THE EFFECT OF THE IONOSPHERE AND TROPOSPHERE ON SATELLITEPOSITIONING SYSTEMS*R.B. LANGLEYGeodetic Research Laboratory, Department of Surveying Engineering,University of New Brunswick, Fredericton, N.B. E3B 5A3, CanadaVoice: (506) 453-5142 Fax: (506) 453-4943 E-mail: lang@unb.caABSTRACT. The range and range-rate measurements obtained from satellite positioningsystems are biased by the refraction of the earth’s atmosphere. For radiometricmeasurements, the effect is twofold. Radio waves emitted by satellites must first traverse theionosphere where the refractive index differs from unity by an amount that is, to a very goodapproximation, proportional to electron density and inversely proportional to the square of thecarrier wave frequency. At the 1575.42 MHz frequency of the L1 signal emitted by thesatellites of the Navstar Global Positioning System (GPS), for example, the measured rangeof a vertically propagating signal can be biased by the ionosphere by up to 30 metres or so.The non-ionized part of the earth’s atmosphere also takes its toll on radio signals. Therefractive index of the non-ionized atmosphere (primarily the troposphere and to a muchlesser extent also the stratosphere) is governed by the density of the dry gases and watermolecules therein. Below about 30 GHz, the non-ionized atmosphere is non-dispersive(except for the anomalous dispersion of the water vapour and oxygen spectral lines) and soits effect on radio waves is independent of their frequency. Vertically propagating radiosignals experience a propagation delay of roughly 2.3 metres. Systems using visible lightwaves, such as satellite laser ranging, are immune from ionospheric effects but have tocontend with a dispersive troposphere. The density of electrons, atoms, and molecules in theatmosphere is both spatially and temporally variable. This variation makes the modelling ofbiases experienced by transatmospheric electromagnetic signals a challenging exercise. Inthis paper, I review the attempts being made to understand and model the effects of theatmosphere on the signals of satellite positioning systems including GPS, GLONASS, theNavy Navigation Satellite System (also know as Navsat and Transit), Tsikada, Argos,COSPAS-SARSAT, DORIS, PRARE, and satellite laser ranging.1. INTRODUCTIONWhile the earth’s atmosphere is indispensable for the existence of life on the planet, it is lessthan a benefit for the users of satellite-based positioning systems. Electromagnetic signalspropagating from a satellite to the ground or vice-versa transit both the ionosphere andtroposphere and both of these media exact a toll on the signals in the way of a bias onmeasured ranges and range rates. In order to interpret the measurements as true geometricquantities, one must account for these biases in the processing of the data.* This paper is a slightly amended version of a paper presented at the Symposium onRefraction of Transatmospheric Signals in Geodesy, The Hague, The Netherlands, 19-22May 1992. Only the abstract appears in the proceedings of that meeting.

2Ranges may be inferred by measuring the time delay in the propagation between the satelliteand the ground of a signal modulation. Such measurements are biased by timing errors aswell as atmospheric and other effects and so are usually referred to as pseudoranges. Rangescan also be determined from measured phases of a pure carrier wave. Such measurementsare generally more precise than pseudoranges but the inherent integer cycle ambiguityassociated with such measurements must be resolved. The Global Positioning System (GPS)pseudorange and carrier phase observation equations, for example, are p= r + c(dts - dtr) + dion + dtrop + dpm + ep ,(1)F= r + c(dts - dtr) + lN - dion + dtrop + dFm + eF ,(2)wherepis the pseudorange (m)ris the geometric range from the receiver to the satellite (m)cis the speed of light in vacuum = 299 792 458 m/secdtsis the satellite clock offset (seconds)dtris the receiver clock offset (seconds)dionis the ionospheric delay (m)dtropis the tropospheric delay (m)dpmis the effect of multipath on the pseudorange (m)epis the pseudorange random error (m)F is the continuous carrier phase (m)lis the signal wavelength (m)Nis the carrier phase ambiguity (cycles)dFmis the effect of multipath on the continuous carrier phase (m)eFis the continuous carrier phase random error (m).Of concern to us in this paper are the dion and dtrop bias terms.A third measurement type used in some satellite positioning systems is the time rate of changeof carrier phase which is equivalent to the Doppler shift of the carrier.In this paper, I will briefly describe the effect of the ionosphere and troposphere on satellitepositioning systems and summarize some of the recent progress that has been made in theattempt to improve the accuracy of models of the biases. I will restrict my attention to adiscussion of the effects on pseudorange and phase measurements of microwave systems,principally the Navstar Global Positioning System but the discussions will hold equally wellfor the former Soviet Union’s Global Navigation Satellite System, GLONASS, whichutilizes similar signals [Kleusberg, 1990] and a number of other proposed global navigationsatellite systems. The discussion is also relevant for the Precise Range and Range-RateEquipment (PRARE) system [Flechtner, 1990] although this system provides two-way(ground to satellite to ground) as well as a one-way (satellite to ground) measurements.Several satellite positioning systems have been developed which measure single or dualfrequency Doppler shifts of carrier frequencies. The grandfather of these systems is the dual-frequency United States Navy Navigation Satellite System (also know as Navsat and Transit)[Pryor, 1989]. The former Soviet Union’s Tsikada system [Wood and Perry, 1980; anon.,1986] operates on a similar principle. The single frequency Argos [Service Argos, 1978] andCOSPAS-SARSAT [McPherson, 1981] systems measure Doppler shifts of signalstransmitted from ground stations as they are received at a satellite. This technique, in dual-frequency form, has been refined in the Doppler Orbitography and RadiopositioningIntegrated on Satellite (DORIS) system [Willis et al., 1990]. The effect of the ionosphere and

