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Profiling the Atmosphere Using the Airborne GPS
Radio Occultation Technique: A Sensitivity Study

Feiqin Xie, Jennifer S. Haase, and Stig Syndergaard

Abstract—Global Positioning System (GPS) radio occultation
(RO) sounding, with its high vertical resolution temperature
and humidity profiling capability, is revolutionizing atmospheric
science, particularly through assimilation in numerical weather
prediction (NWP) models. Currently, the observations are de-
rived from GPS receivers onboard low Earth orbiting satellites.
However, with the current number of satellites, it is difficult to
provide dense sounding measurements in a specific region within
a limited time period. With a GPS receiver onboard an airplane,
the GPS RO technique offers such an opportunity while retaining
the high vertical resolution sounding capability. The GNSS Instru-
ment System for Multistatic and Occultation Sensing is currently
under development for the National Science Foundation’s High-
performance Instrumented Airborne Platform for Environmental
Research (HIAPER) aircraft. This paper presents a sensitivity
analysis of the airborne occultation technique that will be used for
the HIAPER system. The results demonstrate an anticipated over-
all accuracy of better than 0.5% for the retrieved refractivity from
the surface to about 1 km below the airplane, where the expected
airplane velocity errors of up to 5 mm/s limit the accuracy. The
effects on the retrievals due to horizontal variations in atmospheric
refractivity are significant, and retrieval errors may reach several
percent inside frontal systems when the front is perpendicular to
the ray paths and within 200 km of the tangent point. In general,
the airborne GPS RO system provides a promising new data
source for NWP and targeted observational studies.

Index Terms—Airborne, aircraft, atmospheric measurements,
Global Positioning System (GPS), microwave radio propagation,
radio occultation (RO).

I. INTRODUCTION

HE RADIO occultation (RO) technique is a powerful
approach that was developed in the 1960s for investigating
planetary atmospheres [1]. In 1995, the first RO measurement
of the temperature and humidity in the Earth’s atmosphere
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was successfully acquired using the Global Positioning Sys-
tem (GPS) signals during the GPS/MET mission [2], [3]. A
mean accuracy of less than 1 K between 1- and 40-km alti-
tudes and a standard deviation of 2-3 K were achieved with
GPS/MET [3]. Since then, many follow-up GPS RO missions
have been successfully launched, such as the Challenging Mini-
satellite Payload (CHAMP) [4], SAC-C [5], and the six-satellite
Constellation Observing System for Meteorology Ionosphere
and Climate (COSMIC) [6]-[8]. Together, these satellites now
provide up to 3000 profiles globally every day. Several features
of the GPS RO technique, such as global coverage, high vertical
resolution, high precision and accuracy, and the ability of GPS
signals to penetrate clouds, have made the RO measurements
an extremely valuable asset for global weather forecasting
and climate modeling studies [9]-[11]. However, due to the
relatively limited number of available low Earth orbit (LEO)
satellites, the sampling in a region of specific interest is still
rather sparse (only about 1 daily occultation per 167 000 km?
at midlatitudes and even fewer in the tropics), and it is difficult
to acquire a series of profiles that is sequential in time for a
desired period. RO measurements with a GPS receiver onboard
an airplane offer the opportunity of rather dense sampling
contiguous in space and time while retaining a high vertical
resolution sounding capability which could greatly facilitate
studies of regional weather and climate.

An early work developed a retrieval technique for a receiver
on a mountaintop [12] which has a similar geometry to that of
an airborne receiver. The retrieval technique has been adapted
to airborne measurements, and simulation studies have been
carried out by several authors [13]-[15]. A number of field
campaigns have also been conducted, and preliminary com-
parisons of measurements with radiosonde observations and
numerical weather prediction (NWP) model analyses have been
reported [16]-[18]. Although these preliminary measurements
were roughly in agreement with the reference profiles, many
different factors could contribute to the errors seen in airborne
GPS RO measurements, such as the complicated aircraft mo-
tions, the tangent point drifting over a wide range, and horizon-
tally inhomogeneous atmospheric structures. A comprehensive
study of the RO retrieval errors due to various sources of
observation system error has not been fully described.

In this paper, we apply an end-to-end simulation system to
investigate and isolate different error sources and their contri-
butions to the refractivity retrieval errors. This is a preliminary
step in assessing the expected error for the development of
an operational airborne measurement system. Such a system
is under development for the National Science Foundation’s
High-performance Instrumented Airborne Platform for Envi-
ronmental Research (HIAPER) with improved capabilities
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Tangent Point

Fig. 1.

Schematic diagram of RO geometry with a receiver inside (aircraft) and outside (LEO) the spherically symmetrical atmosphere (shaded). The solid lines

connecting the GPS with the airplane represent three ray paths going through the atmosphere with different elevation relative to the local horizon (dashed), where
rg and ¢ are the radius of the Earth and the radius at the tangent point, respectively. The bending of the ray paths and the relative scales of the plot are exaggerated

for illustration purposes.

compared to previous airborne GPS RO tests [19]. The GNSS
Instrument System for Multistatic and Occultation Sensing
(GISMOS) contains two side-looking high-gain antennas with
dual-frequency Trimble NetRS GPS receivers, an Applanix
POS-AV inertial navigation system with a dual-frequency
Trimble BD950 receiver card and an inertial measurement unit,
and a GNSS signal recording system capable of continuous
sampling of both L1 (1575.42 MHz) and L2 (1227.60 MHz)
frequencies at 10 MHz [20] and a Symmetricom 6000 quartz
reference oscillator to synchronize the Trimble receivers and
the 10-MHz recorder. The retrieval errors of this airborne
system, in particular, will be assessed. Section II describes the
theoretical basis for the airborne GPS RO measurements, and
Section III introduces an end-to-end simulation system based
on geometrical optics and describes the accuracy of the airborne
RO refractivity retrieval. Some conclusions on the estimated
accuracy of the system and a discussion of its limitations are
presented in Section I'V.

