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Abstract Airborne GPS radio occultation (ARO) data have been collected during the 2010 PRE-Depression
Investigation of Cloud systems in the Tropics (PREDICT) experiment. GPS signals received by the airborne
Global Navigation Satellite System Instrument System for Multistatic and Occultation Sensing (GISMOS) are
used to retrieve vertical profiles of refractivity in the neutral atmosphere. The system includes a conventional
geodetic GPS receiver component for straightforward validation of the analysis method in the middle to
upper troposphere, and a high-sample rate (10 MHz) GPS recorder for postprocessing complex signals that
probe the lower troposphere. The results from the geodetic receivers are presented here. The retrieved ARO
profiles consistently agree within ~2% of refractivity profiles calculated from the European Center for
Medium-Range Weather Forecasting model Interim reanalyses as well as from nearby dropsondes and
radiosondes. Changes in refractivity obtained from ARO data over the 5 days leading to the genesis of tropical
storm Karl are consistent with moistening in the vicinity of the storm center. An open-loop tracking method
was implemented in a test case to analyze GPS signals from the GISMOS 10 MHz recording system for
comparison with geodetic receiver data. The open-loop mode successfully tracked ~2 km deeper into the
troposphere than the conventional receiver and can also track rising occultations, illustrating the benefit from
the high-rate recording system. Accurate refractivity retrievals are an important first step toward the future
goal of assimilating moisture profiles to improve forecasting of developing storms using this new GPS
occultation technique.

1. Introduction

Radio occultation (RO) is a remote sensing technique for measuring atmospheric properties using Global
Navigation Satellite System (GNSS) signals. It provides high-resolution vertical soundings that have low
sensitivity to clouds and precipitation, making them appealing for assimilation in numerical weather prediction
(NWP) models [Poli et al., 2008, 2010; Schreiner et al., 2007]. The RO technique measures the excess phase delay
and Doppler shift of a GNSS radio signal which results from the atmospheric refraction of the signal along
the path between the transmitting GNSS satellite and a receiver in Low Earth Orbit (LEO) [Kursinski et al., 1997].
The airborne RO technique is an extension of the spaceborne technique, which we review below.

Atmospheric refractivity in the neutral atmosphere is related to temperature, air pressure, and water vapor
pressure by equation (1):

N ¼ k1P
T

þ k2 # k1ð Þe
T

þ k3e
T2

;N ¼ n# 1ð Þ&106 (1)

where N is refractivity in N units, P is atmospheric pressure in hPa, e is water vapor pressure in hPa, T is
temperature in Kelvin, and n is the index of refraction [Healy, 2011; Smith and Weintraub, 1953]. The constant
coefficients, k1 = 77.6 hPa# 1; k2 = 70.4 K hPa# 1; k3 = 3.739× 105 K2 hPa# 1, are derived from empirical
data [Bevis et al., 1994]. The refractive bending angle of the signal raypaths through the atmosphere can be
determined from the excess Doppler and the positions and velocities of the receiver and transmitter using
geometric optics [Fjeldbo et al., 1971; Vorob’ev and Krasil’nikova, 1994]. A vertical profile of refractivity is then
calculated from the bending angles using an Abel transform [Hajj et al., 2002; Kursinski et al., 1997].

In the lower troposphere, multipath propagation occurs due to sharp gradients in refractivity principally due
to large moisture variations. The superposition of signals with different Doppler frequencies corresponding
to multiple raypaths interferes with the receiver tracking of the signal and retrieval of bending angle using
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geometric optics. Radio holographic methods have been developed to analyze signal phase and amplitude
using Fourier operators, such as Full Spectrum Inversion (FSI), to determine the bending angle profile in the
presence of multipath [Gorbunov, 2002; Gorbunov and Lauritsen, 2004; Jensen et al., 2003, 2004].

Once the refractivity profile is determined, it can be used to infer temperature and humidity [Hajj et al., 2002;
Healy and Eyre, 2000; Rodgers, 1976]. When using a receiver in LEO, a vertical resolution of ~1.4 km in the
stratosphere to less than 500 m near the Earth’s surface can be achieved when using geometric optics,
corresponding to the first Fresnel zone for GPS RO [Healy and Eyre, 2000; Kursinski et al., 1997]. The resolution
when using a radio holographic method is approximately 100m in the lower troposphere with higher
resolutions theoretically possible [Gorbunov et al., 2004; Jin, 2013]. Vertical resolutions in the lower
stratosphere estimated at 100–200 m have been obtained using the FSI method [Tsuda et al., 2011].

