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Abstract. We study the impact of large-scale ionospheric 1 Introduction

structure on the accuracy of radio occultation (RO) retrievals.

We use a climatological model of the ionosphere as wellThe Earth’s global climate is a subject of intense scientific
as an ionospheric data assimilation model to compare quiednd practical interest. The radio occultation remote sensing
and geomagnetically disturbed conditions. The presence ofechnique offers the possibility of precise and accurate atmo-
ionospheric electron density gradients during disturbed conspheric soundings that are well-suited for observing decadal-
ditions increases the physical separation of the two GPS frescale climate change. A particularly favorable aspect of ra-
quencies as the GPS signal traverses the ionosphere and &lio occultation is that atmospheric parameters are retrieved
mosphere. We analyze this effect in detail using ray-tracingbased on a measurement of radio signal phase and phase rate.
and a full geophysical retrieval system. During quiet con- The fundamental measurement is therefore derived from sig-
ditions, our results are similar to previously published stud-nal timing, which is calibrated on-orbit to standards traceable
ies. The impact of a major ionospheric storm is analyzedto fundamental SI units.

using data from the 30 October 2003 “Halloween” super- Radio occultation uses a physically based retrieval scheme
storm period. At 40 km altitude, the refractivity bias under (Kursinski et al., 1996; Rocken et al., 1997) that permits de-
disturbed conditions is approximately three times larger thartailed analyses of sources of measurement bias. Such analy-
guiet time. These results suggest the need for ionospherises are needed to ensure that measurement accuracy is abso-
monitoring as part of an RO-based climate observation stratiutely calibrated to the standard S| units. Detailed error anal-
egy. We find that even during quiet conditions, the magnitudeyses have been published (Kursinski et al., 1997; Hajj et al.,
of retrieval bias depends critically on assumed ionospheric2002; Kuo et al., 2004; Hajj et al., 2004; Steiner and Kirchen-
electron density structure, which may explain variations ingast, 2005) that analyze nearly all of the known error sources.
previously published bias estimates that use a variety of asFor monitoring decadal-scale climate change, measurement
sumptions regarding large scale ionospheric structure. Wdias should be less thar0.1 K (Ohring et al., 2005; Goody
guantify the impact of spacecraft orbit altitude on the magni-et al., 1998; Steiner et al., 2001), which motivates a reexam-
tude of bending angle and retrieval error. Satellites in higherination of these past analyses that were focused initially on
altitude orbits (700+km) tend to have lower residual biasesestablishing precision of individual soundings at the level of
due to the tendency of the residual bending to cancel betweery1l K (Kursinski et al., 1997).

the top and bottomside ionosphere. Another factor affecting Recent studies that compare RO retrievals to other in-situ
accuracy is the commonly-used assumption that refractive inand remote methods, and simulation studies that consider
dex is unity at the receiver. We conclude with remarks on thevarious sources of measurement error, tend to confirm the
implications of this study for long-term climate monitoring high accuracy of RO above the lower troposphere (Hajj et
using RO. al., 2004; Kuo et al., 2005; Schreiner et al., 2007; Sun et
al., 2010; Xu et al., 2009; He et al., 2009; Hayashi et al.,
2009). The GPS RO technique achieves high accuracy by
using “self-calibration”: data acquired during the measure-
ment also serves to calibrate the observations. An example