II. THEORETICAL BASIS FOR THE AIRBORNE
GPS RO MEASUREMENTS

GPS RO senses the atmosphere using GPS radio signals that
traverse the atmosphere as a moving receiver sets behind the
horizon relative to the transmitting satellite. The radio wave
is refracted, and its travel time is delayed due to variations
of refractivity. A schematic plot of the GPS RO geometry for
a LEO and airborne receiver is shown in Fig. 1. The theory
for spaceborne GPS RO has been described by several authors
[21]-[24]. Here, we summarize the main points of the theory.

The basic measurement is the GPS carrier phase recorded at
the receiver, or equivalent distance, subject to a constant offset.
Given precise orbits of the GPS transmitters and the location
of the receiver, the so-called excess phase is calculated as the
difference between the measured phase and that predicted for
a vacuum. The excess phase must be corrected for GPS and
receiver clock errors. The excess phase is differentiated with

respect to time to give the excess Doppler shift, which, in turn,
is used to derive the bending angle as a function of tangent
altitude [23]. The tangent altitude is at the point of the ray’s
closest approach to the surface.

Under the assumption of a spherically symmetric at-
mosphere, Bouguers law [25] states that for a ray passing
through the atmosphere, a = nr sin ¢ = constant for any point
on that ray at distance r from the center of the earth. Here, n
is the refractive index at r and ¢ is the angle between the ray
vector and the radial direction at that point. For the LEO case
with the receiver outside the atmosphere, the refractive bending
angle « as a function of a = nry, where 7 is the curvature
radius of the atmosphere at the tangent point, is given as [1]

a(a):—2a~/ld£7dr . (1)

The refractive index profile n(a) can be derived from (1) via
the Abel transform [1]

2

Unlike the spaceborne GPS RO case, the airborne GPS RO
measurements must be corrected for the asymmetric sampling
geometry because the GPS receiver is located inside the Earth’s
atmosphere. Rays that reach the receiver from above (positive
elevation angle) and below (negative elevation angle) the local
horizon are all affected by the atmospheric refractivity, but it
is not possible to retrieve information unambiguously from the
positive elevation angle rays.

For an occultation ray with elevation angle below the
local horizon, the bending angle measured at the receiver is
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theoretically given by [13]

()= -2 /1dn /1dn

an(a)= —2a

N ndr \/(nr) —aQ n dr 2—a2
3)

This is an integral along the ray path from the receiver to the
tangent point altitude, continuing backup to the altitude of the
receiver, and then continuing from the altitude of the receiver
to the GPS satellite. In (3), rr and rg refer to the radii of
the transmitter and receiver altitudes, respectively, and r; is
the radius at the tangent altitude. The constant a, for a given
ray, is known as the impact parameter. Assuming a spherically
symmetric atmosphere, for every negative elevation angle ray,
with bending angle oy, there is a corresponding positive ele-
vation angle ray, with bending angle ap with the same impact
parameter, which is, in fact, equal to the second term in (3).
These two bending angles can be subtracted to retrieve the
so-called “partial bending angle.” The partial bending angle
corresponds to the accumulated bending from a segment of the
ray path below the altitude of the receiver

1dn dr

(nr)? — aZ’

d'(a) = ax(a) — ap(a) = 2a - / 4)

Tt

ndr

The refractive index below the receiver can then be retrieved
through the slightly modified Abel transform [13] which is sim-
ilar to the spaceborne GPS occultation case, but the refractive
index at the receiver ng can no longer be neglected

NMRTR

o/ (z)dz
N

The refractive index profile is transformed to a function of
altitude rather than impact parameter using the relation a = nr
at the tangent point where ¢ = 90°. In practice, ay and ap, as
functions of a, are derived from the measured excess Doppler
shifts in a similar way to that used for the spaceborne case.

The refractivity at GPS frequencies, defined as N = (n —
1) x 10°, depends on atmospheric pressure (P in hectopascals),
temperature (7' in kelvins), and water vapor partial pressure
(Py in hectopascals) through the following relation [26]:

®)

nla) = nNr e —
() RXP7T

P 5 Py

—776T+373><10 h (6)
Consequently, the atmospheric thermodynamic parameters,
such as density, temperature, pressure, and humidity, can be
inferred based on the GPS RO refractivity retrievals. In the
upper atmosphere or near the poles, the effect of moisture may
often be neglected to solve for temperature directly. Otherwise,
a first guess temperature profile may be used to solve for
humidity, or the humidity and temperature can be solved for
simultaneously using 1-D variational analysis [21], [27], [28].