3troposphere on the measurements of Doppler shift can be assessed simply by taking the timederivative of the carrier phase effects.Also not specifically mentioned directly in this paper is the effect of the ionosphere andtroposphere on satellite microwave radar altimetry systems. But again, the effect on thesesystems can be inferred from the ensuing discussion of the effects on GPS.I will conclude the paper with a brief discussion of the effect of the troposphere on satellitelaser ranging (SLR) measurements. The refractive index of air at visible wavelengths, suchas those used by SLR, and at radio wavelengths can be significantly different. The reasonsfor this difference will be briefly described.The effect of the ionosphere and troposphere on radiometric satellite positioning systems isshared by very long baseline interferometry (VLBI). Much of the research taking place tounderstand and model the effect of the atmosphere on VLBI is applicable to GPS and I shallrefer to some of this research in the discussion below.Several comprehensive reviews on the effect of the atmosphere on satellite positioningsystems have been published recently. The monograph on atmospheric effects on geodeticspace measurements edited by Brunner [1988] describes significant advances in theunderstanding and modelling of refraction effects on space measurements. Brunner [1991]has also recently compiled a report on the progress in the study of wave propagation inrefractive media since 1988. Dixon [1991] includes a discussion of the effects of theionosphere and troposphere in his comprehensive review paper on the use of GPS forgeodynamical studies.2. THE IONOSPHEREThe ionosphere is that region of the earth’s atmosphere in which ionizing radiation(principally from solar ultraviolet and x-ray emissions) causes electrons to exist in sufficientquantities to affect the propagation of radio waves. This definition does not impose specificlimits on the height of the ionosphere. Nevertheless, it is useful to delineate some sort ofboundary to the region. The height at which the ionosphere starts to become sensible is about50 km and it stretches to heights of 1,000 km or more. Indeed, some would argue for anupper limit of 2,000 km. The upper boundary depends on what particular plasma density oneuses in the definition since the ionosphere can be interpreted as thinning into theinterplanetary plasma. Although the interplanetary plasma affects the propagation of thesignals from space probes and the quasar signals observed in very long baseline radiointerferometry, it may be considered to lie beyond the orbits of satellites used in positioningsystems and therefore will be ignored in this paper.The ionosphere is a dispersive medium for radio waves; that is, its refractive index is afunction of the frequency. The refractive index is given by the Appleton-Hartree theory of anionised medium in which there are an equal number of positive ions and free electrons. It isassumed that a uniform magnetic field is present and that the ions have negligible effect onradio waves. The complex refractive index, n, at angular frequency, w, is given by [e.g.,Bradley, 1989] 4

n2 = μ− iχ ( )2 =1− X 1− iZ − YT2

2(1− X − iZ) ± YT4 4(1− X − iZ)2 + YL2 12 (3)where

X = Ne2ε0mω2 YL = eBLmω YT = eBTmω Z = νω .Ιν εθυατιον (3), Ν ισ τηε ελεχτρον δενσιτψ, ε ανδ μ αρε τηε ελεχτρον χηαργε ανδ μασσρεσπεχτιϖελψ, ε0 ισ τηε περμιττιϖιτψ οϕ ϕρεε σπαχε, ανδ ν ισ τηε ελεχτρον χολλισιον ϕρεθυενχψ.Τηε συβσχριπτσ Τ ανδ Λ ρεϕερ το τηε τρανσϖερσε ανδ λονγιτυδιναλ χομπονεντσ οϕ τηε εαρτη∋σμαγνετιχ ϕιελδ Β. Τηε θυαντιτψ

f 0 = ω02π = 12π Ne2ε0m

(4)is known as the electron plasma resonance frequency. Typically, f0 < 30 MHz. Forfrequencies f >> f0, such as those used by GPS, typical values for the components of theearth’s magnetic field, and ignoring electron collisions, the refractive index can be wellapproximated by

n =1− X2 1± YL ( ) .(5)Τηε ρεϕραχτιϖε ινδεξ μαψ βε ϕυρτηερ αππροξιματεδ βψ ιγνορινγ τηε εϕϕεχτ οϕ τηε λονγιτυδιναλχομπονεντσ οϕ τηε εαρτη∋σ μαγνετιχ ϕιελδ. Ιϕ τηισ ισ δονε, το ϕιρστ ορδερ, τηε πηασε ρεϕραχτιϖεινδεξ οϕ τηε ιονοσπηερε, αππροπριατε ϕορ χαρριερ πηασε οβσερϖατιονσ, ισ γιϖεν βψνϕ = 1 ∠ α Ν / ϕ2(6)ωηερε α ισ α χονσταντ. Σινχε γρουπ ρεϕραχτιϖε ινδεξ ισ δεϕινεδ ασ

ng = n + f dndf

(7)we have for the ionospheric group refractive index, appropriate for pseudorangeobservations,np = 1 + a N / f2.(8)If N has units of reciprocal metres cubed and f is given in Hz, then a has the value 40.28.

5The integration of these expressions along the path followed by a radio signal yields theelectromagnetic path lengthsrf = �˚˚(1˚—˚a˚N˚/˚f2) ds = r — dion(9)andrp = �˚˚(1˚+˚a˚N˚/˚f2) ds = r + dion(10)where r is the true geometric range and dion is the ionospheric range error which is given bydion = a TEC / f2(11)with TEC (Total Electron Content) being the integrated electron density along the signal path.Carrier phase measurements of the range between a satellite and the ground are reduced bythe presence of the ionosphere (the phase is advanced) whereas pseudorange measurementsare increased (the signal is delayed) � by the same amount. TEC is highly variable bothtemporally and spatially. The dominant variability is diurnal. There are also solar-cycle andseasonal periodicities as well as short-term variations with common periods of 20 to over 100minutes. Typical daytime values of TEC for mid-latitude sites are of the order of 1018 m-2with corresponding night-time values of the order of 1017 m-2. However, such typical day-time values can be exceeded by a factor of two or more, especially in near-equatorial regions.For a discussion of the variability of TEC values, see Jursa [1985].Values for dion at the GPS L1 frequency of 1575.42 MHz in the zenith direction can reach 30metres or more and near the horizon this effect is amplified by a factor of about three.Dual frequency positioning systems take advantage of the dispersive nature of the ionospherefor correcting for its effect. In the case of GPS, for example, a linear combination of the L1and L2 pseudorange measurements may be formed to estimate and subsequently remove theionospheric bias from the measurements:dion(L1) = f22f22˚—˚f12 [ p1 — p2 ] + ep12(12)where f1 and f2 are the L1 and L2 carrier frequencies respectively, p1 and p2 are the L1 andL2 pseudorange measurements, and ep12 represents random measurement errors andunmodelled biases. A similar approach is used to correct carrier phase measurements withdion(L1) = f22f22˚—˚f12 [ (l1 N1 — l2 N2) — (F1 — F2) ] + eF12(13)where F1 and F2 are the L1 and L2 carrier phase measurements (in units of length)respectively, l1 and l2 are the L1 and L2 carrier wavelengths respectively, N1 and N2 arethe L1 and L2 integer cycle ambiguities respectively, and eF12 represents randommeasurement errors and unmodelled biases. In practice, N1 and N2 cannot be determined butas long as the phase measurements are continuous (no cycle slips) they remain constant.Hence the carrier phase measurements can be used to determine the variation in theionospheric delay � the so-called differential delay � but not the absolute delay at any oneepoch. The estimation of the differential delay in this way (having ignored third and higher