Correspondence toA. J. Mannucci of self-calibration is the simultaneous tracking of a GPS “cal-
BY (tony.mannucci@jpl.nasa.gov) ibration satellite” while the occulting satellite is tracked. The
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calibration satellite is a GPS satellite in view above the local2 Origins of ionospheric residual error
spacecraft horizon. The additional satellite provides timing
data that is combined with the occulting satellite data to re-The Earth’s ionosphere is an ionized atmospheric medium
move receiver clock error from the retrieval. Thus, the re-containing a significant number of free electrons primarily
trieved atmospheric properties are not susceptible to receiven the altitude range~90-1200km. At the transmission
clock error. frequencies of GPS, the refractive index (polarizability) of
Another form of self-calibration is used to reduce tim- free electrons is far larger than that of neutral gas per unit
ing errors due to the Earth’s ionosphere and plasmaspherégnass. The refractive index of the daytime ionosphere at
a medium of tenuous plasma at altitudes betwe®km  ~300km altitude is comparable to the stratospheric refrac-
and the GPS satellites orbiting at 20 200 km (hereafter weive index at about~20-30km altitude, although the den-
use the term ionosphere exclusively to imply both ionospheresities of these two media differ by more than 10 orders of
and plasmasphere). The ionospheric refractive index intromagnitude. Retrieving atmospheric properties requires cali-
duces delay and delay rate to the GPS signal. Calibratbration of ionospheric effects on the signal, particularly for
ing ionospheric delay is accomplished by tracking the twoclimate benchmark applications applied to the upper tropo-
GPS signal transmission frequencies: L1 (1.575MHz) andsphere and stratosphere. In the mid-to-lower troposphere,
L2 (1.228 MHz). The delay difference between the two fre- residual refractivity or temperature errors due to ionosphere
quencies is caused by the ionosphere, which is calculated tére less than 0.01 % (Kursinski et al., 1997).
high accuracy using well-understood physical principles and Accommodating ionospheric residual bias from a climate
formulas that describe the refractive index dispersion of theperspective is achieved by setting reliable upper bounds on
ionospheric plasma. In contrast, the frequency dispersion ofhat bias, and reducing the bias by algorithmic and data pro-
the neutral troposphere and stratosphere refractive index isessing approaches if possible. To achieve Sl-traceable ac-
negligible at GPS frequencies. Knowledge of the differen-curacy in the presence of uncertain electron density struc-
tial delay between L1 and L2 frequencies is used to calibratgure, robust upper bounds on residual error are needed so that
precisely the ionospheric contribution. all realistic ionospheric density configurations will result in
Residual ionospheric calibration errors remaining after ap-esidual errors less than the bound. We expect that very se-
plying the dual-frequency correction are not negligible for vere ionospheric storms that occur a few times per solar cycle
climate applications. The calibration is degraded by two fac-may violate the upper bound. However, their impact on cli-
tors. First, the L1 and L2 signal raypath trajectories throughmate averages is easily removed by monitoring ionospheric
the ionosphere are not identical. The dual-frequency correcdisturbance levels with widely available resources such as
tion is incomplete if raypath separation is not accounted for.global GPS receiver networks.
Fully accounting for raypath separation requires knowledge Setting an upper bound on residual bias is achievable be-
of electron density gradients along the raypath. Second, theause of the physical nature of the RO retrieval process. Us-
refractive index gradient at each frequency depends on thég physics-based simulation, we can calculate precisely the
magnetic field along the raypath, which is not accounted forerror in the atmospheric retrieval at a given altitude produced
in standard “first-order” calculations of ionospheric disper- by a given electron density distribution in the ionosphere.
sion (so-called “higher-order” ionospheric effects). See Syn-Taking into account the possible range of electron density
dergaard (2000), Vergados and Pagiatakis (2010) and Bassiistributions leads to realistic upper bounds on the residual
and Hajj (1993). error. Implementing this approach is not trivial, and has not
In this paper, we present a detailed analysis of residualet been achieved by the RO research community. This ap-
ionospheric calibration error. We address the impact of rayproach is realistic for large-scale ionospheric structures of
path separation between the two GPS frequencies, caused Itiye kind analyzed here, that are captured in climatological
large-scale electron density gradient structures in the ionoand data assimilation models of the ionosphere. A different
sphere. We perform detailed ray-tracing calculations to an-approach is needed for E-region structures that may bias the
alyze the occulting raypath geometries in realistic electronretrievals, a subject that will be treated in future work.
density structures using realistic transmitter-receiver geome- Small-scale irregularities (10skm) and the presence of
tries. The ionospheric electron density fields are obtainedE-region electron density peaks 120 km altitude) are not
from global climatological and data assimilation models of considered in this paper. The impact of these smaller scale
the ionosphere. Data assimilation is needed to characterizstructures can be significant (Syndergaard, 2000; Hoque and
the ionosphere under geomagnetically disturbed conditionsJakowski, 2010) but have quite different climatological char-
The analysis in this paper represents the first time that ionoacteristics than large scale structure and will be more difficult
spheric data assimilation modeling is applied to a study ofto model in a deterministic fashion. Therefore, for climate
ionospheric calibration accuracy for RO. In the next section,applications, the impact of small-scale structures must be
we discuss the nature of the residual error in more detail. Irtreated statistically. The signature of these structures will
Sect. 3 we describe the analysis method. Results and thebre discernable in the data as fluctuations in the signal am-
discussion are treated in Sects. 4 and 5. plitude, phase and measured total electron content (TEC). A
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future study is needed to determine methods for boundinglelays themselves. (Bending angle is a by-product of the
errors due to small scale variability. measured Doppler shift using geometrical considerations;
In the next sections, we describe the standard GPS apsee Hajj etal., 2002). The impact parameter is the asymptotic
proach to calibrating ionospheric delays, and the causes dfistance of the rays from Earth’s center as they leave the at-
residual calibration bias. We then show the results of ourmosphere (see Hajj et al., 2002 for a definition). The bending
study to quantify residual bias using simulation. Our analy-angle approach largely (but not completely) compensates for
sis should be useful to establishing Sl-traceability in the presthe separation of L1 and L2 raypaths, and provides a more
ence of retrieval bias due to the ionosphere, at least for effectaccurate correction than applying the correction to the mea-
caused by large-scale ionospheric structure (see Fox et alsured GPS phase delays. The following linear combination
2011 and references therein for a discussion of accuracy anaf L1 and L2 bending angles approximates the bending angle
Sl-traceability). of the neutral atmosphere free of ionospheric effects:

2.1 Dual frequency ionospheric correction aneut(@o) = C1a1(ao) — C2a2(ao) (1)
lonospheric correction for GPS measurements is applied us\g:;rﬁg lf(rZO)ui:gioézs(a?()asar:cttR/i|ber;?l?rg 11?Iesari[r;hee:‘1
ing the GPS data itself, by forming linear combinations of the d ' P Y pact p a4

; . . o .~ The constant€’; and C» are functions of the two GPS fre-
carrier phase information at both transmission frequencies. .

S P R N
Geophysical observables derived from GPS radio occuIta-quenc'gsflZand {2 $C1=Fi/(fi - f{) = 2545728, and
= f5/(f{ — f3) = 1.545728 Piecewise cubic interpola-

