
The International Beaon Satellite Symposium BSS2010P. Doherty, M. Hern�andez-Pajares, J.M. Juan, J. Sanz and A. Aragon-Angel (Eds)Campus Nord UPC, Barelona, 2010MULTIPLE PHASE SCREEN MODELING OFIONOSPHERIC SCINTILLATION ALONG RADIOOCCULTATION RAYPATHSCHARLES S. CARRANO�, KEITH M. GROVESy, RONALD G. CATONy,CHARLES L. RINOÆ AND PAUL R. STRAUS+�Institute for Sienti� ResearhBoston CollegeChestnut Hill, MA, USAySpae Vehiles DiretorateAir Fore Researh LaboratoryHansom AFB, MA, USAÆRino Consulting471 Claremont Way, Menlo Park, California 94025, USA+The Aerospae Corp.El Segundo, CA, USAKey words: radio oultation, equatorial ionosphere, sintillation, phase sreen, C/NOFSAbstrat. We use the multiple phase sreen method to simulate the forward-satter ofradio waves by eletron density irregularities in the equatorial ionosphere during radiooultati n experiments. The simulated sattered signal is examined to assess the extentto whih spetral analysis tehniques an yield useful information about the struture anddistribution of irregularities along the propagation path.1 INTRODUCTIONRapid utuations in the intensity and phase of radio oultation signals an indi-ate the presene of small sale eletron density irregularities along the radio propagationpath. Instruments onboard several low Earth orbiting satellites routinely ollet radiooultation observations using signals transmitted by the GPS onstellation of satellites,providing a rih soure of information about the ourrene and morphology of ionospherisintillation. Nevertheless, the relatively longer propagation path of a radio oultationsignal through the ionosphere, as ompared to through the lower neutral atmosphere,makes it hallenging to determine the geographi loation and horizontal extent of theionospheri irregularities responsible for the sintillation. In this paper, we use the mul-tiple phase sreen method1,2 to simulate the forward-satter of radio oultation signals1



Charles S. Carrano, Keith M. Groves, Ronald G. Caton, Charles L. Rino, and Paul R. Strausby irregularities in the equatorial ionosphere, and explore spetral tehniques for geolo-ating these irregularities along the radio oultation raypath. We validate the results ofour phase sreen simulations and analysis using radio oultation measurements from theCORISS instrument onboard the C/NOFS satellite.2 METHODOLOGYThe phase sreen simulations we perform employ a simple model for the statistialdistribution of eletron density utuations (N) in the equatorial ionosphere. We speifythe bakground eletron density as a Chapman layer. We assume a power-law form forthe three-dimensional spetrum of eletron density utuations with an outer sale, asproposed by Rino3. The amplitude of density utuations (RMS N) throughout the vol-ume is assumed to sale with the bakground eletron density. For simpliity, we assumethe irregularities to be in�nitely extended along the magneti �eld diretion so that a se-quene of one-dimensional phase sreens may be used to model propagation perpendiularto the magneti �eld1. We note that while this assumption of perpendiular propagationmay be suitable for radio oultation observations made by the C/NOFS satellite, sine itorbits the equatorial zone in a low inlination orbit, it is not appropriate for oultationobservations made by satellites with high orbital inlinations suh as COSMIC, CHAMP,SAC-C, or PICOSat4.3 SIMULATION RESULTSFigure 1 shows a simulation of radio oultation forward-satter through a layer ofuniformly distributed irregularities. The phase in eah sreen (shown in red) is obtainedvia inoherent integration of the density utuations between adjaent vertial partitionsof the volume (blue dashed lines). The signal intensity at the observation plane (middlepanel) is omputed by propagating through multiple phase sreens oriented perpendiu-larly to the raypath. In this example, the sattering is strongest near the height of theF region peak, but also ours at muh lower apparent altitudes (when referened to thetangent point) due to urvature e�ets. Sine the sattering region is thik in this ase, theintensity spetrum (right) exhibits a break sale but not the Fresnel nulls harateristiof weak satter through a thin layer of irregularities5.
Figure 1: Simulation of radio oultation propagation through a layer of uniformly distributed irregular-ities.We note that, as ompared to the radio oultation ase, a radio wave propagating from2