6order effects) is good to a few centimetres. Brunner and Gu [1991] have proposed animproved model which accounts for the higher order terms neglected in the first orderapproximation, the geomagnetic field effect, and ray path bending. Numerical simulationsshowed that the residual range errors associated with the new model are less than twomillimetres.Note that in the dual-frequency correction approach, it is assumed that the L1 and L2 signalsfollow the same path through the ionosphere. While this is not quite true (at an elevationangle of 15�, for example, the maximum separation of the raypaths for a high TEC value of1.38 x 1018 m-2 is about 35 metres [Brunner and Gu, 1991]), the error induced is generallynegligible except under conditions of severe ionospheric turbulence.If measurements are made at only one carrier frequency, then an alternative procedure forcorrecting for ionospheric bias must be used. The simplest approach, of course, is to ignorethe effect. This is what is typically done by navigators, for example, using single frequencyTransit receivers. This approach is also followed by surveyors carrying out relativepositioning using single frequency GPS receivers. Differencing between the observationsmade by simultaneously observing receivers removes that part of the ionospheric range errorthat is common to the measurements at both stations. The remaining residual ionosphericrange error results from the fact that the signals received at the two stations have passedthrough the ionosphere at slightly different zenith angles. Therefore, the TEC along the twosignal paths is slightly different, even if the vertical ionospheric profile is identical at the twostations. It has been shown [e.g. Georgiadou and Kleusberg, 1988] that the main result ofthis effect in differential positioning is a baseline shortening proportional to the TEC andproportional to the baseline length. Beutler et al. [1988] and Santerre [1989, 1991] haveexamined the effect of the GPS satellite sky distribution on the propagation of residualionospheric errors. Such errors can introduce significant scale and orientation biases inrelative coordinates. For example, at a typical mid-latitude site using an elevation cut-offangle of 20�, a horizontal scale bias of -0.63 parts per million is incurred for each 1 x 1017m-2 of TEC not accounted for.It is also possible to use an empirical model to correct for ionospheric bias. The GPSnavigation signal, for example, includes the parameters of a simple prediction model[Klobuchar,1986]. Recent tests of this model against a limited set of dual frequency GPSdata showed that this broadcast model can perform very well. Newby and Langley [1992]showed that the model accounted for approximately 70 to 90% of the daytime ionosphericdelay and 60 to 70% of the night-time delay at a mid-latitude site during a time of high solaractivity. These results indicate that the broadcast model can, at times, remove more than the50 to 60% r.m.s. of the ionosphere’s effect generally acknowledged as the performance levelof the model [e.g., Klobuchar, 1986; Feess and Stephens, 1986]. This same study showedthat more sophisticated ionospheric models (the Bent Ionospheric Model [Bent andLlewellyn, 1973], the 1986 International Reference Ionosphere (IRI) [Rawer et al., 1981],and the Ionospheric Conductivity and Electron Density Profile (ICED) [Tascoine et al., 1988]� see also Bilitza [1990]) did not appear to perform significantly better, on average, than thebroadcast model. In fact, the performance of the ICED model was markedly poorer. Brownet al. [1991] have also evaluated the usefulness of ionospheric models as predictors of TEC.They concluded that none of the six models tested do a very good job probably because thetop part of the ionosphere is inaccurately represented. Leitinger and Putz [1988] have lookedat the use of the Bent and IRI models in providing information for higher order corrections ofthe ionospheric range bias.Georgiadou and Kleusberg [1988] developed a model for the correction of carrier phase GPSobservations from a network of single frequency receivers using estimated verticalionospheric biases derived from the observations of a dual frequency receiver in the vicinity

7of the network. Webster and Kleusberg [1992] have recently extended this technique tocorrect the observations from an airborne single frequency receiver moving in the vicinity ofthree ground-based dual frequency receivers. A similar approach has been followed by Wildet al. [1989].2.1 Scintillation and Magnetic StormsIf the number of electrons along a signal path from a satellite to a receiver changes rapidly,the resulting rapid change in the phase of the carrier may present difficulties for the carriertracking loop in the receiver. For a GPS receiver tracking the L1 signal, a change of only 1radian of phase (corresponding to 0.19 x 1016 el/m2 change in TEC, or only 0.2% of atypical 1018 el/m2 TEC) in a time interval equal to the inverse of the receiver bandwidth isenough to cause problems for the receiver’s tracking loop. If the receiver bandwidth is only1 Hz (which is just wide enough to accommodate the geometric Doppler shift) then when thesecond derivative of the phase exceeds 1 Hz per second, loss of lock will result. During suchoccurrences, the amplitude of the signal is generally fading also. These short-term (1 to 15seconds) variations in the amplitude and phase of signals are known as ionosphericscintillations.The loss of lock results in a phase discontinuity or cycle slip. A cycle slip must be repairedbefore the data following the slip can be used. Large variations in ionospheric range biasover short intervals of time can make the determination of the correct integer number of cyclesassociated with these phase discontinuities difficult. If the variations of the ionospheric rangebias exceed one half of a carrier cycle, they may be wrongly interpreted in the data processingas a cycle slip.There are two regions where irregularities in the earth’s ionosphere often occur causing shortterm signal fading which can severely test the tracking capabilities of a GPS receiver: theregion extending –30� either side of the geomagnetic equator and the auroral and polar capregions [see, e.g., H�roux and Kleusberg, 1989]. The fading can be so severe that the signallevel drops completely below the signal lock threshold of the receiver. When this occurs,data is lost until the receiver reacquires the signal. The process of loss and re-acquisition ofsignals may go on for several hours.Such signal fading is also associated with geomagnetic storms. Magnetic storms (and theassociated ionospheric storms) occur when high-energy charged particles from solar flares,eruptive prominences, or coronal holes arrive at the earth causing perturbations in the earth’smagnetic field. The charged particles interact with the earth’s neutral atmosphere producingexcited ions and additional electrons. The strong electric fields that are generated causesignificant changes to the morphology of the ionosphere, greatly changing the propagationdelay of GPS pseudoranges and the advance in the carrier phases within time intervals asshort as one minute. Such changes in the polar and auroral ionospheres can last for severalhours.Occasionally magnetic storm effects extend to the mid-latitudes. During the magnetic stormthat occurred in March 1989, range-rate changes produced by rapid variations in TECexceeded 1 Hz in one second [Klobuchar, 1991]. As a result, GPS receivers with a narrow 1Hz bandwidth were continuously losing lock during the worst part of the storm because oftheir inability to follow the changes.