III. SENSITIVITY ANALYSIS OF THE RETRIEVAL SYSTEM

A. Simulation System

In order to investigate the performance of the airborne GPS
RO measurements, a simulation system based on geometrical
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Fig. 2. Geometrical optics simulation system.

optics was developed, as shown in Fig. 2. The simulation
system includes four main components: 1) a geometrical optics
ray tracer, which simulates the GPS signal as it travels through
a given atmospheric refractivity model; 2) a module that derives
the bending angle from the excess Doppler measurements;
3) a forward integrator that generates the bending angle profile
through the forward integration [see (3) and (4)] of an input 1-D
refractivity profile; and 4) an inverse integrator that retrieves
a refractivity profile via Abel inversion using (5). There is
an option to add errors at any step in the forward simulation
system. By comparing the retrieved refractivity profiles with
the input profile, we quantitatively evaluate the refractivity
errors due to various factors such as the measurement errors
in the excess Doppler and error in the in situ observation of
refractivity at the receiver. We also assess errors due to the
assumption of spherical symmetry, which is violated in cases
of strong horizontal refractivity gradients.

For illustration of the simulation system, we input a 1-D
exponential model [Fig. 3(a)] of atmospheric refractivity with a
fixed scale height (H = 7 km), such that N(h) = Ny - e "/,
where h is the altitude and Ny = 385.84 (N-unit) is the refrac-
tivity close to the surface. We also specify a simple occultation
geometry (similar to Fig. 1) with a GPS satellite setting behind
the horizon in a circular orbit at 20 000 km above the surface,
while the airplane is flying at a fixed 10-km altitude above the
surface of a spherical Earth with radius Rg = 6370 km in the
same plane as the GPS orbit. The GPS satellite and the airplane
velocities relative to the stationary Earth are set to vgps =
3.83 km/s and vap = 0.25 km/s (or 900 km/h), respectively.

In these simulations, the ionospheric effect is neglected and
only the L1 signal is simulated, assuming that the observa-
tions can be corrected for ionospheric effects with minimal
errors. Note that for a spherically symmetrical ionosphere, the
ionospheric refraction cancels when subtracting ap from ay
[13]. The excess phase as a function of time as the GPS satellite
sets (the aircraft moves relatively little compared to the GPS
satellite) is shown in Fig. 3(c). At around 205 s, the GPS
is at about 3.2° above the horizon, where it is necessary to
begin measuring the positive elevation bending angle to be
paired with the negative elevation bending measurements later
on. The excess phase at this time is 10.1 m, which is clearly
much bigger than the typical relative GPS positioning error.
The differentiated excess phase (the excess Doppler) increases
rapidly as the ray descends deeper into the atmosphere with
time [Fig. 3(d)].The corresponding bending angle profile as
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(a) Exponential refractivity model with fixed 7-km scale height. (b) Bending angle as a function of impact parameter for a receiver located at 10-km

altitude (the radius of the Earth Rg = 6370 km). Solid line shows the partial bending angle, which is the difference between (dashed-dotted) negative elevation
bending angle and (dashed) positive elevation bending angle. (c) Excess phase as a function of time. (d) Excess Doppler as a function of time.

a function of impact parameter is shown in Fig. 3(b). The
lowest bending angle corresponds to the highest elevation angle
ray above the horizontal (starting at about 3.2°). The positive
elevation bending angle increases slowly as the ray descends
toward the horizontal, roughly as the inverse of the sine of the
elevation angle, until it reaches the maximum impact parameter,
ar = nRrrR at the horizontal. The negative elevation bending
angle increases rapidly as the impact parameter decreases.
Also shown in Fig. 3(b) is the partial bending angle, which
is the difference between the negative and positive elevation
bending angles. The partial bending angle can then be inverted
to retrieve the refractivity using the Abel transform [see (5)].

B. Retrieval Errors Due to Aircraft Velocity Uncertainty

The largest error we expect from the observing system is
the error associated with velocity errors in the navigation sys-
tem, which map directly into the Doppler data. The Applanix
POS-AV on the HIAPER GISMOS system has a specified rms
velocity error of 5 mm/s [20]. Preliminary tests were carried
out by postprocessing the Applanix GPS data from a test flight
using different ground-based GPS reference stations. When
the solutions were compared, the differences were consistent
with the specified error. In this simulation, randomly generated
errors with a standard deviation of 5 mm/s are added to the
Doppler time series. The bending angle is then calculated from
the noisy Doppler data.

One-hundred realizations of random noise with zero mean
and 5-mm/s standard deviation were added to the Doppler
profile, sampled at 1 s, to determine the distribution of errors
in the derived bending angle and refractivity. The mean and
standard deviation in the percent error as a function of impact
parameter for the partial bending angle are shown in Fig. 4(b).
The fractional errors increase near the altitude of the aircraft
because the accumulated refractive bending is small.
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Fig. 4. (a) Fractional refractivity retrieval errors of the airborne GPS RO

measurements due to a random excess Doppler error (zero mean and standard
deviation of 5 mm/s). (b) Corresponding fractional partial bending angle errors.
Note that mean error is in solid line and standard deviation is in dashed lines
for both panels.

