) high-
sensitivity radar designed for missile detection and tracking.
Its 150-ft parabolic dish antenna is fully steerable with an-

% Senaus SR Ram R e S |15 Q; gular rates of up to 19's (Lemnios and Grometstei@002).
% 400 : ; ‘ < ‘ : = ' §7 Its transmitter can deliver up to 4 MW of peak power in the
I

UHF band with a maximum duty cycle of 5%. In transmis-

sion, circularly polarized pulses are used while in reception

both right- and left-circularly polarized returns are monitored

and detected independently.

Table 1 presents a summary of the primary ALTAIR pa-

: : : : 6 rameters used in ionospheric measurements conducted on

85 B0 B 0 7 @0 & 20 September 2004. As indicated, the radar was oper-
Elevation angle (deg) ated using a LFM waveform (chirped pulse) of 400 us du-

ration, 422 MHz center frequency, 250 kHz bandwidth, and

Fig. 2. Backscattered power data displayed as function of beam® 120 Hz pulse repetltlon_frequency (PRF) corresponding to
elevation angle and height. The white arrows depict the relative"’_1 8‘3_3 ms '”te“P_U'Se period (IPP) greater than the_ correla-
orientation of the geomagnetic field with respect to the radar beantion time of ISR signal returns. The pulse compression effect
direction over a sample grid. Note that the power enhancement avhich results upon a matched filter detection of the pulse re-
~80° elevation is from altitudes witl,>7; and a radar line-of-  turns will be described and formulated in the next section.
sight perpendicular té. The matched-filter receiver outputs were sampled at a rate
corresponding to 240 m radar range, and 2874 gates were
sampled to cover from 65 to 755 km of radar range. During
each scan the radar beam was swept inti8.5° azimuth

o0 IEREE S e sl

100}
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Fig. 3. Power profiles measured with both circularly polarized antenna channels at different elevation angles. Note that depolarization of the
return signal was not detected given that generalized Faraday effects are negligible at 422 MHz.

plane from an elevation angle of 5@ zenith position in 10 0
about 5min and 20s (at 8deg rate).

In Fig. 3, we display power versus height calculated
from matched-filter receiver outputs of the right- and left- 5 -5
circularly polarized antenna channels. The individual pro-
files in Fig.3 correspond to different elevation angles of the
ALTAIR beam and represent an integration over 1000 radar & | 10
pulses (i.e., 83s) during which the beam moves abotit 1
Notice that only the channel labeled as “principal polariza-
tion” contains backscattered radar power, indicating that pos- 5 15
sible depolarization effects can be neglected in our analysis.
This is an expected result, not only because circularly polar-
ized transmissions correspond to a normal mode of propaga- 10 20

tion for most scanning directions involved, but also because -0 -20 0 20 40
generalized Faraday effects (eMgh et al, 1999 are very Delay (usec)
weak at 422 MHz even for propagation perpendicular to the
geomagne_tic field (in which case the normal modes are Iin—Fig' 4. Ambiguity function |x (r. )| of a chirp pulse of width
early polarized). . o T=400 psec and frequency sparf=250 kHz.

In the next section we develop a quantitative model for the
enhanced power data recorded in the principal polarization
channel, which is subsequently used in Sect. 4 to estimat
N, andT,/T; profiles in the probed regions.

Frequency (kHz)
dB scale

?arget with a radar cross-section (RC&) [ dgwa(k, ),
whereos (k, w), by definition, is soft-target RCS per unit vol-
ume per unit Doppler frequency:, andk=—2k,7 denotes

3 Data model and radar calibration the relevant Bragg vector for a radar with a carrier wavenum-
berk,. As a consequence, hard-target radar equation gener-

3.1 Radar equation and ambiguity function (AF) alizes for soft-target Bragg-scatter radars as

In soft-target Bragg scattering each infinitesimal volume do G(F)A(F) 2r

dv=r2drd< of a radar field-of-view behaves like a hard- () = fd”mg (47r)2 Fi (t - _) ok, ), (1)

www.ann-geophys.net/24/1333/2006/ Ann. Geophys., 24, 1338-2006
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where P, (1) o |f(2)|? is the transmitted power carried by possible Doppler shifts are around 10@snwith a corre-
a pulse waveforny'(t), G(7) and A(r) are the gain and ef- sponding displacement of about 67 m, a small fraction of the
fective area of the radar antenna as a function of radial unitange resolutiom\r that can be safely neglected.

vector?, r is the radar range, andthe speed of light. Fur- Assuming thab (k, ) varies slowly with the radar range
thermore, Eq.X), which assumes an open radar bandwidth, », and that the AF is almost flat within the bandwidth of the
can be re-cast for a match-filtered receiver output as RCS spectrum (which is the case of this application), we can