Charles S. Carrano, Keith M. Groves, Ronald G. Caton, Charles L. Rino, and Paul R. Strausspae to ground enounters a muh thinner layer of irregularities and also propagates ashorter distane after traversing them down to the reeiver. These e�ets ause theintensity and phase utuations of the reeived signal to be weaker for spae-to-groundpropagation than radio oultation propagation through the same uniform ionospherimedium. The oultation raypath enounters 20 times more TEC than along the vertialraypath, and the orresponding sintillation intensity index is 7.5 times greater (simulationresults not shown).Figure 2 shows a simulation of radio oultation 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. Beause we haveloated the plasma bubble at the tangent point, the apparent altitude of the satteringis approximately the same as the altitude of the bubble. The distane (d) between thebubble and the reeiver may be estimated from the intensity spetrum by measuring thewavenumber of the break sale, kF 2 , where kF = 2/(d)1/2 is the wavenumber of the1st Fresnel zone radius. In general, the break sale may be diÆult to measure preiselybeause the low frequeny roll-o� in the intensity spetrum may be relatively broad. Sinethe e�etive sattering layer is thin in this ase, we an estimate the distane d preiselyby indentifying the Fresnel nulls in the intensity spetrum, loated at the wavenumberskF n , n 1, 2, Even when the e�etive sattering layer is thin, however, these Fresnelnulls are only present when the sattering is weak.
Figure 2: Simulation of radio oultation propagation through a single Gaussian plasma bubble.Figure 3 shows a simulation of radio oultation propagation through multiple bub-bles, produed by weighting the same uniformly distributed layer of irregularities by twoGaussian pro�les eah with a 100 km half-width. Sine the irregularities are not loatedat the tangent point in this ase, the apparent altitude of the sattering does not orre-spond to the atual attitudes of the bubbles. Instead, it is determined (approximately) bythe projetions of the bubbles onto the observation plane. In this simulation, where thewave penetrates multiple bubbles, the e�etive sattering layer is no longer thin and theFresnel nulls in the intensity spetrum (right panel) are not as lear. The loations of thebreak sale (dashed line) and Fresnel nulls (dotted lines) orresponding to the distanesfrom eah bubble to the reeiver are shown in the �gure. Note that the break sale of theintensity spetrum orresponds to the distane from the �rst bubble to the reeiver. Ingeneral, if there are multiple bubbles with the same turbulent intensity along the path,3



Charles S. Carrano, Keith M. Groves, Ronald G. Caton, Charles L. Rino, and Paul R. Strausbubbles loated farther from the reeiver tend to dominate the sintillation spetra. Thisis not surprising, sine the longer propagation distane traveled after the radio wave pen-etrates a more distant bubble reates greater opportunity for di�ration and generatesstronger sattering.
Figure 3: Simulation of radio oultation propagation through multiple Gaussian plasma bubbles.4 DISCUSSIONA more omplete simulation methodology for radio oultation propagation would a-ount for the time-dependent geometry of the ionospheri penetration point along the lineof sight between the transmitting and reeiving antennas, relative to the plasma drift. Ear-lier works have shown that the angle of propagation with respet to the magneti �eldhas a pronouned e�et on the intensity of radio oultation sintillation4. These geo-metrial issues must also be addressed in order to ompare the temporal spetra observedin experiments with the spatial spetra produed by our simulations. We disuss theseissues in the full paper, and demonstrate that simulation and spetral analysis an be usedto haraterize several important aspets of irregularity region struture. These inludegeoloation of the ionospheri irregularities along the propagation path, estimation of thee�etive sattering layer thikness, and possibly an indiation of the presene of multiplebubbles in the region.REFERENCES[1℄ Knepp, D. (1983), Multiple phase-sreen alulation of the temporal behavior ofstohasti waves, proeedings of the IEEE, 71, 6, 1983.[2℄ Karayel, E. T and D. P. Hinson (1997) Sub-Fresnel-sale vertial resolution in atmo-spheri pro�les from radio oultation. Radio Si., 32, 2, 413-424.[3℄ Rino, C. (1979), A power law phase sreen model for ionospheri sintillation, 1Weak satter, Radio Si., 14, 1135-1145.[4℄ Anderson, P. C., and P. R. Straus (2005), Magneti �eld orientation ontrol of GPSoultation observations of equatorial sintillation , Geophys. Res. Lett., 32, L21107,doi:10.1029/2005GL023781. 4
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