The distribution of the errors in the retrieved refractivity as a
function of altitude is shown in Fig. 4(a). As with the bending
angle, errors in refractivity increase with altitude near the air-
craft altitude. Above 9 km, the refractivity retrieval errors due
to the 5-mm/s velocity error in the Doppler exceed 0.5%, which
corresponds to about 1 K at 10 km, but do not become much
larger than 1%. This error level is comparable to that of radio-
sondes, and therefore, the observations are of sufficient quality
to provide an attractive supplement to the existing upper air
sounding system. The target accuracy of 0.5% or 1 K at 10 km
is the requirement for operational sounding by the spaceborne
missions [29], [30]. Useful information could still be retrieved
above these altitudes, but the Doppler data would have to
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be averaged over a longer time period, producing reduced
height resolution in the profile. Any reduction in Doppler error
effectively increases the height range over which observations
can be reliably retrieved. The altitude at which the errors exceed
0.5% also depends on the flight altitude of the aircraft. These
tests were carried out at 10 km because that is the typical flight
level of commercial aircraft. The HIAPER aircraft can fly up to
15 km and will have more accurate observations at 10 km than
the examples reported here.

Based on preliminary flight test data with the Applanix
system, there are occasionally periods where there is a trend in
the velocity error that could be as much as 3 mm/s over a period
of 2000 s. This correlated error will introduce a much larger
error in the retrieved refractivity compared with the random
errors. After adding such an error distribution to simulated
observations, the resulting retrievals from the Abel transform
have a positive bias (0.2~1%) (figure not shown). This is
an unacceptably large bias. However, performing the multiple
velocity solutions appears to be a useful method of quality
control, in order to detect times when this would be a problem.
In these test flights, these periods did not occur often but
were associated with rapid and large changes in flight altitude.
During operational measurements, variations in altitude will be
limited, so these periods are anticipated to be rare. Outside these
periods, the velocity error appeared to be random.

C. Retrieval Errors Due to Aircraft In Situ
Refractivity Uncertainty

The Abel inversion [see (5)] requires measurement of the
refractive index at the aircraft ng. The HIAPER aircraft is
equipped with several instruments to sample the in situ tem-
perature and relative humidity [19]. Due to the very limited
contribution of the humidity to the refractivity at 10 km, the
error in the in situ refractivity depends primarily on errors in
the in situ temperature measurement. A typical value of 1-K
in situ temperature measurement error results in less than 0.5%
refractivity error. The effect of in sifu temperature measurement
errors was simulated by superimposing 0.5% random refractiv-
ity errors on the assumed refractivity at the aircraft altitude in
the Abel inversion. Because the refractivity at the top of the
profile affects all the rays with tangent points at all altitudes,
there is an altitude-dependent effect in the resulting refractivity
profile. From 100 realizations of this error, the retrieval error
profile was created (Fig. 5). The resulting errors reach up to
0.2% at the heights nearest the aircraft and decrease to 0.05% at
9.9 km and become even smaller below, which is much smaller
than the retrieval errors due to the velocity uncertainties. Note
that there is a small negative bias below 5 km with a maximum
(0.02%) at the surface and that there is also a very small positive
bias near the aircraft altitude. We believe that these biases are
caused by the algorithm to compute the bending angle from the
Doppler measurements. However, the biases are almost an order
of magnitude less than the retrieval errors due to the velocity
uncertainties. Thus, it will not have a noticeable effect on the
simulation results presented in this paper.

An accuracy of about 0.3 hPa for the in sifu pressure
measurement can be achieved onboard of the airplane, which
corresponds to about 0.1% refractivity error at 10-km alti-
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Fig. 5. Fractional refractivity retrieval errors due to a random refractivity error

(0.5%) at the receiver (mean error in solid and standard deviation in dash-dotted
lines). The dashed curve shows the fractional refractivity error due to a change
in receiver altitude (ascending) during a setting occultation measurement.

tude according to (6). It is less significant compared with
the in situ temperature measurement error. At higher altitudes
(e.g., 15 km), 0.3 hPa will result in about 0.3% refractivity error
and is comparable to the temperature error and would have the
same behavior as that shown for temperature in Fig. 5.

There is some evidence that aircraft observations of in situ
temperature, in particular for operational reporting from com-
mercial aircraft, are biased by up to 0.7 K [31]. This result
was obtained with assimilation tests using LEO satellite GPS
occultation data. The biased in situ measurement will introduce
bias into the occultation refractivity retrieval based on the Abel
inversion in (5). However, as shown in Fig. 5, the impact
of the in situ measurement error is very much restricted to
the altitudes close to the receiver and decreases sharply at
lower altitude. We should therefore still expect to get unbiased
retrievals from the surface and up to one kilometer below the
receiver.

During the occultation, if there is a change in aircraft altitude,
then there is a difference in the in situ refractivity measured at
the time the positive and negative elevation angles are observed.
More importantly, in this situation, the aircraft is no longer at a
constant height above the Earth’s surface, which is assumed in
the derivations of (4) and (5). To assess the error due to variation
in flight altitude, a simulation was run with the aircraft starting
below 10 km and increasing slowly in altitude at a rate of 1 m/s
so that over the course of a 12-min setting occultation, the
altitude varied by approximately 720 m. The simulation was
planned so that at the time of the zero elevation angle mea-
surement, the aircraft is exactly at 10-km altitude. In this
case, both the positive and negative elevation angle rays will
have additional accumulated bending (or positive bending bias
accumulated between the receiver altitude and the reference
level, i.e., 10 km) compared to the corresponding bending
measurements with a receiver at the fixed reference level.
According to (4), the partial bending angle is the difference
between a pair of negative and positive elevation bending angles
at the same impact parameter. Note that it takes less occultation
time to cover the positive elevation angle range compared to
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Fig. 6. Radiosonde profile from Green Bay, Wisconsin, at 2007080300Z. (a) Pressure. (b) Temperature. (c) Specific humidity. (d) Partial bending angle.
(e) Refractivity profile (solid) and a best fitting exponential profile (between 2 and 10 km, bold-dashed). (f) Standard deviation (solid) refractivity errors due
to 5-mm/s Doppler error. Also shown in (f) is the equivalent refractivity error to current observational accuracy of 1-K temperature error (dash-dotted and plus),
5% humidity error (dotted and diamond), and 10% humidity error (dashed and triangle).