82.1.1 Testing of GPS Receiver Performance During Hightened Ionospheric ActivityFew dedicated tests of the behaviour of GPS receivers during periods of scintillation ormagnetic storms have been carried out although there are many reports in the literature ofsatellite tracking problems during survey campaigns which were believed to be due to highionospheric activity. Rocken et al. [1990] report on a tracking test of Trimble 4000 SST andTexas Instruments TI 4100 receivers carried out on Ascension Island which lies in theequatorial region. The reason for this particular test was to see if the new (at the time) 4000SST performed better than the 4000 SD which had been used during a GPS campaign in thesouth Pacific. During that campaign the L2 carrier phase tracking loop of the 4000 SDreceivers had difficulty tracking signals at times of high ionospheric activity. The AscensionIsland test took place between 11 and 16 November 1989. From an analysis of the collecteddata it was concluded that both the 4000 SST and TI 4100 receivers tracked through rapidlychanging ionospheric conditions (average L2 phase changes of about 18 centimetres perminute) without significant L2 data loss.Another test of GPS receiver performance was carried out in the auroral zone on a networknear Yellowknife in the Northwest Territories of Canada [Langley et al., 1991a; 1991b].Over a period of three days in June 1990, data was recorded at three sites with inter-sitedistances of about 50 and 100 km. At each site, three different commercially-available GPSreceivers were used: an Ashtech LD-XII, a Trimble Navigation 4000 SST or STD, and aWild-Magnavox WM102. Two observing sessions were held each day: one during whicheach receiver was fed by its own antenna, and one during which the three receivers at eachsite shared a common antenna through a signal splitter. Although the ionosphere was not allthat active during the actual recording of data, it was nevertheless more active than normallyencountered at mid-latitudes. One of the conclusions of the test was that the WM102 receiverperformance seemed to be marginally better than that of the Ashtech and Trimble receivers,likely because of its use of P-code tracking on the L2 frequency. Leclerc [1991] has alsoexamined the effect of ionospheric perturbations during a period of high solar activity. Heconcluded that such perturbations did not pose any serious impediments to the use of GPS ina kinematic mode for aerial photography applications.Wanninger and Jahn [1991] have looked at the difficulties in processing GPS data collectedin both the auroral and equatorial regions. They have found that the L43 (4 times the L1observation minus 3 times the L2 observation) and L54 linear combinations are very helpfulin some instances in resolving cycle slips and ambiguities in data taken under severeionospheric conditions. Cocard and Geiger [1992] have also looked at the benefits offorming various linear combinations in the processing of GPS observations while Schaffrin[1992] has examined the proper choice of a linear combination which permits the calibrationof the residual ionosphere over a particular area.2.2 Predictions of Ionospheric ActivitySeveral agencies monitor the behaviour of the ionosphere and the earth’s magnetic field andsome provide predictions of future behaviour [e.g. Hruska and Coles, 1987]. Thesepredictions may be useful in planning GPS observations so as to ensure that they take placeduring benign ionospheric conditions.2.3 The Use of Satellite Positioning Systems for Studying the IonosphereIonospheric scientists have used the Transit satellites as satellites of opportunity for studyingthe ionosphere for more than 30 years [e.g. de Mendonca, 1963; Leitinger et al., 1975;

91984]. By recording the Doppler shift on the two Transit frequencies, the change in TECduring a satellite pass may be determined. If data from a satellite pass can be acquired atseveral stations, it should be possible to obtain a two-dimensional image of ionosphericelectron density by applying the techniques of computerized tomography [e.g. Austen et al.,1987]. The signals from the constellation of GPS satellites are also being used to study theionosphere [e.g. Lanyi and Roth, 1988; Clynch et al., 1989; Melbourne, 1989; Coco, 1991].Monaldo [1991] used dual frequency GPS data to assess spatial variability of the ionosphereand estimate its potential impact on the monitoring of mesoscale ocean circulation using datafrom altimetric satellites.3. THE TROPOSPHEREThe troposphere is the lower part of the earth’s atmosphere where temperature decreases withan increase in altitude. The thickness of the troposphere is not everywhere the same. Itextends to a height of less than 9 km over the poles and in excess of 16 km over the equator[Lutgens and Tarbuck, 1989]. The presence of neutral atoms and molecules in thetroposphere affects the propagation of electromagnetic signals. Atoms and molecules in thestratosphere also exist in sufficient numbers to affect the propagation of signals. However,since the bulk of the neutral atmosphere lies within the troposphere, the whole neutralatmosphere is often loosely referred to as the troposphere.The range bias experienced by a signal propagating from a satellite to the ground may beexpressed in first approximation by the integral equationdtrop = �rsra˚[n(r)˚-˚1]˚sec˚y(r)˚dr + [�rsra˚sec˚y(r)˚dr — �rsra˚sec˚z(r)˚dr ](14)where n is the refractive index, r is the geocentric radius, and y and z respectively denote theapparent and true satellite zenith angle. This equation holds for a spherically symmetricatmosphere for which n varies only as a function of geocentric radius. The first integralaccounts for the difference in the electromagnetic and geometric lengths of the refractedtransmission path. The bracketed integrals account for path curvature; i.e., the difference inthe refracted and rectilinear path lengths.The integral equation can be evaluated given knowledge of the actual refractive index profileor it may be approximated by an analytical function. In applications in satellite ranging, thelatter approach is most common with the use of a closed-form or truncated-seriesapproximation based upon a simplified atmospheric model. In most cases, water vapour andthe dry gases are considered separately. Each component is written as the product of a zenithdelay term, approximating the integral of the refractive index profile in the vertical direction,and a mapping function which maps the increase in delay with increasing zenith angle. Ingeneral formdtrop = Dzdry (Ps) MFdry(ys,Ps,T(h))+ Dzwv (Ts,RHs,T(h)) MFwv(ys,Ts,RHs,T(h),RH(h))(15)whereDzdryis the zenith delay due to dry gasesDzwvis the zenith delay due to water vapourMFdryis the dry gas mapping functionMFwvis the water vapour mapping function

10ysis the refracted zenith angle at the ground stationhis the height above the ground stationTsis the surface temperaturePsis the surface pressureRHsis the surface relative humidityT(h)is the temperature profile above the ground stationRH(h)is the relative humidity profile above the ground station.The refractivity of a parcel of air, N = 106 (n - 1), is a function its temperature (T) and thepartial pressures of the dry gases (Pd) and the water vapour (e):N = K1 PdT + K2 eT + K3 eT2(16)where K1, K2, and K3 are empirically determined coefficients. For radio frequencies up toabout 30 GHz, the troposphere is non-dispersive (except for the anomalous dispersion of thewater vapour and oxygen spectral lines) and hence N is independent of frequency. In radiometeorology, the equation for refractivity of air is most often written in the form N = K1 PT + K2’ eT2 .(17)whereK2’ = [ (K2 — K1) T + K3 ].(18)The first and second terms of equation (17) are commonly referred to as the "dry" and "wet"components of refractivity. Alternatively, refractivity may be expressed asN = K1 MMd PT - (K1 MMd - K2) eT + K3 eT2(19)whereMMd = TT’ = (1 + 0.3780 eP)-1(20)in which T’ is virtual temperature, and M and Md denote the molar mass of moist and dry airrespectively. The first term in equation (19) is sometime referred to as the "hydrostatic"component of refractivity [Davis,1986]. The formulation of equation (19) is useful as thezenith delay based on the hydrostatic component is not influenced by water vapour contentunlike the "dry" component formalism.Sea level values of the total tropospheric delay in the zenith direction are of the order of 2.3 to2.6 metres, rising to in excess of 23 metres at zenith angles of 85�.3.1 Profile Models and Mapping FunctionsOver the past 20 years or so, geodesists and radio meteorologists have developed a variety ofmodel profiles and mapping functions for the evaluation of the delay experienced by signalspropagating through the troposphere at arbitrary zenith angles. The performance of some ofthese models has been assessed by Janes et al. [1989, 1991]. Delay predictions of the