tion depend fundamentally on the measured Doppler shift a€2 4 .
each GPS frequency, caused by refractive index variationdOn Of the bending angle versus impact parameter at each
within the neutral atmosphere and ionosphere. Differenced/€dUENCy is used to estimate the bending angle at the com-
in the Doppler shift between the two GPS frequencies ard"On Impact parametes. To reduce bending angle noise, an
due to effects of the ionosphere. The physical basis by Whichalgebram manipulation of this equation is formed as follows,
Doppler shift varies with frequency is well understood. Al- USing the factthaCz = (C1—1):
gorithms have_ been developed that use the measurgments(ggeut(ao) = a1(a0) + (C1— 1) (@1(a0) — Fa(ap)) @)
both frequencies to create a new observable that is nearly
free of ionospheric effects, thus creating an observable thaivherew;(ag) and@z(ag) are time-smoothed versions of the
depends only on the atmospheric refractive index (Hajj et al. bending angle time series at each frequency. Typically, the
2002). The algorithms use the fact that, to first order, thesmoothing occurs over intervals of2 s, whereas the high
phase delay incurred by the ionosphere is proportional to theate bending angler;(ag) is computed approximately ev-
inverse square of the signal frequency/Qy. ery 1os based on the size of the Fresnel diameter (Hajj et
Residual ionospheric error occurs because the phase ded., 2002). The overall noise reduction compared to using
lay is not exactly proportional to ¥2. Two primary fac-  completely unsmoothed angles is approximately a factor of
tors cause deviation from the /17 dependence. Higher or- 7. See also Sokolovskiy et al. (2009) for optimized filtering
der ionospheric effects due to the geomagnetic field intro-approaches.
duce 1/2 (cubic) terms in the phase delay that depend on The constant€; and C, are the same as those used in
the geomagnetic field strength and electron density distributhe ionospheric correction formula for phase delay and delay
tion along the raypath. More significantly, spatial gradientsrate. The correction in Eq. (1) works very well if there is
of electron density cause the L1 and L2 raypaths to separate linear relationship between bending angle and phase de-
and sample different electron density distributions (Synderday rate. Raypath separation effects are reduced by inter-
gaard, 2000; Ladreiter and Kirchengast, 1996; Kursinski etpolating to a common impact parametey (Ladreiter and
al., 1997; Gorbunov et al., 1996). The net effect is that theKirchengast, 1996). However, the ionospheric error is not
ionospheric contribution to phase delay does not vary exactheliminated by this interpolation when the ionosphere is not
as 1/f2. Deviation from 12 behavior depends in detail on spherically symmetric. Non-linearity in the relationship be-
the electron density structure of the ionosphere and the detween bending angle and phase delay also contributes to
gree of separation along the occulting raypaths. Thereforeionospheric residual error (Ladreiter and Kirchengast, 1996;
the magnitude of residual error varies with each occultationSyndergaard, 2000; Gorbunov, 1996).
because of ionospheric variability or “weather”. At altitudes below~10 km, due to atmospheric defocusing
In the following paragraphs we describe an approachand reduction of signal amplitude, the L2 signal is often too
widely used to apply the ionospheric correction to ra- weak for robust tracking (Hajj et al., 2002; Kuo et al., 2004;
dio occultation data (Hajj et al., 2002). This approach Mannucci et al., 2006). At such altitudes, Eq. (2) cannot be
is based on a procedure first suggested by Wewvoand applied. In that case, the “smoothed” ionospheric correction
Krasil’nikova (1993). The dual frequency correction is ap- terms in Eq. (2) are extrapolated downward from higher al-
plied to the bending angles at the L1 and L2 frequenciestitudes to continue the ionospheric correction. The altitude
interpolated to a common impact parameter, not to the phaseange of the extrapolation is typically below 8-12 km as the
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second frequency is often lost at about 12 km altitude. A sim-refraction terms affect measurements of total electron con-
ulation study by Mannucci et al. (2006) suggests extrapolatent. In our calculations, the refractive index is calculated for
tion may cause refractivity errors 6f0.05 % near the upper the extraordinary ray, taking into account the orientation of
altitude range where the L2 loss first occurs. the Earth’s magnetic field with respect to the raypath direc-
The ionospheric calibration approach represented irtion.
Eqg. (1) is used in the simulated refractivity retrievals pre- Representative ionospheric electron density distributions
sented in this study. We also analyze bending angles directlhare derived from two sources for this study: the International
for the L1 and L2 frequencies, and compute the residualReference lonosphere (IRI) (Bilitza and Reinisch, 2008) and
bending angle after interpolation to a common impact pa-the Global Assimilative lonosphere Model (GAIM) devel-
rameter. oped at JPL and the University of Southern California (Wang
et al,, 2004). IRl is a widely used climatological iono-
2.2 Residual ionospheric error: L1/L2 path separation  sphere model that provides values of electron density at any
and higher-order effects worldwide location specified by altitude, latitude and longi-
tude. IRI uses as input the F10.7 index, as a proxy for so-
The most significant source of ionospheric bias is that re-lar radiation in the extreme ultraviolet and soft X-ray bands.
fractive index (electron density) gradients along the raypathThe index is based on measurements of solar emittance at
cause the L1 and L2 signals to follow different paths in the 10.7 cm wavelength. IRI electron density distributions rep-
ionosphere (Hoque and Jakowski, 2010); a dual-frequencyesent how electron density varies with solar cycle and lo-
correction of the form Eq. (1) leads to residual errors if ray- cal time, two important factors that determine ionospheric
path separation affects the corrected bending angle. The fullariability. Studies using IRI and other models suggest that
Appleton-Hartree formula for refractive index of the extraor- residual ionospheric effects are largest near solar maximum
dinary ray (e.g. Davies, 1990; Bassiri and Hajj, 1993; Hoquedaytime, but are negligibleq{0.05 K) at nighttime and during
and Jakowski, 2010) is used in our simulations, appropriatesolar minimum, from altitudes 25 km downward (Kursinski
for the right-hand circularly polarized GPS transmission. A et al., 1997).
realistic representation of the Earth’'s magnetic field is used We use the Global Assimilative lonosphere
based on the IGRF model (see IAGA, 2003). Model (GAIM) as an another source of electron den-
sity distribution. GAIM is used to analyze cases that deviate
from average climatological conditions. GAIM is a space
3 Approach weather prediction model patterned after numerical weather
prediction models for the troposphere and stratosphere.
The propagation path of an electromagnetic wave through &AIM uses sources of global ionospheric data such as from
medium such as the atmosphere or ionosphere is determineggPS measurements and other systems to augment climato-
by the refractive index variations in the vicinity of the path. |ogical or physics-based representations. Techniques such
The path deviates from straight-line propagation due to spaas GAIM have already shown great promise in improving
tial gradients in the refractive index near the path. upon climatology to produce three-dimensional maps of
Ray-tracing determines the trajectories of the L1 and L2ionospheric electron density on global scales. We use GAIM
raypaths as they travel from satellite transmitter to the re-assimilation runs during an extreme ionospheric space
ceiver (Born and Wolf, 1980; Budden, 1985). A ray-tracing weather event in 2003 to analyze residual ionospheric errors
algorithm could in principle be used to determine the depen-under extremely unfavorable conditions. Input data for these
dence of bending angle on impact parameter, as is needadins is based on ground-based GPS receivers distributed
for Egs. (1) and (2). Ray-tracing is not typically used in the globally, measuring total electron content above the receiver
retrieval process because it is far more computationally indocations (Mannucci et al., 1998).
tensive than traditional methods. Previous research (Kursinski et al., 1997; Steiner et al.,
We perform detailed ray-tracing studies through represen2001) has shown that residual ionospheric bias can approach
tative ionospheres to study the impact of ionospheric struc0.3K at altitudes between 25-35km during daytime solar
ture on RO retrievals. Ray-tracing permits us to examine howmaximum conditions. Recent research and theoretical work
properties of ionospheric structure impact the retrieval accu{Syndergaard, 2000) indicates that residual bias increases
racy. For example, our study demonstrates that orbit alti-with electron density magnitudes, which are often controlled
tude plays a role in the magnitude of residual ionosphericby the radiance level of the Sun at EUV and shorter wave-
errors. We find that vertical electron density gradients inlengths. Therefore, residual bias depends on the electron
the topide ionosphere partially cancel the effect of gradientaddensity magnitudes assumed. These magnitudes in turn
in the bottomside. Ray-tracing is used in Syndergaard etepend on the assumed solar radiation environment. For
al. (2000) to validate the theoretical treatment of ionospherica given solar radiation environment and quiet geomagnetic
residual found in that work, and is used by Hoque andconditions, electron density magnitudes can often deviate
Jakowski (2010) to determine how higher-order ionosphericfrom climatological behavior by a factor of two (Brown et
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_ ) _ _ Fig. 2. Electron density versus distance along the simulated raypath.
Fig. 1. The altitude of the simulated ray versus distance along thethe curves for L1 and L2 frequencies overlay nearly exactly on this