the negative elevation angle range. Therefore, with a constant
ascent rate, the receiver is further away from the reference level
in the negative elevation bending compared with that of the
positive elevation measurement at the same impact parameter.
For smooth refractivity profiles, the positive bias in the negative
elevation bending is thus systematically larger than that in the
corresponding positive elevation bending, which will lead to a
positive bias in the partial bending and, thus, a positive bias
in the Abel-retrieved refractivity. Similarly, if the aircraft is
descending, the partial bending angle bias will be negative,
resulting in a negative refractivity bias.

In the simulation, the bending angles were inverted using an
Abel inversion, assuming that the receiver altitude was constant
at 10 km and using the value of ny at this altitude. The resulting
error in retrieved refractivity is shown in Fig. 5 (dashed). The
error is positive in this case, as expected, because the aircraft
altitude is increasing. The error is quite small (less than 0.06%)
compared with other sources of error shown in Fig. 4. The
requirement that the aircraft altitude does not vary by more than
720 m is easily assured in practice, so this error is not expected
to be significant.

D. Retrieval Errors in a Moist Atmosphere

A retrieval error simulation using a radiosonde profile with a
more complicated vertical structure illustrates several other im-
portant points. Radiosonde measurements of humidity are sub-

ject to biases when rising through layers with a sharp drop in
humidity, because of the delayed response of the sensor, or
when exiting a cloud layer where the air is saturated [32].
The radiosonde profile chosen from Green Bay, Wisconsin, on
00:00(UTC) August 3, 2007 is used to demonstrate whether the
same level of accuracy is achievable for a typical profile with
a large range of moisture variation. Pressure, temperature, spe-
cific humidity, and the derived refractivity from the profile are
shown in Fig. 6. There is a sharp temperature and humidity
change at the top of the boundary layer at 1.8 km and a sharp
increase in moisture at about 5 km. These features are clear
even in the refractivity profile in Fig. 6(e). Forward modeling
with a geometrical optics ray tracer is problematic for the sharp
boundary layer gradient, because atmospheric multipath and
diffraction cause the phase to vary wildly [33], [34]. Therefore,
in this case, the forward Abel integrator [see (5)] is used to sim-
ulate the bending angle profile. For real data, several techniques
are available to mitigate the effects of the multipath and will be
discussed further in Section IV. The partial bending angle is
also shown in Fig. 6(d). The extreme increase in bending angle
indicates the existence of a sharp boundary layer, where a
small change in impact parameter generates a large variation
in bending.

To simulate the effects of velocity noise, we superimpose
random fluctuations in the partial bending angle from Fig. 4(b)
(equivalent to 5-mm/s Doppler errors) onto the partial bending
angle derived from the radiosonde [Fig. 6(d)]. One hundred
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profiles were simulated, and the retrieval statistics are shown
in Fig. 6(f) (solid). The relative differences between the
radiosonde profile and the best fit exponential profile (from 2 to
10 km) vary by over 1% (not shown), which is much larger than
the Doppler-introduced refractivity retrieval errors, particularly
below 7 km. This illustrates the relative importance of the
errors related to the variations in the profile that are of most
interest. The upper level drying and sharp moisture increase at
5-6 km, which are rather subtle features (1.3% variation) in the
refractivity profile, are still much larger than the refractivity
retrieval error of about 0.2%. This indicates that such features
can still be retrieved even when the data are affected by Doppler
noise.

An intercomparison of high-quality radiosonde systems
shows a typical 4%—6% humidity measurement error compared
to reference radiosondes [35] with the error in some situations
as high as 10%. Therefore, we used 5% humidity error to
represent the current state-of-the-art in sifu humidity measure-
ment error from radiosondes with a 10% upper bound. NWP
model analyses can have typical temperature errors of 1 K from
surface to the lower stratosphere and have background errors in
relative humidity in the upper troposphere as large as 20%—-50%
(Loik Berre at Météo France, personal communication) and
at best 10% at the surface (Sean Healy at ECMWF, personal
communication). Therefore, we use 10% humidity and 1-K
temperature errors to represent the lower bound model analysis
errors. These limits are shown in Fig. 6(f), with lines that
indicate the refractivity error corresponding to a 5% error in
humidity, a 10% error in humidity, and a 1-K error in temper-
ature calculated from (6). Comparing these with the altitude-
dependent error in the refractivity retrieval gives an indication
of when the RO observations are accurate enough to provide an
improvement in observation accuracy over currently available
observations and analysis quality. Therefore, the retrieved pro-
files will be most useful in providing temperature information
(better than 1 K) up to an altitude of about 9 km (or 1 km below
the airplane) and relative humidity information up to about
5 km (better than 5%) or up to about 7 km (better than 10%).

