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ABSTRACT

The GPS/MET experiment, which placed a GPS receiver
in alow-tarth orbit tracking the GPS in an occultation
geatnetry, has collected thousands of occultations since its
launch in Aprilof 1995, Bach occultation can be inverted
to give an clectron density profile in the ionosphere,
temperature and pressure profiles in the lower mesosphere,
stratosphere and  upper tropospher e, and water vapor
density profiles in the lower troposphere.

This paper gives a summary of the ionospheric effect.$ on
tile GPS/MIiT signal and examines somne of the retrieved
electron dengity profiles. Wc examine the bending induced
by the ionosphere on the occulting signal and the
resulting separation Of the two GPS links cotresponding
to the I, | and1.2 phase signals. Wc also examine the
amplitude scintillation caused by sharp layers at the
bottom of the. ionosphere. We briefly describes the Abel
inversion method for obtaining the index of refraction and
show several examples of electron densit y profiles and
comparisons to profiles derived from the Paramet: ized
Jonosphet ic Model (3’1 M) and to incoherent scat ter radar
measurements.

1. INTRODUCTION

Since its launch in April 1995, the GPS/MET
expetiment, which placed a GPS receiver in alow-Earth
orbit racking the GP'S in an occultation geometry, has
collected thousands of occultations. A sizable'fraction of
these occultations have been analyzed to assess the.
benefits of the GGPS radio occultation technique in the
areas of ionospheric and neutral atmospheric remote
senstng and t0 recommend changes to futut e generation
flight receivers.
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Fig. 1. Occuhation geometry defining «, r, a and the
tangent point and showing the separation of the 1.1 and 12
signals due to the dispersive ionosphere.

"The basic concept of the GPS radio occultation technique
isasimple one. When the LI and 1.2 GPS signals
propagate through the Earth’s atmosphere as the GPS
satellite is setting or rising with respect to a receiver in
low-Farth orbit [Fig. 1] the signals’ phase and amplitude
are affected in ways that arc chaacteristic of the index of
refraction of the propagating media.  When the entire
signal isin the ionosphere, (i.e. the tangent point is above
~60 km) a single frequency is sufficient to obtain a
vertical profile of the index of 1efraction in the ionosphere
from which electron density can be derived. To obtain
such a profile, certain assumptions regarding the




hotizontal variability of the index of refraction ought [obe
made. In the absence of any other information, a first-
order solution can be obtained by assuming spherical
symmetry.  Then, the inversion methodrelies on
estimating the bending -of the occulting signal which is
derivedirom isolating the excess Doppler shift induced by
the atinosphere. The index of Infraction is then derived
from bending via an Abelinteg ral transform.  This
method has been applied extensively in NASA'’s planetary
occultation experiments [see e.g. Fjeldbo, 1971 anti Tyler,
i 987].and was inherited from the area of geological
mapping of the Barth’sinterior.  The same technique is
applied when the signal passes through the neuvtral
atmospher e (tangent point below -60 km). The only
difference is that in this situation two fiequencies are
needed to calibrate for the overlaying ionosphere and
isolate the neutral atmosphericbending.  Oncethe neutral
atmosphet ic refractivity (which is proportional to density
imthe absence of water vapor) is obtained, the neutial
density can be integrated vertically to obtain the pressure
at a give height, Theideal gaslaw can then be used to
derive temperature as a function of height. In the presence
01 significant ammounts 01 water vapor (such as in (he
lower tropospheie), independent temperature data can be
used in order [0 derive watet vapor density.

The details of how the G1’S/MET signal is calibrated in
ordet to isolate the atmospher ic effects on the occulting
signals are given elsewhere [Hajjet al., 199 §]. Some
carly results of temperature rettievals anti comparisons 1o
atmospheric nodels and radio osondes demonstrated that
GPS/MET temperature profiles are accurate to better than
2K between -5-30 altitudes [Kursinskiet a., 1996a; Warc
et al., 1996). Theoretical estimates of temperature
accuracy achievable with the GPS occultation technique
are at the sub-Kelvin level below 40 ki down 10 heig hts
where specific humidity is negligible {Kursinski et al.,
i 996 b). In the lower-troposphere, the GPS occultation
data can be used to derive water vapor by constraining the
temperature based on a numerical weather model.  The
accuiracy obtained this way is between 5-50% depending
on season, latitude and he ight which cie.firm the abundance
of water vapor[Kursinskietal, 1995]. Another variable
which is very useful to meteorological and climatological
models is the geopotential height for a given presswe
level. Geopotential heights derived from GPS/ML T are
demonstrated to be accurate to better than 20 meters
[l .eroy 1996].