11models and mapping functions were benchmarked against values obtained by ray-tracing theU.S. Standard Atmosphere and the associated Atmosphere Supplements which incorporatelatitudinal and seasonal departures from the Standard. The authors concluded from theiranalysis that, of the models tested, the explicit form of the Saastamoinen zenith delayexpressions [Saastamoinen, 1973] in combination with the Davis (CfA-2.2) hydrostatic[Davis, 1986] and Goad and Goodman water vapour mapping functions [Goad andGoodman, 1974] would provide superior performance to the other models under mostconditions.Mapping functions not tested by Janes et al. include one by Lanyi [1984] that incorporatesboth the hydrostatic and wet components, those by Ifadis [1986] who developed hydrostaticand wet mapping functions that can be site-optimized, and those by Herring [1992] whichwere based on the analysis of an extensive set of rawinsonde data from 11 sites in the UnitedStates. Herring reports that the typical r.m.s. difference between raytracing at a 5� elevationangle and his mapping functions is 30 mm for the hydrostatic delay and 10 mm for the wetdelay. Davis et al. [1991] examined errors in the CfA-2.2 mapping function using data froma series of special VLBI experiments. They found that mapping function errors do notexhibit a coherent annual signature but rather appear to be random over the long term.3.2 Water Vapour RadiometryAlthough the hydrostatic component of the vertical delay can generally be well modelledusing accurate surface values of barometric pressure, the same is not true for the wetcomponent. The water vapour in the troposphere is not well mixed and its distribution istherefore usually spatially and temporally inhomogeneous. Water vapour radiometers(WVRs) have been developed in an effort to remotely sense the amount of water vapouralong a ray path. A WVR measures atmospheric black body radiation which is affected bythe presence of water vapour. Although the technology has evolved considerably [e.g.,Elgered et al., 1991; Rocken et al, 1991], the use of WVRs, at least in VLBI, is reported toprovide only a marginal improvement in accuracy [Kuehn et al., 1991a]. However, Tralli etal. [1988], based on the analysis of GPS data collected on baselines in the Gulf of California,suggests that the use of WVR data for tropospheric path delay calibration in humid regionsappears to be important for achieving highest possible baseline accuracies. Experiments tofurther reduce and evaluate WVR instrumental errors are continuing [Kuehn et al., 1991b].3.3 Estimation of Residual BiasesThe residual tropospheric range bias remaining after the application of one of the zenith delaymodels and associated mapping function can, in most instances, be estimated using the rangedata itself. Such estimation can take the form of a single scale bias or residual zenith delayestimated for observations spanning many hours, hourly estimates, or stochastic estimationusing the Kalman filter approach [Lindqwister et al., 1990]. Kalman filtering is an attractivealternative to water vapour radiometry both from the point of view of cost and accuracy. Infact, Tralli and Lichten [1990] have shown that stochastic estimation of total zenith pathdelays yields baseline repeatabilities of a few parts in 108, results which are comparable to orbetter than those obtained after path delay calibration using WVR and/or surfacemeteorological measurements.

123.4 Effect of Tropospheric Delay Errors on Small GPS NetworksMost tropospheric delay models and mapping functions for predicting tropospheric delayassume a laterally homogeneous atmosphere. In the actual atmosphere, the decorrelation ofsignal paths for a network of stations is governed by lateral gradients in atmosphericpressure, temperature, and humidity, and by differences in station elevation. Beutler et al.[1988] have shown that the effect of the differential troposphere on local GPS networks leadsto a relative height error that can be written in a first approximation asDhe = DDzt sec ymax(21)where DDzt denotes the difference in zenith delay between co-observing stations and ymax isthe maximum zenith angle observed. Neglect of the differential troposphere leads toapproximately 3 to 5 mm of relative height error for every millimetre change in zenith delaybetween stations for ymax = 70-80�.Janes et al. [1991] intimate that users of GPS data processing software which incorporates atropospheric delay model driven by surface measurements of temperature, pressure, andrelative humidity should be aware of potential pitfalls when processing data collected onbaselines of local scale. They suggest that modelling of the differential troposphere betweenco-observing stations is only advisable when the meteorological gradients clearly exceed theaccuracy to which surface meterological parameters can be measured. Where horizontalgradients or station height differences are significant, careful measurement of surfacemeteorology is essential for proper modelling of the differential tropospheric delay.Temperature inversions, anomalous humidity profiles, and the use of inappropriate upper airprofile lapse rate parameters can significantly reduce the accuracy of the delay model. Wheregradients and height differences for a small network are slight, it may be more prudent toassume a laterally homogeneous atmosphere based either upon standard conditions (scaled toheight) or upon averaged local meteorological measurements. Beutler et al. [1990] have alsopointed out the difficulties associated with modelling the troposphere for small GPSnetworks.3.5 Satellite Laser RangingIn contrast to its properties at radio wavelengths, at optical wavelengths � from nearultraviolet, through visible, to near infrared � air is a dispersive medium. Hence at opticalwavelengths, the refractivity of air is a function of wavelength. Another difference is that therefractivity of a parcel of air at optical wavelengths is only weakly dependent on theconcentration of water vapour in the parcel and, in fact, the refractivity is actually reduced bythe presence of the water vapour. For example, for a total pressure of 1000 mbar, atemperature of 15�C, and 0% relative humidity, the refractivity at a wavelength of 6328 � is272.90; increasing the relative humidity to 50% results in a refractivity of 272.53; and to100%, 272.17 [Owens, 1967]. Contrast these values to the corresponding values for theradio refractivity of 269.30, 307.71, and 346.12.The Marini and Murray [1973] model is commonly used in SLR for tropospheric path delaycorrection. But as has been pointed out by Janes et al. [1991] and others, this model haslimited accuracy, especially at low elevation angles. Cohen and Pearlman [1989] report thatefforts are underway to adapt some of the features of the CfA-2.2 mapping function to theoptical part of the electromagnetic spectrum. However, tropospheric path delays at opticalfrequencies are less affected by water vapour than at microwave frequencies, so anyimprovement may be marginal. The accuracy of tropospheric delay corrections on SLR

