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t. We use the multiple phase s
reen method to simulate the forward-s
atter ofradio waves by ele
tron density irregularities in the equatorial ionosphere during radioo

ultati n experiments. The simulated s
attered signal is examined to assess the extentto whi
h spe
tral analysis te
hniques 
an yield useful information about the stru
ture anddistribution of irregularities along the propagation path.1 INTRODUCTIONRapid 
u
tuations in the intensity and phase of radio o

ultation signals 
an indi-
ate the presen
e of small s
ale ele
tron density irregularities along the radio propagationpath. Instruments onboard several low Earth orbiting satellites routinely 
olle
t radioo

ultation observations using signals transmitted by the GPS 
onstellation of satellites,providing a ri
h sour
e of information about the o

urren
e and morphology of ionospheri
s
intillation. Nevertheless, the relatively longer propagation path of a radio o

ultationsignal through the ionosphere, as 
ompared to through the lower neutral atmosphere,makes it 
hallenging to determine the geographi
 lo
ation and horizontal extent of theionospheri
 irregularities responsible for the s
intillation. In this paper, we use the mul-tiple phase s
reen method1,2 to simulate the forward-s
atter of radio o

ultation signals1
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tral te
hniques for geolo-
ating these irregularities along the radio o

ultation raypath. We validate the results ofour phase s
reen simulations and analysis using radio o

ultation measurements from theCORISS instrument onboard the C/NOFS satellite.2 METHODOLOGYThe phase s
reen simulations we perform employ a simple model for the statisti
aldistribution of ele
tron density 
u
tuations (N) in the equatorial ionosphere. We spe
ifythe ba
kground ele
tron density as a Chapman layer. We assume a power-law form forthe three-dimensional spe
trum of ele
tron density 
u
tuations with an outer s
ale, asproposed by Rino3. The amplitude of density 
u
tuations (RMS N) throughout the vol-ume is assumed to s
ale with the ba
kground ele
tron density. For simpli
ity, we assumethe irregularities to be in�nitely extended along the magneti
 �eld dire
tion so that a se-quen
e of one-dimensional phase s
reens may be used to model propagation perpendi
ularto the magneti
 �eld1. We note that while this assumption of perpendi
ular propagationmay be suitable for radio o

ultation observations made by the C/NOFS satellite, sin
e itorbits the equatorial zone in a low in
lination orbit, it is not appropriate for o

ultationobservations made by satellites with high orbital in
linations su
h as COSMIC, CHAMP,SAC-C, or PICOSat4.3 SIMULATION RESULTSFigure 1 shows a simulation of radio o

ultation forward-s
atter through a layer ofuniformly distributed irregularities. The phase in ea
h s
reen (shown in red) is obtainedvia in
oherent integration of the density 
u
tuations between adja
ent verti
al partitionsof the volume (blue dashed lines). The signal intensity at the observation plane (middlepanel) is 
omputed by propagating through multiple phase s
reens oriented perpendi
u-larly to the raypath. In this example, the s
attering is strongest near the height of theF region peak, but also o

urs at mu
h lower apparent altitudes (when referen
ed to thetangent point) due to 
urvature e�e
ts. Sin
e the s
attering region is thi
k in this 
ase, theintensity spe
trum (right) exhibits a break s
ale but not the Fresnel nulls 
hara
teristi
of weak s
atter through a thin layer of irregularities5.
Figure 1: Simulation of radio o

ultation propagation through a layer of uniformly distributed irregular-ities.We note that, as 
ompared to the radio o

ultation 
ase, a radio wave propagating from2
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e to ground en
ounters a mu
h thinner layer of irregularities and also propagates ashorter distan
e after traversing them down to the re
eiver. These e�e
ts 
ause theintensity and phase 
u
tuations of the re
eived signal to be weaker for spa
e-to-groundpropagation than radio o

ultation propagation through the same uniform ionospheri
medium. The o

ultation raypath en
ounters 20 times more TEC than along the verti
alraypath, and the 
orresponding s
intillation intensity index is 7.5 times greater (simulationresults not shown).Figure 2 shows a simulation of radio o

ultation propagation through a single plasmabubble, modeled by weighting the uniformly distributed layer of irregularities from theprevious example by a Gaussian pro�le with a 100 km half-width. Be
ause we havelo
ated the plasma bubble at the tangent point, the apparent altitude of the s
atteringis approximately the same as the altitude of the bubble. The distan
e (d) between thebubble and the re
eiver may be estimated from the intensity spe
trum by measuring thewavenumber of the break s
ale, kF 2 , where kF = 2/(d)1/2 is the wavenumber of the1st Fresnel zone radius. In general, the break s
ale may be diÆ
ult to measure pre
iselybe
ause the low frequen
y roll-o� in the intensity spe
trum may be relatively broad. Sin
ethe e�e
tive s
attering layer is thin in this 
ase, we 
an estimate the distan
e d pre
iselyby indentifying the Fresnel nulls in the intensity spe
trum, lo
ated at the wavenumberskF n , n 1, 2, Even when the e�e
tive s
attering layer is thin, however, these Fresnelnulls are only present when the s
attering is weak.
Figure 2: Simulation of radio o

ultation propagation through a single Gaussian plasma bubble.Figure 3 shows a simulation of radio o

ultation propagation through multiple bub-bles, produ
ed by weighting the same uniformly distributed layer of irregularities by twoGaussian pro�les ea
h with a 100 km half-width. Sin
e the irregularities are not lo
atedat the tangent point in this 
ase, the apparent altitude of the s
attering does not 
orre-spond to the a
tual attitudes of the bubbles. Instead, it is determined (approximately) bythe proje
tions of the bubbles onto the observation plane. In this simulation, where thewave penetrates multiple bubbles, the e�e
tive s
attering layer is no longer thin and theFresnel nulls in the intensity spe
trum (right panel) are not as 
lear. The lo
ations of thebreak s
ale (dashed line) and Fresnel nulls (dotted lines) 
orresponding to the distan
esfrom ea
h bubble to the re
eiver are shown in the �gure. Note that the break s
ale of theintensity spe
trum 
orresponds to the distan
e from the �rst bubble to the re
eiver. Ingeneral, if there are multiple bubbles with the same turbulent intensity along the path,3
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ated farther from the re
eiver tend to dominate the s
intillation spe
tra. Thisis not surprising, sin
e the longer propagation distan
e traveled after the radio wave pen-etrates a more distant bubble 
reates greater opportunity for di�ra
tion and generatesstronger s
attering.
Figure 3: Simulation of radio o

ultation propagation through multiple Gaussian plasma bubbles.4 DISCUSSIONA more 
omplete simulation methodology for radio o

ultation propagation would a
-
ount for the time-dependent geometry of the ionospheri
 penetration point along the lineof sight between the transmitting and re
eiving antennas, relative to the plasma drift. Ear-lier works have shown that the angle of propagation with respe
t to the magneti
 �eldhas a pronoun
ed e�e
t on the intensity of radio o

ultation s
intillation4. These geo-metri
al issues must also be addressed in order to 
ompare the temporal spe
tra observedin experiments with the spatial spe
tra produ
ed by our simulations. We dis
uss theseissues in the full paper, and demonstrate that simulation and spe
tral analysis 
an be usedto 
hara
terize several important aspe
ts of irregularity region stru
ture. These in
ludegeolo
ation of the ionospheri
 irregularities along the propagation path, estimation of thee�e
tive s
attering layer thi
kness, and possibly an indi
ation of the presen
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