ray, starting at 2000 km altitude. Zero distance is at the ray tangengcale. The location of the occultation tangent point is shown in the
point. The receiver is on-board CHAMP (400 km altitude orbit).  jnset.

al.,, 1991). Variations of electron density near solar maxi-
mum daytime conditions must be accounted for to set reli-
able upper bounds on the level of ionospheric residual biagl Results
in retrievals. lonospheric storms, which are byproducts of
geomagnetic activity, can increase ionospheric residuals sigA representative occultation raypath has been selected for de-
nificantly compared to quiet geomagnetic conditions. Thetailed study in these simulation experiments. The minimum
residual bias increases for two reasons that often occur sialtitude of the raypath (tangent point) is 60 km. At such high
multaneously during storms: overall electron density valuesaltitudes, ionospheric residuals will produce a significant im-
increase as do their spatial gradients. According to propagapact on retrieval error. The goal of achieving temperature
tion physics (Born and Wolf, 1980), the raypaths followed at biases less than 0.1K is unrealistic at 60 km and higher al-
the L1 and L2 frequencies depend on refractive index magnititudes, limiting the possibility of using radio occultation in
tudes and spatial gradients. Separation of raypaths betweespplications where Sl-traceability is desired at such high alti-
L1 and L2 generally increases under both density increasetides. At lower altitudes, atmospheric bending increases and
and gradient increases for fixed density. lonospheric stormshe impact of ionospheric residuals is less.
also undergo “negative” phases, resulting in a significant de- We have used the end points of the ray-path from an actual
crease of electron density relative to quiet conditions. Duringoccultation acquired by the CHAMP satellite (Wickert et al.,
these periods, we expect the ionospheric residual to decreasg901) on 30 October 2003. The altitude of the ray versus dis-
so we do not explicitly focus on this phase. tance from the tangent point (ray perigee) is shown in Fig. 1.
In the next section we discuss analysis of the ray-tracingThe location of the raypath tangent point is shown as the in-
results under representative quiet and disturbed conditionsset in Fig. 2. A severe geomagnetic storm was in progress on
Our emphasis is on daytime solar maximum conditions wherdo October 2003. Very large ionospheric total electron con-
the ionospheric residuals are largest. Simulations for nighttent and electron density spatial gradients were detected by
time and solar minimum are not considered. We show ina ground-based GPS receiver network in the vicinity of the
detail which parts of the topside and bottomside ionosphericoccultation ray-path (for details, see Mannucci et al., 2005).
electron density profile are cause for greatest raypath sepfhis particular occultation geometry was selected to coin-
aration, not considering the impact of pronounced E-layerscide with extreme ionospheric conditions as represented by
which are important also. the GAIM.
In the following we provide detailed simulation results
for L1/L2 ray-path separation. We show results using the
IRI-95 climatological model and using GAIM updated with
TEC measurements from the ground to represent storm-time
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present in the IRI-95 climatology. the ray leaves the transmitter.

4.1 Results using the International Reference
lonosphere bending angle follows a similar overall pattern for the two
frequencies. Several features are notable. NeE800 km,

The IRI-95 model was run for 30 October 2003. The F10.7the accumulated bending angle approaches very low values.
solar flux index on that day was 267 (adjusted value), a veryAt this point along the raypath, the bending due to the top-
high value exceeding by48 % the average F10.7 value dur- side ionosphere is nearly compensated for by the oppositely-
ing solar maximum years 2000-2001. The electron densityirected bending in the bottomside, yielding a small net
encountered along the raypath is shown in Fig. 2. The twobending value. Shortly after this minimum, the raypath drops
peak structure is a result of twice traversing the ionosphericdbelow 100 km, effectively exiting the ionosphere. The bend-
“annulus”, as shown schematically in Fig. 3. In Fig. 2, the ing angle increases slowly due to the residual density from
electron densities for the L1 and L2 paths differ impercep-the extrapolated IRI profile. The raypath reenters the iono-
tibly due to the slightly different raypaths and do not ap- sphere on the bottom side at1000 km distance, at which
pear in this figure. The two electron density peak values octime bending angle increases rapidly again. The electron
cur when the raypath is traversing altitudes 260 and 250 kmdensity peak is reached-atl900 km distance, at which time
near the altitudes of peak electron density in the model (se¢he bending angle direction begins to reverse again. The net
right panel, Fig. 12, for vertical electron density profiles from bending angle at the receiver 480.13 millirad for the L1
the IRI-95 output near the tangent point). Electron densi-frequency, reached at2200 km.
ties were linearly extrapolated downward from altitudes of The retrieval of geophysical parameters depends on the
100 km since the model run cuts off abruptly at that altitude.accumulated bending angle at the location of the GPS re-
For this study, we determine the end points of the ray-pathceiver, which is generally orbiting at a radius within the iono-
from an actual CHAMP orbit when the satellite altitude was sphere. Since the accumulated bending angle does not in-
400km. We will show later that the altitude of the receiver crease monotonically, certain altitudes for the GPS receiver
has an impact on the magnitude of the ionospheric residuaire more favorable for obtaining low residual biases. For this
bias. example, altitudes near 195 km yield zero bending angle due