E. Vertical Resolution

One of the advantages of the RO technique is the high vertical
resolution of the profiles. The vertical resolution is defined by
the diameter of the first Fresnel zone Zp at the ray tangent level
[21]. In the absence of significant atmospheric bending, this
limit for the airborne case can be calculated as follows [14]:

LtLg

Zp = Jon [ ZEER
F (LT+LR

) ~\2\Lg  ifLr> Lz (7)

where ) is the GPS signal wavelength, L~ is the distance from
the transmitter to the limb, and Ly is the distance from the limb
to the receiver. The GPS L1 wavelength is about 19 cm, L
is approximately 25800 km, and Ly may be on the order of
360 km for the lowest point of the profile; therefore, (7) gives
a value for the maximum vertical resolution of 0.37 km for Zg.
For a spaceborne occultation, the vertical resolution is 1.4 km in
the absence of significant atmospheric bending [21]. If we take
into account the vertical refractivity gradient, (7) is multiplied
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by a defocusing factor, and the first Fresnel zone is defined by

the expression
2)\L
Zp = | —— . ®)
1+ LR%

When the vertical gradient increases, the diameter of the first
Fresnel zone decreases, and the vertical resolution improves.
For a spaceborne occultation, the vertical resolution in the lower
troposphere is generally better than 500 m, taking into account
the defocusing factor. In a region with large vertical refractivity
gradients such as the top of the boundary layer, the vertical reso-
lution improves over the case with no bending. In Figs. 3 and 6,
Oa/da is approximately 0.1-0.2°/km. This leads to a first
Fresnel zone equal to 200240 m. A vertical sampling interval
of 240 m corresponds to approximately a 10-s interval below
8 km; therefore, the required sampling rate for the receivers is
then for half that interval, 5 s, or 0.2 Hz. However, in a region
where there is atmospheric multipath, the sampling rate would
need to be higher than 0.2 Hz. Observations in the presence
of atmospheric multipath would require an open-loop tracking
receiver, which would be capable of much higher sampling
rates. The system developed for HIAPER has a receiver that
samples at 5 Hz, which is expected to perform well at least
under conditions when atmospheric multipath is absent.

F. Effects of Horizontal Structure

The horizontal drift of the airplane tangent point is somewhat
larger for an airborne case than for a space-based receiver
because the receiver is moving at a much slower speed than
the transmitter. The errors due to the spherical symmetry as-
sumption in the presence of significant horizontal gradients
are compounded by the horizontal drift of the tangent point.
To quantify these errors, we carried out simulations using
refractivity fields that approximate the horizontal and vertical
temperature and humidity gradients found in a typical frontal
system. Rays were traced through a 2-D structure from the
aircraft altitude to the altitude of the GPS satellite. The bending
angles were calculated, the positive elevation angle bending
was subtracted from the negative elevation angle bending, and
the bending angle was inverted to obtain the refractivity. We
note that these simulations include the lateral variations above
the aircraft height, i.e., the positive elevation angle bending was
taken from a ray sampling a different type of structure than the
negative elevation angle ray.

The frontal disturbance is approximated with an idealized
model using analytic formulas for a sloping change in the
refractivity of the atmosphere, where the meridional and zonal
gradients of the front are also variables [36], [37]. In these
cases, both the meridional and zonal gradients are varied and
the front slope is set to 2%. A typical value of the frontal slope
in the real atmosphere is 1% but becomes larger and may reach
5% close to the surface. Cross sections of pressure, temperature,
specific humidity, and refractivity are shown in Fig. 7.

The horizontal variations will affect the bending angle profile
differently depending on the position and orientation of the
weather front relative to the tangent point drifting path. Fig. 8
shows the geometry of different test cases that were carried out.
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Fig. 7. Cross sections of the model weather front. The surface position of the front is located at 45° N, and the orientation of the front is perpendicular to the
ray paths (corresponding to the middle position of the front in Fig. 8). The four contour plots are (a) pressure (in hectopascals), (b) temperature (in kelvins),
(c) specific humidity (in grams per kilogram), and (d) refractivity (N-units) with the tangent point locations of the ray paths superimposed.

The ray paths from the GPS satellite to the aircraft receiver are
in a single plane along the 90° W line. A total of ten cases were
simulated. Four cases with fronts oriented north, east, south,
and west relative to the center of the tangent points are indicated
by the open triangles. Another six cases with the front oriented
north (i.e., front is perpendicular to the ray path with cold air
in the south and warm air in the north) were added. All the
six fronts were centered at 90° W with different latitudes. For
clarity, only the front located at 45° N, 90° W was shown in the
black solid triangles in Fig. 8. Note that in all the simulations,
the occultation geometry is fixed, with the airplane flying from

north to south, and the tangent point is drifting from south to
north along 90° W longitude.

For the first case, the front indicated by black solid triangles
is perpendicular to the ray path. The circles in Fig. 8 show the
tangent point locations of negative elevation ray paths during
the occultation event. The tangent point drifts from 43.7° N
(at the receiver altitude) to 46.3° N when the tangent point
touches the surface.