E:K;

where E; is the total energy of the transmitted radar pulse,
K, denotes a system calibration constant including loss facwherech—Z’ is the measured radar range,
tors ignored in Eq.X), g(7) is the self-normalized version of

P(1) / dw g2(F) simplify Eq. (2) to obtain

2}" 2
drdQZ - Ix <z— ?,w>| ok, w), (2) P (R) S8R

AT / dQg*(F)o, (k), ®)
t s

- 2
G(f), and SR = /dr|x (—(R —r), o) 2 9)
C
1 j .
x(Tw) = / dr " f(1)f*(t — 1) (3) s the effective range depth of the radar scattering volume,
and

has a magnitude known as radanbiguity function(e.g., do

Levanon 1988. In Eq. 3) the normalization constarft o, (k) = / —o(k, w) (10)
denotes the duration of pulse waveforfiir) and Eq. 8) 2r

itself is effectively the normalized cross-correlation of is the total volumetric RCS where dependence on ratge
Doppler-shifted pulsef (¢)e/" with a delayed pulse echo implied.

o« f(t—7) that would be expected from a point target lo-

cated at a radar range /2. Hence, variable in Eq. @) not ~ 3.2 Incoherent scatter RCS spectrum) (

only represents a time delay, but also a corresponding radar ) ,
ranger, and we will refer tor as delay or range as we find The IS theory establishes that the volumetric RCS spectrum

of a quiescent ionosphere can be written as @augherty
and Farley196Q Farley et al. 1961

o (k, w) = 4mr?(n.(k, )|?) (11)

convenient in the following discussion.
In our experiment, we used a chirped pulse waveform

£(t) = rectt/T)el 27, 4

L . . . wherer, is the classical electron radius and
which, in effect, causes a slow linear variation of the carrier

frequency over a bandwidth f and at a rat%:%f. The _ 2N, |jk2A§ + wyi (k, ©)|°Re]y. (k, )}

. . . . k. 2 —
corresponding ambiguity function, (Ine(k, w)|7) o | B2t vk, @ + ik, )2
T . T —|t)(w+ BT
(ol = a (5 s TR g etk PRty ko)) |
. o | /K222 + ye(k, ®) + wyi(k, »)|?
is plotted in Fig.4 for T=400 ps andA f =250 kHz (param-
eters used in the experiment). denotes the space-time spectrum of electron density fluctu-

According to Eq. §), the overall width of x (r, w)| along ~ ations. Above,N, is the mean electron d(.ensityE is the
the delay axig over the frequency bandwidth of the RCS  €lectron Debye lengthy the temperature ratif, / 7;, andy.
spectrum corresponds terB/g (given B« Af), which im- andy; are normalized electron and ion admittance functions
plies a range resolutionr — defined as the range separation Proportional to conductivities in the medium. These admit-

between independent measurements — described by tances can be expressed as
2Ar _2nB _TB 6 V5= 06, (13)
¢ B Af where s denotes each species (electrons or ions) and

For instance, for a plausible ionospheric bandwidth ofg9,= ;C is the frequency normalized by wavenumbker
B=10kHz, the range resolution isr=2.4km. In addition,  ang thermal speed;. The functionJ;, that will be spec-
any mean Doppler shift of the RCS spectrum will imply a ifieq |ater, is a Gordeyev integral that can be interpreted as
displacement of the actual position of the backscatter signalpne-sided Fourier transform of normalized auto-correlation
such a displacement can be estimated as of echoes from charged particles in the absence of collective
d=f 7Y ) interactions (e.gHagfors and Brockelmai971).

CAfT Replacing Eq.11) in Eg. @), we have

wherewv, is the Doppler shift measured in/%and f, the P-(R) 4;”31\/6(13)313 5 .
radar carrier frequency in Hz. In ionospheric observations, 7 g ~ R2 /ng (F)n(k), (14)

Ann. Geophys., 24, 1333342 2006 www.ann-geophys.net/24/1333/2006/
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Fig. 5. Efficiency factorn as function of(a) magnetic aspect angle VE./ T; for a constant electron density of ¥am—3, and(b) electron
density vs.T,/T; at perpendicular t@. Both graphics correspond to the casdp£1000 K.

where

2
1o = [ do etk
JT

is an efficiency factor that i% in a plasma in thermody-
namic equilibrium, or, more generallyl+ ¢)~1in a non-
magnetized plasma with an arbitrafy/ T; and negligible
Debye length (e.drarley, 1966. But, in our forward model,

(15)

Woodman(1967) andWoodman(2004), respectively, which
are

v; /vio = 0.601 (17)
and (Eq. (14) in the original paper)

Ve/Veo = 1.06+ 7.55 sine/ sinae — 2.00(sina/ sine)?
+0.27(sina/ sina,)®, (18)

. g . . — cin—127ve0 j iti
we will need the efficiency for a magnetized plasma with an wherea, = sin (ZT”;’) is a critical aspect angle and
arbitrary T,/ T; and for arbitrarily small aspect angles. Here,
we define the aspect angleas the complement of the angle

between probing vectdr and geomagnetic fiel#.