The accumulated bending angle along the raypath for theo cancellation from the topside and bottomside ionosphere.
L1 and L2 frequencies is shown in Fig. 4. The bending an-The altitude of this complete cancellation will vary with elec-
gle is with respect to the direction that the raypath leavestron density distribution. More generally (and realistically),
the transmitter. The angle differs significantly between thehigher altitudes above the F2 peak density (above 500 km)
two frequencies because of the frequency-dependent refraavill result in more cancellation of the accumulated bending,
tive index according to the }? law. The accumulated as can be seen by the bending angle trends near the end of the
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(compare to Fig. 2).

raypath in Fig. 4. The reduced residual ionosphere at h'ghefs discussed later for a low-Earth orbiter (LEO) at COSMIC
altitudes is further discussed in Sect. 4.3. altitudes (780 km versus 400 km for CHAMP).

The linear combination of bending angles atthe L1 and L2
frequencies (Eq. 1) produces an estimate of bending causetl2 Global assimilative ionosphere model — major
solely by the neutral atmosphere. Electron density gradients ionospheric storm
along the L1 and L2 raypaths result in imperfect cancella-
tion of ionospheric effects when this formula is applied. In We use the GAIM to assess the impact of significant elec-
Fig. 5, we plot the residual bending angle calculated fromtron density gradients that occur during geomagnetic storms,
our ray-tracing simulation, assuming the dual-frequency cor-conditions that are not generally captured by the IRI. Plots
rection is applied. Deviations from zero in Fig. 5 are a mea-analogous to those just described for IRI are Figs. 6-8. The
sure of ionospheric residual due to raypath separation antransmitter-receiver locations are identical in the two cases.
higher-order ionospheric effects, either positive or negativeThe GAIM assimilates total electron content (TEC) data
depending on whether the dual-frequency correction underfrom the global network of Global Positioning System (GPS)
estimates or overestimates the actual bending angle, respeground receivers and thus captures, at least approximately,
tively. The residual bending changes rapidly as the raypatthorizontal electron gradients and magnitudes that occurred
enters and exits the first ionospheric traversal. On exitingduring the storm. The GPS TEC data captures storm condi-
the ionosphere, the residual bending remains nearly constaions that occurred on 30 October 2003. The storm is charac-
with a small bias of~—3 x 1078 radians. The structure of terized by large TEC daytime values, enhanced spatial gra-
the ionosphere results in a fortuitous cancellation of bend-dients and vertical “uplift” of electron density as reported in
ing angle from the top and bottomsides, as discussed befordMannucci et al. (2005).
Bending angle residual magnitude again begins to increase The GAIM results confirm that electron densities reach
as the raypath enters the bottomside for the second timérger magnitudes compared to quiet time. Electron densities
(~1000km). For this second traversal, cancellation in thediffer significantly between the two traversals of the trans-
topside barely occurs since the satellite is orbiting near thaonospheric propagation (Fig. 6). Peak electron density in
altitude of peak density. At the receiver, the residual bend-the entrance lobe of the ionosphere is slightly lower than IRI
ing is ~—6 x 108 radians, which is the value relevant to in the storm-time case represented by GAIM. In the second
retrieval error. If the receiver were at higher altitude, bend-lobe, the peak electron density is a factor of 1.75 larger in the
ing cancellation would occur similarly to what occurs in the storm case compared to IRI. Bending angle (Fig. 7) for the
first ionospheric traversal, reducing the overall impact of thestorm case is significantly larger in the second lobe compared
ionosphere on the retrieval. The impact of satellite altitudeto the first lobe.
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assuming GAIM electron density distribution. Compare to Fig. 4.

0.2 : : : with the storm-time redistribution of plasma are a likely con-
tributing factor to the increased residual in addition to the
overall scalar increase in electron density associated with the
0.1t | storm. Rapid fluctuations in the residual (ne&000 km and
1500 km) are due to numerical noise that arises when spa-

%‘g tial refractive index derivatives are computed from the GAIM

5 00 1 electron density grid.

9

S . . .

- 4.3 Spacecraft orbit considerations

o 0.1

C

g The orbital altitude of the GPS receiver is a significant factor

£ determining the magnitude of the ionospheric residual. The

s 0.2 analysis of the previous section shows that ionospheric bend-

@ ing in the topside ionosphere is of opposite sense to bending
03l in the bottomside, leading to partial cancellation. The degree