In this paper we examine some aspects of the radio
occultation signal as it propogates through the
ionosphere, 1Tun section ? we will examine the bending of
the GPS phase signal and the separation of the 1.1 anti 1.2
links in the ionosphere. 1n section 3 we willstudy the.
coverage of the GI’S/MET anti examine some retrieved
electron density profiles. in this section we will also
exantine the amplitude of the. I.1and12 signals and
deduce some information abo ut sharp layers a (tie bottom
of the ionosphere..

2- BENDING AN]) SIGNALSIIPARATION IN
THI. TONOSPHERE

In the ionosphere, the index of refraction fot the phase is
give by the Appleton-Hartree formula which can be
expended in powers of inverse frequency to yield

n:j - 40.3><—”"

f2

(1)

whete nisthe index of refraction, n, is the electron density
in m™ and f is the operating frequency in Hz. Based on
Snell’s law, the bending of the signallocally is in the
directionof the refractivity gradient. Ina general and
approximate sense, the gradient of refractivity in the
ionosphere IS pointing upward above the 12 and downward
below the same peak. Therefore, the GPS signals wili
eencrally bend upward anti downward above anti below the
12 peak respectively. Examining the bending of the GPS
I.Isignalfor 6 1 GP’S/MYT occultations that take place
on May 4, i 99S, we observe the following features[Fig.
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lig. 2: Bending induced by the jonosphere onl.1signal
for 61 globally distributed occultations on May 4, 1995.
Negative bending is defined to be toward the Barth’s
center.

I-The bending varies about two orders of magnitude
between 0,0001-0.01 degrecs (cannot be seenfromFig. 2)
depending on time-of-day and geographicallocation of the
occultation consistent with variations of election density
profiles with the saie variables. Since 1995 falls near a
solar-minimuim condition, the largest bending of figure 2
can be an order of magnitude smaller than the
corresponding solar-maximum condition,

2-The highest pecak in bending which is associated with
the }2 peak vat ies in height between ~250-400 km which



is consistent withionospheric profiles & different latitudes
and local times.

3-With negative bending defined 1o be toward the earth,
the signal bends away from (toward) the Ear th above
(below) well defined peaks in the ionosphere such as the
I:1,12and the F peaks. Since the bending of the signal
depends on the gradient Of the refractivity (which is
vertical to first order), one expects to See a change of sign
in the bending of the tangent point sample through a
peak

4-The largest absolute bending for this particular day is
~0.03 degrees which corresponds to the signal just
descending below thel ~-layer. The fact that the bending
induced by the F-layer is larger than that of the F2is duc
to the very short scale of the Li-layer which makes the
refractivity gradient largest there.

5-71"here is very sharp variation of bending which is
associated with the li-1ayer,

6-The tails a the bottom end of al these curves coincide
and starts to grow in magnitude due to the neutral
atmospher i€ bending which starts to dominate at about 50
knr altitude.

Themoststiiking feature of these data is how sharp the
signature is around the E- (or sporadic 1i-) layer, 1liven
though detetmination of the magnitude of the H-peak
electron density might be obscured due o the overlaying
Tayers (inversion of bending to obtain electron density will
be discussed in the next section) the height of sharp ¥
layers can be determined very accurately. The bending
derived from the time. derivative of phase provides one
piece of information on the location of sharp layers inthe
ionosphere.  The other piece of infor mation can be
obtained from examination of the amplitude of the
received phase which will be disc ussed in the ne xt section.
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Fig. 3: Electron density retrieved from occultation and the
contesponding amount of 1,1 anti 1.2 signal vertical
separation