The bending angle is most sensitive to the refractivity at
the tangent point. However, with these lateral variations, the
refractivity assigned to the estimated tangent points will be
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Fig. 8. Ray paths (north to south) and front locations in latitude—longitude

coordinates. The south-end ray tangent point corresponds to a ray tangent
altitude at 10 km, and the north-end ray has its tangent point close to the surface.
The lines with triangles indicate the surface positions and orientations of the
front for five separate occultation simulations. The front with the black solid
triangles corresponds to the case shown in Fig. 7, whereas the fronts with open
triangles represent the four other cases. The circles indicate the tangent points
for the case shown in Fig. 7.

some weighted average of the values around this point [37]. For
comparison, we selected the refractivity from the input front
model at each of the tangent point locations and call this the
model tangent point refractivity profile. The relative refractivity
differences between the retrieved profiles and the model tangent
point refractivity profiles are shown in Fig. 9. For the simulation
with the front located at 45° N perpendicular to the ray paths,
the relative refractivity differences are very large at the altitude
of 2 km, more than 4.5% (diamond symbols). This is the largest
effect, which occurs near the surface very near the front. Above
5 km, the profile errors are less than 0.5%.

The location of the front perpendicular to the ray paths was
varied north and south of 45° N. The retrieved refractivity is
shown by the six other curves in Fig. 9(a). With the front at
44° N (solid line) and 46.35° N (triangles), the retrieved refrac-
tivity has large errors at the most sensitive altitudes. For fronts
perpendicular to the ray paths but at further distance, the effect
is small (41.7° N, plus; 43° N, stars) on the south side where the
slope is dipping toward the tangent point profile. On the north
side (48.35° N, squares; 50.35° N, cross) where the slope is dip-
ping away from the tangent point profile, the retrieved refrac-
tivity approaches the accuracy of 1%, but with a positive bias.

We also simulated the fronts at four different orientations
relative to the ray paths: 1) an E-W front to the north of
the tangent point profile, which has been shown in Fig. 9(a)
(squares); 2) an N-S front to the east (diamonds); 3) an E-W
front to the south (triangles); and 4) an N-S front to the west
(plus). The refractivity errors are shown in Fig. 9(b). For fronts
oriented parallel to the profile on the moist and dry side of the
front at 2° longitude distance from the ray paths (diamonds and
plus), the effect is very small, less than 0.02%. Once again, a
positive bias (less than 1%) is found in the retrieval when the
front is perpendicular to the ray paths with the slope dipping
away from the tangent point (triangles).

In the aforementioned simulations, we know the refractivity
at the tangent point for comparison. However, in the actual com-
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parison, for example, with a radiosonde observation near the
front which is closer to vertical, the differences would appear
even greater because of the drift of the tangent point across the
front and the integrated effect of the refractivity gradients along
the ray path. The retrieved profile is essentially a weighted
average of the refractivity field along the ray paths. Thus, direct
assimilation of such refractivity measurement into a numerical
weather model by interpreting it as a vertical profile or as
individual refractivity values at the tangent points at different
latitude, longitude, and altitude would misrepresent some of
the information in the data. Possible ways of assimilating the
occultation data while taking into account the horizontal gra-
dients in the spaceborne case have been developed [11], [38].
These methods can be adapted to the airborne case.

Note that there may be a contribution to the retrieval error due
to horizontal variations in refractivity at the aircraft height over
the course of the occultation. The refractivity observed at the
aircraft location is used in the bending angle calculation for an
individual observation. However, only the refractivity observed
at the time that the zero elevation angle measurement is made is
used as the top refractivity in the Abel inversion integral. This
assures that the retrieval error is zero for the refractivity at the
top of the profile (10 km). The typical horizontal variation in
refractivity over 150 km (10-min occultation with airplane fly-
ing at 900 km/h) at 10-km altitude at midlatitudes is about 0.5%
and may be systematic along the flight path. Such refractivity
variation is about an order of magnitude less compared with the
refractivity variation along the fly path in the changing aircraft
altitude simulation (Section III-C). Thus, we would expect that
the resulting retrieval refractivity error due to the horizontal
variation along the fly path is smaller than 0.06% (cf. Fig. 5),
which is much smaller than the retrieval error due to velocity
uncertainties.

Frontal structures can cause a large difference in two profiles
that sample different areas of the structure. It is possible that a
set of retrievals from a flight, for example, from a flight plan
with a 90° turn that would have occultation ray path sampling
in different orientations, could indicate the location or strength
of a front just through the differences in structure retrieved in
the profiles.

IV. DISCUSSION

Atmospheric attenuation and problems due to atmospheric
multipath limit the ability of an RO receiver to acquire and track
the signal in the lower troposphere, particularly at the top of
the boundary layer where steep vertical refractivity gradients
exist. The current simulations are limited by the use of the
geometrical optics algorithms. In particular, the ray-tracing
algorithm used for calculating the excess phase and Doppler
cannot be used below the part of the profile where several
ray paths with different impact parameters arrive at the same
receiver location. The ray-tracing algorithm would have failed,
for example, for the steep boundary layer in the radiosonde
profile in Section III-D. Instead, we were able to estimate the
accuracy by using a forward Abel integration to get a reasonable
estimate of the accuracy.

Several retrieval methods have been developed for inverting
observations affected by atmospheric multipath and diffraction
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(a) Fractional refractivity difference of the Abel-retrieved refractivity profile compared with the model tangent point refractivity profile for the front at

different latitudes indicated in the legend. The curve with diamond symbols, for example, shows the result for the front located at 45° N, oriented perpendicular
to the ray paths. (b) is the same as (a) but for fronts oriented north (square), east (diamond), south (triangle), and west (plus) of the center of the tangent points.