In general, non-collisional models fat%) become singu-
lar asa— 0° and make numerical evaluation pfmpossible

in the same limit. This difficulty can be circumvented by

using a collisional model for Eq1Q). In our computations
of n, we used the collisional model developed\Wpodman

(1967, which is based on a simplified Fokker-Planck oper-
ator for Coulomb collisions, the relevant collision process

for F-region altitudes (e.dSulzer and Goralez 1999. The
model leads to a Gordeyev integral (ekgideki et al, 1999
Kudeki and Millg 2006

Oo .
Jo(05) = / dte 1% ¢
0

__ cost2ys)+yst—e V! cosgs1=2y5) o2,

e

wherey,=—=—

_ —Yst .
_Yst=lhe TP 1*; sifa

ﬁkc
and gyro-frequencies, respectlvely, ane= tan- (

(16)

—=— are normalized collision-
). For

4
N,
Vs0 = f/z ¢ In(24733N,) (19)
Areidmy’ (2K Ty)3/2

is the so-called Spitzer collision frequency for species
(electrons or ions).

In numerical evaluations of, Gordeyev integrald; were
computed using a chirp-transform algorithm suggested by
Li et al. (199]). Each integral was evaluated for a total of

15 sample frequencies equally spaced from 0 to 125 kHz.
The algorithm samples the integrandfin sections of the
same length, and adds iteratively the contribution of each sec-
tion as it is needed for convergence of the integral. Despite
the accuracy that this algorithm provides, it became compu-
tationally demanding to obtai, at angles close to perpen-
dicular to B because of the narrowness of the IS spectrum in
this regime. Nevertheless, computations were possible even
ata=0° as a consequence of the collisional model used.

We have calculated the efficiency factpior different val-
ues of aspect angle, temperature ratid@,/7;, and electron
density N,. As an example, we display in Figa the val-
ues ofy computed for a constant density of#en—2 and

v; andv, we make use of the collision frequency models of 7,=1000K. Here, we can notice that the dependence of

www.ann-geophys.net/24/1333/2006/
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on the magnetic aspect angle becomes relevant for small 4 Inversion technique
(smaller than~3°). In addition, Fig.5b shows the varia-
tion of the efficiency factor as function @f, for «=0° and A regularized least-squares fitting algorithm (e€ldghonov
T,=1000K. In this casey increases ag,/T; rises from  and Arsenin1977) was used to perform electron density and
unity. Note that the rate of change is not uniform for differ- 7./ T; estimations from the modeled power data. In general,
ent density values. a regularization technique allows us to introduce some prior
Overall, we have found thaf is not highly sensitive to  information about the characteristics of the parameters to be
variations of the collision frequency parameter. For instanceestimated in order to obtain better results. Next, we will de-
increasingy, by factor of 3 or decreasing it by a factor of 10 scribe our algorithm and the assumptions we made in this
did not change the computedvalues by more than-1%. work.
On the other hand, drastic changes, such as a factor of 30 First, we envisioned the ionosphere as a stratified medium
increase in,, cause noticeable changes;jin composed of layers of a fixed width that extend along longi-
tude and latitude following the curvature of the Earth, such
3.3 Radar calibration and backscattered power calculationghat, in each layer, the density and temperature ratio can be
considered constants. Below, the vectdtsandT, denote
The use of Eq.X4) to model the measured power data re- regpectively the electron density afif 7; profiles that were

quires the availability of transmitted pulse enerfly and  estimated after minimizing the following cost function
system constank. Since the transmitted peak powgr

is recorded in ALTAIR data headers on a per pulse basis, the i _ pi
(pm Pr (fo’

pulse energy is trivially obtained &= P, T. In addition, the
K value that accounts for all the losses and gains of the en- i
tire system is available from power measurements conducted Data-term
with a hard target of a known RCS. The effective range depth
SR needed in Eq.14) is obtained by using Eq9] with radar  In this expressionp,, is the measured power collected by the
returns detected from a suitable point target. radar, andP, ando, denote its model and standard deviation.