Rending for 1.2 signal is afactor of 1 .65 (= square of the
ratio of I, Ito 1,2 fiequencies) larger (see Fq. ((1)). This
dispersive nature of the ionosphere causes the | . lTandl.2
signals to travel two slightly different paths and therefore
sample different regions (see Fig.1). This causes the
tangent points of' the two links to be at different heights
in the atmosphere a a specific time.  Assuming spherical
symmetiy of electron density anti perforining the Abel
uansform, the electron density profile andthe height of
the tangent point at a particular instant during the
occultation can be solved for. Fig.3 shows an example
of anelection density retrieval obtained from GPS/MET
for an occultation taking place near -6N latitude and 2281
longitude around 20:04 UT of May 4, 1995. 7T'he
corresponding local time is 1 | :01. Also shown on the
figure is the separation between the 1. | anti 1.2 tangent
points as a function of altitude. In the neighborbood of
the 12 peak, the relative position of thetwo signals
change due to changing direction of bending. Above. the
12 peak, since the bending IS generally up ward, the 1.2
tangent point will always be lower that the 1,1, The
situation reverses when the signal tangent point is below
the V2 peak. For this particular profile, the maximum
sepatation IS of order 300 meters and it scales linearly
with the amount of bending a signal  experiences.
Therefore, one can expect scparations that are tWo orders
of magnitude smallet (as seen with the bending) or onc
order of magnitude larger during solar- max day-time.
There is one positive and one negative implication to this
separation. The positive implication is that the sepiwration
Of the two signals can bc used to ded uce some information
on the horizontal variation of the ionosphere. This is a
topic which will be discussedundera sepal-ate paper. The
negative implication is that in the ncutral atmosphere,
where the two signals are needed to calibrate for the
ionosphiere, a bigger ionospheric residual will remain in
the “neutral atmospheric” bending when the separation of
the two signa is large. in fact, unless a higher-order
cotrection is made to the signal, the ionosphere canbe the
biggest limiting enror source a altitudes above --40 km
during solar-max day-time conditions [Kursinski €t al.,
1996b).

3. OCCULTATION COVERAGE
FLECTRON D E NSITY PROFIILING

AN])

A single antenna in a low-Earth orbit (I HO) tiacking GPS
with a360° field-of-view will observe about 500" globally
distributed occultations per day. Due to a narrowes field-
of-view of the GPS/MET antenna (2 30°) and memory
liniitations  on board the satellite, only 100-200"
occultations per day are collected from the GPS/MET. A
representative coverage Of the occultations for one. day is
shown in sun-fixed coordinates in Fig. 4, where each line
corresponds to one occultation intersecting the ionosphere
between 100-400 km altitude.

Because the coverage is shownas a function of sun-fixed
longitude (0 sun-fixed longitude corresponds to noon local



time), and the fact that the occultations are scauered
around the 1L.EO orbit, the occultations arc concentrated
around the ground track of the G P S/MIiT satellite. Al
mid- and low-latitude the 1.EO samples the ionosphere at
abo ut the same latitude. and local time for every 1 1O
revolution, This local time will precess slowly with [he
precession of the 1 10O orbit. For GPS/MET, it takes | 10
daysforalull prt’ cession of’ the satellite; therefore, it takes
half of this period to sample the Earth at alllocal times
formid- and low-latitude. On the other hand, at high
latitude, the same 12 hour period iS Sampled for a given
hemisphere (€.g. in Fig. 4 the northern hemisphere is
always sampled between nootvand midnight local time
whereas the souther 11 hemisphere 1S sampled between
midnight and noon local time). It takes half of the
precession period to reverse the sampling geometry.
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Fig. 4: (i} "SIMI II" coverage in sun-fixed coordinates in 24

hours, May 4, 1995.

The width of the spread of occultations around the 11O
track isdetermined by the width of the field-of-view of the
receiving antenna and the distance to the limb. For a 730
kin altitude satellite (such as GPS/MIET) the timnb s
about 3000 km away from the satellite. This implies that
the tangent point of an occultation falls within a 3000 ki
radius from the satellite trgjectory during that occultation;
therefore, setting an upper limit on the width of the spread
o f occultations atound the 1.HO track to be ~3 27
equatorial degrecs.

The reoccurrence of occultatio ns at nearby local times and
latitudes is illustrated by strewing, the retrievals of four
equatorial occultations appearing at consecutive orbital
revolutions each taking place necar noon local time.
(These four occultations cross the circle in the middle of
Fig.d.) The electron density retrievals (using the Abel
transform) are shown in Fig. 5 which indicates the
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Fig. 5: Examples of electron density profiles (e/mn”)
obtained from GPS/MET an d PIM for equatoriallatitude
atabo ut the same local tie.