[39]-[41], some of which could be modified for the airborne RO
application. In some cases, the amplitude and phase fluctuations
are so large that the tracking algorithm of the receiver loses
lock, and no data are retrieved beyond this point. This led
to a lower limit for retrievals for some of the early satel-
lite missions, such as GPS/MET and CHAMP. However, the
SAC-C satellite and the COSMIC satellites are equipped with
open-loop tracking receivers, so that some or all of the profile
can be recovered even in cases of strong fluctuations. The
HIAPER aircraft as well is equipped with a GNSS recording
system as part of GISMOS, which records the 10-MHz sampled
raw signal. A software receiver can be used to recover the phase
and amplitude data using an open-loop tracking algorithm [42].
However, it does not eliminate the problem due to super-
refraction, where very sharp vertical refractivity gradients could
contribute to the nonuniqueness of the Abel inversion [43].
In this case, additional a priori constraint such as the surface
refractivity could aid in getting a full retrieval throughout the
boundary layer.

Local multipath is a potential error source that is highly
dependent on the location of the occultation antenna relative
to the airplane wings, as well as the occultation geometry.
Past studies on aircraft [44], [45] have shown carrier phase
multipath signals on individual satellites that vary slowly on
the order of 5-6 cm over time periods of 1000-1800 s, or
0.03-0.05 mm/s. This is much smaller than other noise sources
for occultation. These studies were done using GPS data only.
When an integrated GPS/INS system is used, the independent
IMU data, which are not sensitive to multipath, improve the
solution and reduce the impact of the multipath of the GPS
environment. Another study of multipath on aircraft [46] based
on models of the aircraft structure indicated a high level of
multipath contamination with evidence of large SNR variations
for a small range from 10° to 30° in elevation and 15° in

azimuth. This is a very limited range in which it would be
a problem, and is not at very low elevation angles where the
occultation measurements are being made. However, any study
is very specific to the individual aircraft. It is recommended that
the magnitude of the local multipath and its dependence on the
orientation between the line of sight and the aircraft orientation
should be quantified with test recordings. Such a study would
provide a range of orientations for which observations that are
likely to be contaminated could be screened.

Clock errors are a potential source of error. The HIAPER
system has a Symmetricom 6000 GPS steered oven quartz os-
cillator as a time reference to provide synchronization between
the NetRS GPS receivers and the 10-MHz GPS signal recorder.
However, this clock has a stability of 1 part in 10!, so it
is not accurate enough to produce uncorrected excess-phase
observations. A differencing technique is required to remove
these errors. Single differencing the observations with obser-
vations to a nonocculting GPS satellite and using clock drift
estimates from GPS analysis centers responsible for precise
orbit determination will yield excess-phase errors on the order
of + 2 mm/s [47]. This error is less than the limiting aircraft
velocity error.

Tonosphere errors can be corrected using dual-frequency
measurements. For the GPS-LEO RO, the ray paths for
L1 and L2 signals are separated at the tangent point because
of ionospheric dispersion, requiring a correction of bending
angles at equal impact parameters [23]. For the airborne case,
the L1 and L2 tangent points are very close together because the
receiver is much closer to the tangent points. At the same time,
ionospheric residual errors are known to be less of a problem at
tropospheric altitudes because the angle of incidence between
the rays and ionospheric layers is larger than it is at higher al-
titudes. It is therefore expected that ionospheric residual errors
are less of a problem for the airborne occultations, and the more
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traditional ionospheric correction of phases should be sufficient
and straightforward to apply to the airborne measurements.

V. CONCLUSION

Through simulations that incorporate realistic measurement
system errors, we have estimated the expected accuracy of
airborne GPS RO profiles. The primary contribution to the
retrieval error is the uncertainty in the aircraft velocity, which,
with the current state of the art, is on the order of 5 mm/s. This
error maps directly into an error in the Doppler measurement.
The retrieved refractivity accuracy is estimated to be better
than 0.5% at altitudes less than 1 km below the airplane flying
at 10 km, with very little bias. The uncertainty of the in situ
refractivity needed for the retrieval can lead to an error of less
than 0.2% in the retrieved refractivity at the altitudes nearest
the aircraft, which is much smaller than the retrieval errors due
to the velocity uncertainties. The assumption of spherical sym-
metry in the bending angle calculation and the Abel inversion
is violated when there are strong variations in refractivity due
to fronts, for example. Simulations show that the assumption
of spherical symmetry can cause errors up to 4.5% in the
worst case where the ray paths intersect perpendicular to the
front and the tangent point drifts horizontally across the front.
However, for cases where the front is more than about 200 km
from the tangent point profiles, or parallel to the tangent point
profile, the errors are less than the errors due to the velocity
error. Several sources of bias in the retrieved refractivity have
been identified, and the magnitude of those biases has been
estimated. The few biases that exist have been shown to be
small enough to be negligible, or large only in the altitude range
just below the flight level where the data would most likely not
be used anyway. In general, the accuracy is sufficient to make
the technique promising for use in NWP. The vertical resolution
of the observations based on the width of the first Fresnel zone
is 200-240 m, which also makes the data source attractive for
high-resolution studies of gravity waves and other small-scale
vertical structures. Currently, the new HIAPER GISMOS RO
system includes a GNSS recorder, which will enable open-loop
tracking to mitigate the effects of atmospheric multipath in the
GPS observations. However, additional development of more
advanced retrieval methods for the airborne geometry must be
developed in order to exploit these data, and will be the focus
of future work.
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