13measurements has been considered by Bender [1992]. He has looked at the effect on modelaccuracy of horizontal gradients in atmospheric density as well as departures of theatmosphere from hydrostatic equilibrium. He suggests that it may be possible to correct forgradients using twice-daily gridded meteorological data or by estimating two gradientparameters from the laser data itself but that an even more attractive possibility would be theuse of a dual frequency system as proposed by, among others, Abshire and Gardner [1985].4. CONCLUSIONAlthough great progress has been made in understanding and modelling the effects of theatmosphere on satellite-based positioning systems in recent years, the atmosphere stillremains a limiting source of error. If positioning systems are going to reach the onemillimetre level (a goal set by the International Workshop on the Interdisciplinary Role ofSpace Geodesy [Mueller and Zerbini, 1989]), further effort will have to be expended in orderto reduce the errors in ionospheric and tropospheric modelling. Current investigations intohigher order ionospheric corrections, the distribution of water vapour in the troposphere, andthe effect of horizontal gradients in atmospheric density, for example, all bode well foreventually reaching the one millimetre goal.5. ACKNOWLDEGEMENTSThanks are extended to Simon Newby and Attila Komjathy for useful comments on a draft ofthis paper. Work at the University of New Brunswick on the effects of the ionosphere andtroposphere on GPS is supported by the Natural Sciences and Engineering Research Councilof Canada. REFERENCESAbshire, J.B. and C.S. Gardner (1985). "Atmospheric refractivity corrections in satellitelaser ranging." IEEE Transactions on Geoscience and Remote Sensing, Vol. GE-23, No. 4,pp. 414-425.anon. (1986). "Summary of satellite navigation systems." Presented at the SystemsWorking Group Meeting of ICAO Special Committee on Future Air Navigation Systems,Washington, D. C., 17-21 March, 23 pp.Austen, J.R., S.J. Franke, and C.H. Liu (1987). "Ionospheric imaging using computerizedtomography." In The Effect of the Ionosphere on Communication, Navigation, andSurveillance Systems, Proceedings of the 5th Ionospheric Effects Symposium, Springfield,VA, 5-7 May, pp. 101-106.Bender, P. L. (1992). "Atmospheric refraction and satellite laser ranging." Proceedings ofthe Symposium on Refraction of Transatmospheric Signals in Geodesy, Eds. J. C. de Munckand T. A. Th. Spoelstra, The Hague, The Netherlands, 19-22 May, Netherlands GeodeticCommission, Publications on Geodesy, Delft, The Netherlands, No. 36, New Series, pp.117-125.Bent, R.B. and S.K. Llewellyn (1973). Documentation and Description of the BentIonospheric Model. Space and Missiles Organization, Los Angles, CA. AFCRL-TR-73-0657.

14Beutler, G., I. Bauersima, W. Gurtner, M. Rothacher, T. Schildknecht, and A. Geiger(1988). "Atmospheric refraction and other important biases in GPS carrier phaseobservations." In Atmospheric Effects on Geodetic Space Measurements, Monograph 12,School of Surveying, University of New South Wales, Kensington, N.S.W., Australia,pp. 15-43.Beutler, G., W. Gurtner, M. Rothacher, U. Wild, and E. Frei (1990). "Relative staticpositioning with the Global Positioning System: Basic technical considerations." InGlobal Positioning System: An Overview, the proceedings of International Association ofGeodesy Symposium No. 102, Edinburgh, Scotland, 7-8 August, 1991, Springer-Verlag,New York; pp. 1-23.Bilitza, D. (1990). Solar-terrestrial Models and Application Software. NSSDC/WDC-A-R&S 90-19, National Space Science Data Center/World Data Center A for Rockets andSatellites, Goddard Space Flight Center, Greenbelt, MD, July, 98 pp.Bradley, P.A. (1989). "Propagation of radiowaves in the ionosphere." In RadiowavePropagation, Eds. M.P.M. Hall and L.W. Barclay, Peter Peregrinus Ltd. (on behalf of theInstitution of Electrical Engineers), London, England, U.K.Brown, L.D., R.E. Daniell, Jr., M.W. Fox, J.A. Klobuchar, and P.H. Doherty (1991)."Evaluation of six ionospheric models as predictors of total electron content." RadioScience, Vol. 26, No. 4, pp. 1007-1015.Brunner, F.K. and M. Gu (1991). "An improved model for the dual frequencyionospheric correction of GPS observations." Manuscripta Geodaetica, Vol. 16, pp. 205-214.Brunner, F.K. (ed.) (1988). Atmospheric Effects on Geodetic Space Measurements.Monograph 12, School of Surveying, University of New South Wales, Kensington,N.S.W., Australia, 110 pp.Brunner, F.K. (1991). "Wave propagation in refractive media: A progress report."Report of International Association of Geodesy Special Study Group 4.93 (1987 - 1991).Clynch, J.R., D.S. Coco, and C.E. Coker (1989). "A versatile GPS ionospheric monitor:High latitude measurements of TEC and scintillation." In Proceedings of the Institute ofNavigation Satellite Division Conference, Colorado Springs, CO, pp. 445-450.Cocard, M. and A. Geiger (1992). "Systematic search for all possible widelanes."Proceedings of the 6th International Geodetic Symposium on Satellite Positioning,Columbus, OH, 17-20 March, pp. 312-318.Coco, D. (1991). "GPS — Satellites of opportunity for ionospheric monitoring." GPSWorld, Vol. 2, No. 9, pp. 47-50.Cohen, S.C. and M.R. Pearlman (1989). "Laser ranging techniques." In TheInterdisciplinary Role of Space Geodesy, Proceedings of the International Workshop onthe Interdisciplinary Role of Space Geodesy, Erice, Italy, July 1988. Lecture Notes inEarth Sciences, Vol. 22, Springer-Verlag, Berlin. pp. 135-148.Davis, J.L. (1986). Atmospheric Propagation Effects on Radio Interferometry. Ph.D.Dissertation. Air Force Geophysics Laboratory Technical Report AFGL-TR-86-0243,Hanscom AFB, MA, 276 pp.