of cancellation depends on spacecraft altitude. The analysis
just concluded is performed for a spacecraft at the CHAMP
altitude of 400 km. We have also computed residual iono-
spheric effects for a LEO at 780 km altitude, corresponding
to the final altitude of the COSMIC satellites.
Fig. 8. Residual bending angle after the dual-frequency correction Figure 9 shows the electron density along an occultation
(Eq. 1) is applied, GAIM case. Compare to Fig. 5. ray-path for the storm day, IRI case, assuming a spacecraft at
COSMIC altitude of 780 km (versus 400 km for CHAMP).
The COSMIC raypath tangent point is at approximately the
Residual bending angle after correction for the storm casesame location as CHAMP (within 1 degree), but the orienta-
is shown in Fig. 8. The residual follows a similar func- tion is +233 with respect to North. For CHAMP, the orien-
tional form for the IRI case. The bending angle affect- tation angle is +137 Orientation angle affects the electron
ing the retrieval is the value at the receiver location atdensity gradients encountered along the raypath.
the ray end-point. This final value is significantly larger = The COSMIC altitude is significantly above the altitude of
in the GAIM case £—2.1x 10~/ rad), compared to IRl  peak electron density{400 km). The electron density traces
(~—1.5x 10~/ rad). Electron density gradients associated for the first and second lobes now show similar structure. For
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0.2 ‘ ‘ and L2 signal paths that are propagated to a simulated
receiver location at 400 km (CHAMP) or 780 km altitude
(COSMIC). As described above, the IRl or GAIM electron
density models were used for the ionospheric ray-tracing cal-
culation. A spherically-symmetric (radial dependence only)
refractivity profile from ECMWF analysis was used for the
atmospheric ray-trace calculation, representative of condi-
tions on 31 October 2003 near the occultation tangent point
at 00:00 UTC (the exact atmospheric profile used is not rel-
evant to the analysis). The standard retrieval process is then
performed on L1 and L2 phases after perfect subtraction of
geometrical distances and assuming perfectly known clocks.
After calculation of bending angle at each frequency, the
standard ionospheric dual-frequency correction is applied to
the bending angles interpolated to common impact parameter
(Eq. 1). The retrieved atmospheric refractivity is differenced
with the input refractivity. The net result is an estimate of
the refractivity residual resulting from imperfectly calibrated
ionosphere. We restrict our study to altitudes greater than
Fig. 10. Residual bending angle after the dual-frequency correction20 km, since below that altitude the retrieval bias due to the
is applied, GAIM case, for a spacecraft at COSMIC altitude. ionosphere decreases rapidly.
Simulation results are shown in Fig. 12 (left panel), for

the GAIM and IRI cases corresponding to 30 October 2003.
both lobes, the electron density is approximately symmetricThe raypath geometry is the same as used for the CHAMP
about the peak. Bending cancellation will be more completecase studies. The reason for altitude growth in refractivity
between bottomside and topside. In the comparable CHAMPbias is that the ionospheric residual remains relatively con-
case (Fig. 2), the electron density at the receiver is close tstant with altitude, whereas the atmospheric signal decreases
the peak value at the second lobe. Bending that occurs orapidly with altitude. The net result is larger retrieval bias
the bottomside is not cancelled by bending on the topsidedue to the ionospheric residual as altitude increases. Ran-
The resulting ionospheric residual bending for the COS-dom error also increases with altitude, an effect which is not
MIC case (780 km altitude) is shown in Fig. 10. The resid- included in this simulation.
ual bending at the spacecraft location in the COSMIC case Fractional refractivity errors between 20-40 km altitudes
(~—7 x 10-8 rad) is approximately half the CHAMP value are significantly larger for the GAIM (storm) case compared
(~—1.5x 10~/ rad). More significantly, residual bending to IRI, as expected. The temperature errors resulting from
angle in the COSMIC case is clearly reduced by the highetthese refractivity biases are not directly available because
orbit altitude compared to CHAMP. In the CHAMP case, the they depend on additional factors such as the pressure used
residual bending angle at the receiver location is 91 % of itsto initialize the hydrostatic integral. As a general rule, tem-
peak value (Fig. 2), versus only 60 % of the peak value inperature errors scale with refractivity error using a factor of
the COSMIC case (Fig. 10). If the COSMIC receiver were at ~200 (e.g. Fig. 9 of Kuo et al., 2004). Thus, the storm time
CHAMP altitude (2089 km distance along ray), the reductionrefractivity biases due to residual ionosphere will produce

Bending Angle (microrad)
o o
o =

S
=

%600.0-4000.02000.0 0.0 2000.0 4000.0
Distance Along Ray (km)

in residual compared to the peak would be 77 %. temperature errors of approximately 0.3 K at 30 km altitude
(0.12 % refractivity error), whereas during quiet time tem-
4.4 Retrieval error perature errors will be closer to 0.1K. The storm-time er-

rors are unacceptably large for climate trend research at al-

The case studies in Sects. 4.1-4.3 illustrate the detailed deitudes of 30 km or higher. Kursinski et al. (1997) reported
pendence of ionospheric residual on large-scale ionospheri0.12 % refractivity error due to residual ionosphere at 30 km
structure and raypath geometry. In this section, we performaltitude for quiet-time solar maximum daytime conditions,
an end-to-end simulation to calculate the error in refractivity versus 0.05 % we find using IRI. Kursinski et al. (1997) used
retrieval due to the ionospheric residual. We perform a full one-dimensional raytracing through a Chapman layer rather
ray-trace calculation through both the ionosphere and atmothan the higher-fidelity IRI electron density model. These
sphere and generate simulated data for use in the retrieval atlifferent results may be consistent with the fact that different
gorithm, applying the bending angle correction as describedonospheric electron density models are used and the sensi-
in Egs. (1) and (2). tivity to electron density vertical gradients.