For comparisons, profiles obtained from the lonospheric
Parameter ized Model (PIM) derived with input parameters
suitable for the same day are also shown, Some of the
main features to observe are: (1) the ability to observe the
B~ F1- and }2-layers that are characteristics of mid- anti
low-latitude day-time ionosphere,  (2) The ability to
observe the evolution of the ionosphere at the same local
time andlatitude every ~100 minutes (which is equal to
the GPS/MET orbital period). Changes with time also
reflect changes of magnetic dip latitude due to the rotation
of the Harth. (3) Except for the far-left profile, the 1'IM
reprod uces 12 peak densities and heights that are in
reasonable agreement with the GPS/MET retrieval. (4)
Compar isons with the PIM is gencraily better below the
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Fig, 6 Examples of high latitude electron density profiles obtatned from GPS/MET and PIM
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I'2-peak than atthe top-side. (5)The ability of both the
modeland the retrievals to reproduce [he sharp bottom of
the jonosphere. Other examples of GP S/MET retrieved
pt ofiles are shown for high latitude between dusk and
midnig ht local time. We note the much lower [1(?-peak
heig ht, the almost disappearance of the V1 -peak, the
recession of the 12-layer where cotnpared to the 1 -layer,
and the very 1ow peak de nsity near midn ight local time
(far -right figure). In contrast to the equatorial profiles the
comparison w ith the. 1’1 M model appears to be more
favorableatthe top-side than below the }2-peak.

Inorder toassess the accuracy of the GPS/MET 1etrievals,
coincidences of other types of data such as ionosondes or
incoherent scatter radar (ISR) with GPS/MET occ ultations
have been searched for. To date, we were able to find a
single 1SR measurement obtain from Millstone Hill
which coincided with an occultation in space and time.
Fig. 7 (top) shows a GI’S/MET profile obtain on 1995-
May-5,0310 UT with tangent points coordinates around
42N and 282E.  On  the same figure is the ISR
measurement of  electron density obtained in the 320
mict osecond pulse 1node of operation and obtained 20
minutes after the occultation. Onthe bottom part of Fig.
7 is the same GP'S/MET profile compared to several 1SR
profiles obtained around the time of the occultation with
the ISR operating at the 640 microsecond pulse mode.
Millstone Hill is located at 42.6N and 288.510 which is
about 6" east of the occultation location. It is clear from
Fig. 7 that the occultation retrieval best matches the ISR
data collected at 034011’ 1'. The discrepancies between the
ISI< and the occultation can be ascribed to several factors,
including the spatial anti temporal separation between the
occultation and the 1SR measurements, error introduced by
the spherical symmetry assumption when doing t h e
GPS/MIIT retiieval, anti error in the ISR measurements.
It is clear that further comparisons to ground truth is
needed for further assess ment of the accuracy of the
occultation retrievals,

Finally in this section wc examine some amplitude data
obtained from GPS/MET.  Fig. 8 shows the flight
receiver signal-to-noise ratio of the 1.1 anti 1.2 sig nals for
four different occultations where time = O coresponds to
the start of high-rate at about 120 km altitude. The
gradval decrease of SNR starting a about 30-40 seconds is
duc o significant atmospheric bending starting at about
the tropopause. As the sig nal approaches the sur face, it is
significantly bent (up to - 17) anti defocused and finaily
disappears. Neal-ly half of the occultation displays a
smooth steady SNR while the signal is in the ionosphere.
Tigwe 8.disanexample of such smooth SNR. However,
a good fracti on of them (see Fig. 8a, b and ¢) show one
or several sharp changes in SNR which canbe attributed
to sharp layers (e.g. sporadic 1) at the. bottom of the
ionosphere. That these scintillations are caused by the
ionosphere and not the neutral atmosphere can be scen
from the fact that the 1.2 SNR fluctuation is larger than
thatof 1.1, consistent with its lower carrier frequency.
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Fig.7:Comparisons of electron density profile
obtained from GPS/MET with coincident
measurements from Millstone Hill ISR, Around the
time of occultation the ISR operated in two modes,
the 320 psec pulse mode (top figure) and the 640
psec pulse mode (bottom figut ¢).

‘1 *he electron density profiles obtained frorn the phase data
viathe Abel inversion cortesponding to the occultations
of Fig.8are shown inkig. 9. Fig. 9a b and C
respectively show one, severa anti two sharp layeis atthe
bottom of the ionosphere. Another possible inter pretation
forsome of these sharp scintillations is that they are
caused by somie structwie in the Fregion missed due to
sub-sampling of the occultation signal above 120 km
(sample rate when tangent point > 120 km is 0.1Hz). A
more careful examination of the 1,2 data and the time shift
between these sharp scintillations for thel.1anti | 2 signal
shouldresolve some of the ambig uity as to where aong
the occulting link these ionospheric irregularities exist.
This will be. performed in future work.
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