15Davis, J.L., T.A. Herring, and I.I. Shapiro (1991). "Effects of atmospheric modelingerrors on determinations of baseline vectors from very long baseline interferometry."Journal of Geophysical Research, Vol. 96, pp. 643-650.de Mendonca, F. (1963). "Ionospheric electron content and variations measured byDoppler shifts in satellite transmissions." Journal of Geophysical Research, Vol. 67, No.6, pp. 2315-2337.Dixon, T.H. (1991). "An introduction to the Global Positioning System and somegeological applications." Reviews of Geophysics, Vol. 29, No. 2, pp. 249-276.Elgered, G., J.L. Davis, T.A. Herring, and I.I. Shapiro (1991). "Geodesy by radiointerferometry: Water vapor radiometry for estimation of the wet delay." Journal ofGeophysical Research, Vol. 96, pp. 6541-6555.Feess, W.A. and S.G. Stephens (1986). "Evaluation of GPS ionospheric time delayalgorithm for single-frequency users." Proceedings of the PLANS-86 conference, LasVegas, NV, pp. 280-286.Fletchner, F., K. Kaniuth, C. Reigber, and H. Wilmes (1990). "The Precise Range andRange Rate Equipment PRARE: Status report on system development, preparations forERS-1 and future plans." Proceedings of the 2nd International Symposium on PrecisePositioning with the Global Positioning System, Ottawa, Ontario, Canada, 3-7 September,pp. 111-123.Georgiadou, Y. and A. Kleusberg (1988). "On the effect of ionospheric delay on geodeticrelative GPS positioning." Manuscripta Geodaetica , Vol. 13, pp. 1-8.Goad, C.C. and L. Goodman (1974). "A modified Hopfield tropospheric correctionmodel." Presented at the American Geophysical Union Fall Annual Meeting, SanFrancisco, CA, 12-17 December, 28 pp.H�roux, P. and A. Kleusberg (1989). "GPS precise relative positioning and theionosphere in auroral regions." Proceedings of the 5th International Geodetic Symposiumon Satellite Positioning, Las Cruces, NM, pp. 475-486.Herring, T.A. (1992). "Modeling atmospheric delays in the analysis of space geodeticdata." Proceedings of the Symposium on Refraction of Transatmospheric Signals inGeodesy, Eds. J. C. de Munck and T. A. Th. Spoelstra, The Hague, The Netherlands, 19-22 May, Netherlands Geodetic Commission, Publications on Geodesy, Delft, TheNetherlands, No. 36, New Series, pp. 157-164.Hruska, J. and R.L. Coles (1987). "A new type of magnetic activity forecast for highgeomagnetic latitudes." Journal of Geomagnetism and Geoelectricity, Vol. 39, pp. 521-534.Ifadis, I.I. (1986). The Atmospheric Delay of Radio Waves: Modelling the ElevationDependence on a Global Scale. Technical Report #38L, Chalmers University ofTechnology, G�teborg, Sweden.Janes, H.W., R.B. Langley, and S.P. Newby (1989). "A comparison of several modelsfor the prediction of tropospheric propagation delay." Proceedings of the 5th InternationalGeodetic Symposium on Satellite Positioning, Las Cruces, NM, pp. 777-788.

16Janes, H.W., R.B. Langley, and S.P. Newby (1991). "Analysis of tropospheric delayprediction models: comparisons with ray-tracing and implications for GPS relativepositioning." Bulletin G�od�sique, Vol. 65, pp. 151-161.Jursa, A.S., Ed. (1985). "Ionospheric Radio Wave Propagation." Chapter 10 ofHandbook of Geophysics and the Space Environment. Air Force Geophysics Laboratory,Air Force Systems Command, United States Air Force. Available as Document ADA167000 from the National Technical Information Service, Springfield, VA, U.S.A.Kleusberg, A. (1990). "Comparing GPS and GLONASS." GPS World, Vol. 1, No. 6,pp. 52-54.Klobuchar, J.A. (1986). "Design and characteristics of the GPS ionospheric time delayalgorithm for single frequency users." Proceedings of the PLANS-86 conference, LasVegas, NV, pp. 280-286.Klobuchar, J.A. (1991). "Ionospheric effects on GPS." GPS World, Vol. 2, No. 4, pp.48-51.Kuehn, C.E., W.E. Himwich, T.A. Clark, and C. Ma (1991a). "An evaluation of watervapor radiometer data for calibration of the wet path delay in very long baselineinterferometry experiments." Radio Science, Vol. 26, No. 6, pp. 1381-1391.Kuehn, C.E., G. Elgered, J.M. Johansson, T.A. Clark, and B.O. R�nn�ng (1991b). "Amicrowave radiometer comparison and its implication for the accuracy of wet delays."Draft manuscript.Langley, R.B., K. Doucet, A. Kleusberg, and D. Scott (1991a). "An investigation of theimpact of the auroral ionosphere on the performance of Global Positioning Systemreceivers." Presented at the 1991 North American Radio Science Meeting and InternationalIEEE/AP-S Symposium, The University of Western Ontario, London, Ontario, Canada,24-28 June.Langley, R.B., K. Doucet, and A. Kleusberg (1991b). The Testing of Global PositioningSystem Receivers under Ionospheric Influences. Contract Report 91-006, Geodetic SurveyDivision, Canada Centre for Surveying, Ottawa, Ontario, October.Lanyi, G. (1984). "Tropospheric delay effects in radio interferometry." TDA ProgressReport 42-78, Jet Propulsion Laboratory, Pasadena, CA, April-June, pp. 152-159.Lanyi, G.E. and T. Roth (1988). "A comparison of mapped and measured totalionospheric electron content using global positioning system and beacon satelliteobservations." Radio Science, Vol. 23, pp. 483-492.Leclerc, J.-G. (1991). Analyse des Perturbations Ionosph�riques en P�riode de GrandesActivit�s Solaires. Research Report. D�partement des Sciences G�od�siques et deT�l�d�tection, Universit� Laval, Qu�bec, Canada.Leitinger, R. and E. Putz (1988). "Ionospheric refraction errors and observables." InAtmospheric Effects on Geodetic Space Measurements, Monograph 12, School ofSurveying, University of New South Wales, Kensington, N.S.W., Australia, pp. 81-102.