The end-to-end simulation system is diagrammed in Care is exercised in our retrieval simulations to ensure that
Fig. 11. Ray-tracing is performed separately for the L1ionospheric residual is the dominant error source. Another
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Fig. 11. Processing chain for the end-to-end simulation.

major error source that affects retrieval accuracy at high al- It is useful to consider the impact of electron den-
titude is initialization of the Abel transform used to compute sity variation on the retrieval accuracy. The right panel
refractivity from bending angle (Hajj et al., 2002). The upper of Fig. 12 shows the electron density profiles near the
limit for the Abel transform is formally infinite. Often, an ap- occultation tangent point (33, 97° W) for the GAIM and
proximate functional form for the bending angle vertical pro- IRI cases. Storms are not the only cause of electron density
file is used (e.g. exponential decay) to extend the integral invariation in the ionosphere. Variable solar insolation (X-ray
altitude. Alternatively, climatological models of the neutral and extreme ultraviolet wavelengths) and local “ionospheric
atmosphere might be used to compute bending angles at higlveather” factors modulate electron densities during nominal
altitudes. Both of these methods of extending the Abel transconditions also. Such modulation can reach factors of two
form beyond the altitude of the highest bending angle meaeven for a common local time (Brown et al., 1991). Natural
surement introduce error in the retrieved refractivity profile. ionospheric variability and its representation in simulations
may be affecting the results of different simulations appear-
To avoid retrieval error due to extrapolation, the following ing in the literature (e.g. Kursinski et al., 1997; Steiner et
procedure is followed here. The retrieved refractivity pro- al., 2001). Refractivity bias due to ionospheric residual will
file is based on bending angle profiles derived from the ray-generally increase with increasing electron density, of which
trace calculation through the appropriate ionosphere (GAIMstorms can provide an extreme case (right panel, Fig. 12).
or IRI). This computation of refractivity requires the Abel  The ionospheric storm of 30 October 2003 is an extreme
transform, which we truncate at 70 km altitude rather thancase producing large electron density gradients and magni-
“infinity”. This truncation introduces some error in the re- tudes during daytime at particular times and locations. Such
trieval that is not due to ionosphere. To compensate, thdarge storms typically occur only a few times per 11-yr solar
“truth” refractivity we use contains the same truncation er- cycle (generally during the declining phase of the cycle). Itis
ror, so that truncation error does not contribute to the dif-instructive to consider their impact on the retrieval although
ferences shown in Fig. 12. The modified truth refractivity such large storms do not pose practical problems for radio
is derived, via Abel, from a “truth” bending angle profile. occultation measurements used for climate monitoring. The
The truth bending angle profile is then truncated (set to zeropresence of large storms is easily detected and removed from
above 70 km altitude prior to the Abel being applied. (This climate averages with negligible effect. This study suggests
truncation is similar to what is performed for bending an- that monitoring space weather conditions is important and
gles from the raytrace simulation). The modified truth bend-that during severely disturbed conditions, atmospheric vari-
ing angle is computed exactly from the input truth refrac- ables from RO such as temperature and pressure should be
tivity (ECMWEF) via the inverse Abel transform extended to excluded from climatological averages. We emphasize that
100 km altitude. Therefore, truncating the truth bending an-these comments apply to large-scale ionospheric structure.
gle at 70 km and then applying the Abel transform guarantee§ he impact of E-region electron density gradients is likely
that the modified truth refractivity and the refractivity from more significant during quiet conditions that are present the
raytracing contain the same Abel truncation errors. majority of the time.
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Fig. 12. Left panel: retrieval simulation results plotted as refractivity fractional error, for the IRl and GAIM cases. CHAMP satellite
geometry is assumed. Right panel: vertical electron density profiles near the occultation tangent point.
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Fig. 13. Left panel: refractivity error assuming unity refractive index at the receiver, versus using the actual refractivity given by the GAIM
electron density estimate, for the CHAMP raypath geometry. Right panel: same as the left panel but for the COSMIC raypath geometry.