The computation of the solid angle integral in Etdwas  Our power model also accounts for the noise level detected
simplified assuming that ionospheric parameters do not vanpby the radar receiver, level that was estimated from samples
locally in longitude, therefore, only changes along the direc-taken below 80 km altitude. Above, the variallelenotes
tion of the scan were considered. This assumption is justifiedhe regularization parameter, and its significance will be dis-
by the narrowness of the ALTAIR UHF antenna beam with cussed later in this section.
a beam-width of less than one degree. As a result, we col- In Eq. ©0), the indexi implies summation over a set of
lapsed the solid integral into a 1-D angular integral along theradar ranges and scanning angles that correspond to the re-
direction of the scan. Moreover, because only a few points ofgion where the power enhancement was observed. Thus,
the antenna pattern were available from calibration measurewe are considering seven data profiles whose magnetic as-
ments, we used a Fourier interpolation method to improvepect angles are betweer2.5° and 25° (and corresponding
the angular grid of the normalized antenna gain. scanning directions between 7@nd 83). In range, sam-

We considered two different approaches to evaluate the anples taken at each 6 km (which is also the width of eath
gular integral just described: The first one corresponds to astayer) provide a good enough resolution to characterize the
suming a fixed beam direction during the transmission of theF-region.
1000 pulses used to obtain a single averaged power profile. The simple form of the data-term in EqQ) is justified
This approach is justified if the efficiency factpvaries lin- by the independence of our measurements. Based on our AF
early across the beam, in which case, it can be replaced by itgnalysis, we know that samples with a separation of 6km
central value and reduce the integral to the calculation of argre range independent. In addition, given that the inter-pulse
equivalent solid angle. In the second approach, we accountegeriod of the experiment (83 ms) was longer than the cor-
for the effect of the angular displacement of the beam fromrelation time of ISR returns, there is no angular or pulse-
pulse to pulse and averaged the 1000 profiles corresponding-pulse correlation between power profiles. Therefore, we

to each beam position to obtain a model profile for the meacan define the standard deviation of the measured power as
sured power data. Comparison of the two methods revealengP_m n; being the number of incoherent integrations (av-

negligible differences in test cases, and, as a cons_equencgrage;‘) performed to obtain an individual profile. Here, it is
the bulk of the results to be presented in the next section wergsef| to indicate that at 422 MHz, the correlation time of
obtained using the less costly first approach. beam weighted ISR returns coming from the region around
perpendicular taB is of the order of 1 ms.
From the analysis of our power model, it turns out that the
dependence of the measurements on the plasma density is
stronger than its dependence B1Y T;. Therefore, at ranges

2
T’)) + R @ T2 (20)
J

1
Op

Regularization-term

Ann. Geophys., 24, 1333342 2006 www.ann-geophys.net/24/1333/2006/
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Fig. 6. An example of the_-curves we computed for optimal selection of the regularization parameter. Note that the corner of the curve
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Fig. 7. Outputs of the fitting algorithm: the first two plots are the measured and modeled power profiles, the third one is the difference
between data and model weighted by their standard deviation, and the last one is the discrete gragieitmbfile weighted by the
regularization parameter.
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Fig. 8. (a)Electron density an(b) 7,/ T; estimates obtained on 20 September 2004.

with relatively low SNR, the inverted,/T; values may be that good estimates are obtained when the data-term normal-
strongly biased. This fact motivated the inclusion of the ized by the degrees of freedom of the data, i.e. the number
regularization-term in the cost functiod) which is the dis-  of data points minus the number of estimating parameters,
crete gradient of the temperature ratio profile weighted by is around unity. Much larger or smaller values may imply a
Our goal in applying regularization is to obtain smooth and poor knowledge ot, and/or an inappropriate data model.
unbiasedr,/T; estimates. In our estimations, we found values for the normalized data-

The outcome of the inversion procedure has some deperf€'m typically between 0.9 and 1.1, giving us confidence
dence on the right choice of the regularization parameter. ArpPout the quality of our resullts.
optimal value ofs reduces the noise variance in the inversion
results without biasing the model appreciably away from the
measured datddansen(1992 describes a graphical method
for choosing the regularization parameter which is nained
curve and consists in plotting the residuals of the data- an

5 Results and discussion

c!:|gure8 presentsV, andT,/T; maps for 20 September 2004,
regularization-terms for different realizationsiofThe shape constructeq from profile gstlmates 9btamed with t_he data
. o " . model and inversion technique described in the previous sec-
of this curve usually resembles arand its “corner” or point . ; ; ) ;
; . . .. tions. The density map shows a typical low-latitude F-region
of maximum curvature provides the optimal regularization . o Co .
. o ._ionosphere exhibiting a characteristic rise during the morn-
parameter. The method is based on the criterion of equaliz:

; 0o . . ing hours. Also,T,/T; is elevated above unity mainly be-
ing the contributions of each term in the cost functiag)( twgeen 200 and 30(6)/kr;1 as expectedin daytimeymeasu)r/ements.