17Leitinger, R., G. Schmidt, and A. Tauriainen (1975). "An evaluation method combiningthe differential Doppler measurements from two stations that enables the calculation of theelectron content of the ionosphere." Journal of Geophysics, Vol. 41, pp. 201-213.Leitinger, R., G.K. Hartmann, F.J. Lohmar, and E. Putz (1984). "Electron contentmeasurements with geodetic Doppler receivers." Radio Science, Vol. 19, pp. 789-797.Lindqwister, U. J., J. F. Zumberge, G. Blewitt, and F. Webb (1990). "Application ofstochastic troposphere modeling to the California permanent GPS geodetic array."Presented at the American Geophysical Union Fall Meeting, San Francisco, CA, 6December, 14 pp.Lutgens, F.K. and E.J. Tarbuck (1989). The Atmosphere: An Introduction toMeteorology. 4th edition. Prentice Hall, Englewood Cliffs, NJ, 491 pp.Marini, J.W. and C.W. Murray (1973). Correction of Laser Range Tracking Data forAtmospheric Refraction at Elevations above 10 Degrees. Goddard Space Flight CenterReport X-591-73-351, NASA GSFC, Greenbelt, MD.McPherson, W.R. (1981). "SARSAT applications." Canadian Aeronautics and SpaceJournal, Vol. 27, No. 2, pp. 118-126.Melbourne, W.G. (1989). "The Global Positioning System for study of the ionosphere:An overview" Presented at the 1989 Fall Meeting of the American Geophysical Union, SanFrancisco, CA, 4-8 December. Abstract: EOS, Vol. 70, No. 43, p. 1048.Monaldo, F. (1991). "Ionospheric variability and the measurement of ocean mesoscalecirculation with a spaceborne radar altimeter." Journal of Geophysical Research, Vol. 96,pp. 4925-4937.Mueller, I.I. and S. Zerbini (eds.) (1989). The Interdisciplinary Role of Space Geodesy,Proceedings of the International Workshop on the Interdisciplinary Role of SpaceGeodesy, Erice, Italy, July 1988. Lecture Notes in Earth Sciences, Vol. 22, Springer-Verlag, Berlin, 300 pp.Newby, S.P. and R.B. Langley (1992). "Three alternative empirical ionospheric models� Are they better than the GPS Broadcast Model?" Proceedings of the 6th InternationalGeodetic Symposium on Satellite Positioning, Columbus, OH, 17-20 March, pp. 240-244.Owens, J.C. (1967). "Optical refractive index of air: Dependence on pressure, temperatureand composition." Applied Optics, Vol. 6, No. 1, pp. 51-59.Pryor, L. (1989). "Transit-status, policy, and plans." Proceedings of the 5th InternationalGeodetic Symposium on Satellite Positioning, Las Cruces, NM, pp. 99-117.Rawer, K., J.V. Lincoln, R.O. Conkright, D. Bilitza, B.S.N. Prasad, S. Mohanty, and F.Arnold (1981). International Reference Ionosphere. World Data Center A for Solar-Terrestrial Physics, NOAA, Boulder, CO. Report UAG-82.Rocken, C., C. Meertens, and J. Stowell (1990). "Tracking tests of Trimble 4000 SSTreceivers near the equator." GPS Bulletin of IAG/IUGG Commission VIII, Vol. 3, No.1, pp. 10-12.

18Rocken, C., J.M. Johnson, R.E. Nielan, M. Cerezo, J.R. Jordan, M.J. Falls, L.D.Nelson, R.H. Ware, and M. Hayes (1991). "The measurement of atmospheric water vapor:Radiometer comparison and spatial variations." IEEE Transactions on Geoscience andRemote Sensing, GE-29, p. 3-8.Saastamoinen, J. (1973). "Contributions to the theory of atmospheric refraction." In threeparts. Bulletin G�od�sique, No. 105, pp. 279-298; No. 106, pp. 383-397; No. 107, pp.13-34.Santerre, R. (1989). GPS Satellite Sky Distribution: Impact of the Propagation of SomeImportant Errors in Precise Relative Positioning. Ph.D. Dissertation. Department ofSurveying Engineering Technical Report No. 145, University of New Brunswick,Fredericton, N.B., Canada, 204 pp.Santerre, R. (1991). "Impact of GPS satellite sky distribution." Manuscripta Geodaetica,Vol. 16, pp. 28-53.Schaffrin, B. (1992). "Towards ionosphere modelling from GPS dual-band phaseobservations." Presented at the 6th International Geodetic Symposium on SatellitePositioning, Columbus, OH, 17-20 March.Service Argos (1978). Argos User’s Guide. Centre National d’Etudes Spatiales,Toulouse, France.Tascoine, T.F., H.W. Kroehl, R. Creiger, J.W. Freeman, R.A. Wolf, R.W. Spiro, R.V.Hilmer, J.W. Shade, and B.A. Hausman (1988). "New ionospheric and magnetosphericspecification models." Radio Science, Vol. 23, No. 3, pp. 211-222.Tralli, D.M., T.H. Dixon, and S.A. Stephens (1988). "Effect of wet tropospheric pathdelays on estimation of geodetic baselines in the Gulf of California using the GlobalPositioning System." Journal of Geophysical Research, Vol. 93, pp. 6545-6557.Tralli, D.M. and S.M. Lichten (1990). "Stochastic estimation of tropospheric path delaysin Global Positioning System geodetic measurements." Bulletin G�od�sique, Vol. 64, pp.127-159.Wanninger, L. and C.-H. Jahn (1991). "Effects of severe ionospheric conditions on GPSdata processing." Presented at the International Association of Geodesy Symposium G-2,IUGG XXth General Assembly, 16 August.Webster, I. and A. Kleusberg (1992). "Regional modelling of the ionosphere for singlefrequency users of the Global Positioning System." Proceedings of the 6th InternationalGeodetic Symposium on Satellite Positioning, Columbus, OH, 17-20 March, pp. 230-239.Wells, D.E., N. Beck, D. Delikaraoglou, A. Kleusberg, E.J. Krakiwsky, G. Lachapelle,R.B. Langley, M. Nakiboglu, K.P. Schwarz, J.M. Tranquilla, and P. Vanicek (1987).Guide to GPS Positioning. Canadian GPS Associates, Fredericton, N.B.Wild, U., G. Beutler, W. Gurtner, and M. Rothacher (1989). "Estimating the ionosphereusing one or more dual frequency GPS receivers." Proceedings of the 5th InternationalGeodetic Symposium on Satellite Positioning, Las Cruces, NM, pp. 724-736.Willis, P., C. Boucher, H. Fagard, M. Gavoret, G. Imbert, M. Kasser, G. Balmino, R.Biancale, A. Cazenave, M. Dorrer, F. Nouel, and J.J. Valette (1990). "Positioning with

19the DORIS system: Present status and first results." Proceedings of the 2nd InternationalSymposium on Precise Positioning with the Global Positioning System, Ottawa, Ontario,Canada, 3-7 September, pp. 131-144.Wood, C.D. and G.E. Perry (1980). "The Russian Satellite Navigation System."Philosophical Transactions of the Royal Society of London, Vol. A 294, pp. 307-315.Reprinted in Satellite Doppler Tracking and its Geodetic Applications, A Royal SocietyDiscussion, The Royal Society of London, London, England, U.K., 10-11 October 1978,pp. 97-105.