Retrieval error is also affected by an assumption made thaalso included here, unlike in Fig. 12). The left panel shows
the refractive indices at the receiver and transmitter are botlthe CHAMP case, whereas the right panel shows the case
unity (Hajj et al., 2002). While unity holds at the transmit- for COSMIC. The retrieval difference is very significant for
ter, refractive index is not unity at the receiver, particularly the CHAMP case, but negligible for COSMIC. Therefore,
when the receiver is near the peak ionospheric electron dersatellites that orbit near the peak electron density such as
sity, as is the case for CHAMP. Figure 13 shows the con-CHAMP are more susceptible to residual ionospheric error
tribution to retrieval error from the assumption that refrac- for two reasons: the lack of topside/bottomside cancellation
tive index is unity at the receiver, for the GAIM case. (The discussed in Sect. 4.3, and the assumption that refractive in-
contribution to retrieval error from truncation of the Abel is dex is unity at the receiver. Clearly, retrieval methods that
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reduce the impact of ionospheric residual need to accoun€ontinuing efforts are encouraged to develop algorithms that
for refractive index at the receiver, at least for receivers neareduce the ionospheric residual error using improved al-
the topside ionosphere. gorithms and techniques (Ladreiter and Kirchengast, 1996;
Gorbunov et al., 1996; Syndergaard, 2000). As discussed
by Gorbunov et al. (1996) the bending angle correction for-
5 Discussion mula (Eq. 1) implicitly relies on a linear relationship between
bending angle and phase delay due to the ionosphere. Such
This analysis shows that details of the electron density distrifinearity is violated by raypath separation and non-spherical
bution and orbit altitude are two major factors in determining symmetry of large-scale ionospheric structure. Clearly there
biases that occur due to ionospheric residual, affecting uppesre opportunities for robust correction algorithms that im-
troposphere and lower stratosphere atmospheric retrievalgrove upon Eq. (1).
lonospheric residual is sensitive to spacecraft altitude since \We emphasize that this study is restricted to ionospheric
the vertical distribution of ionospheric electron density canresiduals due to large-scale structure. Recent work (Zeng and
reach a peak near orbital altitudes of low Earth orbiting re-Sokolovskiy, 2010) has emphasized the impact of small-scale
ceivers. Residual error accumulated as rays traverse the botructure in the E-region{120 km altitude). Such structures
tom side ionosphere below the peak density tend to canceire not part of the current study since neither the IRI nor
residual error of opposite sign as the ray traverses the topsidg AIM models reproduce them effectively. Fortunately, for
above the peak. For spacecraft near the peak electron degtimate applications the presence of these structures gener-
sity altitude, such as CHAMP~{400km), there is minimal  ally produces distinct fluctuations in the data, so that miti-
topside/bottomside cancellation. Satellites orbiting near thQ‘Jating approaches can be devised. Further work is needed to
peak of electron density are also more susceptible to the erragharacterize the frequency and distribution of such structures
made by ignoring refractive index at the receiver. in the context of global climate monitoring. We note also
We have for the first time used an ionospheric data assimithat at high altitudes, initialization of the Abel integral may
lation model to assess ionospheric residual during storm conalso introduce significant errors in the retrieval (Hajj et al.,
ditions. As expected, residuals increase significantly for con-2002). These errors are likely to have a different impact than
ditions characteristic of the major disturbance known as theionosphere on climatological averages formed from RO data.
“Halloween Storms” of 29-30 October 2003. For long-term |t is likely that long-term climate records will combine
climate applications of GPS data, it is important to removea mix of RO satellites orbiting at varying altitudes. Our
such active periods from climatological averages. The numanalysis shows a significant impact of orbit altitude on the
ber of such excised days is likely to be insignificant if only magnitude of ionospheric residual bending. Therefore, care
the most extreme events are considered, which typically permust be exercised when creating the long-term record, to
sist 1-2 days and occur perhaps 5-10 times per 11-yr solagvoid small systematic biases that might vary with mission.
cycle. Further research is needed to understand how the fultlearly, this matter is tied to the overall question of reduc-
spectrum of ionospheric disturbances can affect the residughg ionospheric residuals to achieve greater margin for error
error during the declining phase of the solar cycle, since itin forming climate averages from RO data. As part of this
is likely that moderately disturbed conditions have an impactmargin, we recommend that ionospheric activity indices be
also. We note that recent solar-terrestrial research shows th@bnsulted to make sure that increased ionospheric activity is
during the declining phase of the solar cycle moderately acnot affecting the record.
tive conditions can persist for days to weeks. These long-
duration, mild geomagnetic conditions are due to the pres-
ence of coronal holes, which migrate to lower latitudes oné Conclusions
the solar surface during the declining phase (Tsurutani et al.,
2006). We have performed a detailed propagation study for GPS
This study generally agrees with past efforts in charac-signals in an occulting geometry to gain insight into the
terizing the magnitude of the ionospheric residual on re-sources of residual ionospheric bias affecting upper tropo-
trieval error. However, there is a spread in past researctsphere/lower stratospheric retrievals. This is the first study
likely due to the detailed assumptions used regarding ionoto address the case of severe geomagnetic storms that cre-
spheric structure, the magnitudes of electron density considate large electron density magnitudes and spatial gradients
ered, and whether E-region layers are included. We believén the ionosphere. The large resulting retrieval bias suggests
that even at 20 km altitude, ionospheric residual remains todhat monitoring ionospheric conditions is a necessary prereg-
large for climate monitoring applications during daytime so- uisite for long-term climate observation with RO, to excise
lar maximum conditions. Although past studies may cor-those periods from the record where the level of ionospheric
rectly conclude that RO is ready for observing long-term cli- disturbance is unacceptably high.
mate (Steiner et al., 2001; Steiner et al., 2009), we believe We find also that orbit altitude affects the bias, poten-
“the margin for error” is too narrow and should be safer. tially in a significant amount (inter-satellite differences could
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easily exceed 25 % or more, depending on details of the orbit inverse problems, Rep. Max Planck Inst for Meteorol., No. 210-
altitude and altitude of peak ionospheric refraction index). 5_9, Hamburg, Germany, 1996. _
Care must be exercised to account for possible bias differHajj, G. A., Kursinski, E., R., Romans, L. J., Bertiger, W. I., and

ple satellite time series of data. GPS occultation, J. Atmos. Solar-Terr. Phys., 64, 451-469, 2002.

Th f df limat itori licati is t Hajj, G. A., Ao, C. O, lijima, B. A., Kuang, D., Kursinski, E.
€ way forward for climate monitoring applications IS to R., Mannucci, A. J., Meehan, T. K., Romans, L. J., de la Torre

develop a strategy for setting robust upper bounds t0 i0N0- y,4re; M., and Yunck, T. P.: CHAMP and SAC-C atmospheric
spheric residual bias under a wide variety of solar and ge- qccuyltation results and intercomparisons, J. Geophys. Res., 109,
omagnetic conditions. This upper bound is the means by D06109,doi:10.1029/2003JD003902004.

which RO retrievals can maintain Sl-traceability in the pres-Hayashi, H., Furumoto, J. I., Lin, X. N., Tsuda, T., Shoji, Y.,
ence of ionospheric effects. Given the size of the bias above Aoyama, Y. and Murayama, Y.: Validation of Refractivity Pro-
25km, it is highly desirable to develop ionospheric correc- files Retrieved from FORMOSAT-3/COSMIC Radio Occultation
tion a|gorithms that are more accurate and robust than the Soundings: Preliminary Results of Statistical Comparisons Uti-
standard dual-frequency bending angle correction. Even with Iizi_ng Balloon-Bo_rne Observations, Terrestrial Atmos. Ocean.
improved algorithms, there will be disturbances for which  S¢i- 20, 51-5840i:10.3319/ta0.2008.01.21.01(f32p09.

the residual bias is unacceptably large and in such cases tH&S W- Y- Ho, S. P, Chen, H. B,, Zhou, X. J., Hunt, D., and Kuo,

RO retrievals should not be included in | t limat Y. H.: Assessment of radiosonde temperature measurements
retrievals shouid not beé included in long-term climate av- -, o upper troposphere and lower stratosphere using COS-

erages. This implies that some form of space weather moni- \u.c radio occultation data, Geophys. Res. Lett., 36, L17807,

toring should be implemented as part of the climate observa- doi:10.1029/2009g1038712009.

tion strategy, to ensure that disturbed conditions do not playHoque, M. M., and Jakowski, N.: Higher order ionospheric propa-

a disproportionately large role in the climate averages. gation effects on GPS radio occultation signals, Adv. Space Res.,
46, 162-173d0i:10.1016/j.asr.2010.02.013010.
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