Figure6 displays one of the-curves we computed forthe | order to validate our results, we performed compar-
data collected on 20 September 2004. In this case, a value G§ons with electron density profiles obtained from the Roi-
A=1.58 provided the desired quality in our estimated profiles.Ngmur digisonde system. As shown in Fiy.the agree-
Furthermore, we noticed that theshape is not very sharp  ment petween fitted-ISR and digisonde estimates are excel-
around the corner, and regularization parameters between gnt, specifically at the peak and bottom-side of the F-region.
and 2 produced almost the same quality in the results. Fofrhe agreement at the peak effectively verifies the correctness
other scans, we found optimal parameters within the samey the ALTAIR calibration constank,, whereas the agree-
range, therefore, we chose a constant valuesfl.5forall  ment in the bottom-side verifies the forward model under-
the estimations we performed. lying the data inversion given that the values and altitudes

In Fig. 7, we show some of the outputs of the fitting pro- of enhanced’,/T; are plausible in view of our understand-
cedure corresponding to the same case of €igThe first  ing of the physics of the region. This was also verified by
two columns display the measured and modeled power prothe good comparison of our results with temperature values
files, the third one is the difference between data and modebbtained from the International Reference lonosphere (IRI)
weighted by their uncertainties, and the last one is the regmodel (e.gBilitza, 2007).
ularization term. We are judging the quality of our fitting  In Fig. 9, we are also comparing our fitted results with a
results following thegoodness-of-fitriterion, which states set of power profiles from the vicinity af=0°. They have
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Fig. 9. Electron density comparison between fitted-ISR and digisonde measurements ofatplreddre andb) after noon on 20 September
2004. We also display density-like profiles calculated by scaling the power data collected at directionsvarOtaed assuming:% as
if the ionosphere were in thermal equilibrium.

been scaled into equivalent density profiles by prdpgeand 6 Conclusions

assumingy:% as if the ionosphere were in thermal equilib- o _

rium. Somewhat surprisingly, we note that the profile cor- We have reported oN, and7,/7; estimation with ALTAIR
responding to the scan angle closestite0° (about 805° ISR power data at UHF obtained in meridional scans through
elevation) agrees very well with the fitted-ISR and digisondethe F-region ionosphere that included a radar probing direc-
profiles. This may be the smooth result of having a movingtion orthogonal to the geomagnetic field. The estimation
beam with a finite width that averages the scattering contri-method makes use of a forward theory model of magnetic
butions from different aspect angles around perpendicular t@spect angle as well & /7; dependence of the the total
B. Finally, note that the effect df,/ 7;>1 disappears at alti- RCS of ionospheric incoherent scatter, including the proper
tudes below 130 km, where density estimates can be obtaine@hysics of electron and ion Coulomb collisions formulated
at all elevation angles assuming- 5 as discussed iKudeki ~ using a Fokker-Planck type collision model.

et al.(2006 which is focused on E-region results of the same  The physically meaningful results obtained in the exper-
ALTAIR data set. iment effectively verifies the forward theory model used in

the inversion technique, including a new collision frequency

In summary, the technique described in this paper requiregependent model for the total RCS. of incoherent scgttering
only a few scan directions across magnetic perpendicularitt STall aspect angles formulated in this paper. Indirectly,
in order to obtain unbiased, and7,/7; estimates with a "¢ €lectron collision frequency model proposedvigod-
calibrated IS radar operating in the UHF band. The time res/mnan (2004 has also been ver|f|eq; howe\{er, the test of thg
olution of the profile estimates can be improved by restrict-Feduency model was not very stringent given that the colli-
ing the overall scan angle to a few degrees ¢ 3°) cen- sion frequency dependence of the total RCS was found to be

tered about=0° and increasing the frequency of the scans.qu“e weak. Finally, we also regard the success of our data
This procedure can also be applied with IS radars in yvHEInversion procedure to be an indication that Woodman'’s col-
range provided that ionospheric depolarization effects, mord'Sional Gordeyev integral expressions, derived specifically

important at VHF, are taken into account in a proper mannelfor the T,=T; C%S_e Wgolf_mag 19_33' can also be used for
(e.g.Kudeki et al, 2003. T.>T; as argued irKudeki and Milla(2009.
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