The first GPS RO mission, the GPS/MET (Global Positioning System/Meteorology) experiment, was launched in
1995 and successfully demonstrated the GPS RO concept [Ware et al., 1996]. Since the GPS/MET experiment,
multiple spaceborne programs have obtained radio occultation measurements using on board GPS receivers,
such as the German CHAllenging Minisatellite Payload (CHAMP) satellite [Wickert et al., 2001], US-Taiwan
cooperative Constellation Observing System for Meteorology Ionosphere and Climate (COSMIC)/Formosa
Satellite 3 [Anthes et al., 2008], International Satelite de Aplicaciones Cientifico-C (SAC-C) [Hajj et al.,
2004], National Aeronautics and Space Administration (NASA) Gravity Recovery and Climate Experiment
[Anthes, 2011; Wickert et al., 2009], and European Meteorological operational (Metop) [von Engeln et al.,
2011] satellites.

With the success of spaceborne systems, it was proposed that the RO technique be adopted for use with a
receiver inside the Earth’s atmosphere either stationed on a mountaintop [Zuffada et al., 1999], or on board an
aircraft [Healy et al., 2002; Lesne et al., 2002; Xie et al., 2008]. Airborne radio occultation (ARO) makes it possible to
target regions of interest providing an increased number of observations within a time frame relevant for
synoptic scale storm development, as opposed to spaceborne RO where the sampling is constrained by the
orbits of the available LEO satellites and therefore is relatively sparse. ARO complements dropsondes and other
airborne remote sensing techniques in that the limb-soundings sample the larger-scale environment to the
sides of the flight path and can be made at a safe distance from dangerous deep convection within
storm systems.

We developed the GNSS Instrument System for Multistatic and Occultation Sensing (GISMOS) for ARO
measurements as well as reflection measurements for ocean surface roughness, wind speed, salinity, and
surface soil moisture [Garrison et al., 2007; Voo et al., 2009]. The GISMOS system was tested in 2008 using the
National Science Foundation (NSF) Gulfstream V (GV) research aircraft at flight altitudes of approximately
14 km over the southeastern United States [Lulich et al., 2010; Muradyan, 2009, 2012]. The proof of concept
was demonstrated [Haase et al., 2014] in a preliminary analysis of the data from the 2010 PRE-Depression
Investigation of Cloud systems in the Tropics (PREDICT) field campaign to study developing tropical storms
[Montgomery et al., 2012]. The focus of this paper is an extension of the work of Haase et al. [2014] to a
statistical analysis of the ARO results from the complete conventional geodetic GPS receiver data set during
PREDICT and a preliminary assessment of the utility of the measurements for studying the tropical storm
environment. It includes extensive comparisons with dropsonde and radiosonde data as well as NWP model
analyses. Previous studies have demonstrated the ability of spaceborne GPS RO to measure the global
characteristics of mature tropical cyclone temperature structure and to provide novel approaches for
determining tropical cyclone cloud top heights and their empirical relation to storm intensity [Biondi et al.,
2011, 2013; Vergados et al., 2013, 2014]. The motivation for this work is to provide additional data for
assimilation into numerical models to improve forecasts [Haase et al., 2012]. Previous case studies have
indicated that the assimilation of COSMIC spaceborne RO is beneficial to numerical forecasts of tropical
cyclones [Chen et al., 2009; Huang et al., 2010; Liu et al., 2012]. However, these studies included only a limited
number of profiles within 1200 km of the cyclone center. This work leads the way for future studies of the
open-loop analysis of the GISMOS 10 MHz data where the ARO technique will be able to provide 10–14
profiles near the cyclone center per day.

Section 2 reviews the motivation and background for the PREDICT campaign, and provides a description of the
GISMOS system and its use during the campaign. We implemented a geometric ray optics retrieval method
for the analysis of the data from the conventional geodetic receivers for the upper part of the troposphere,
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which we describe in section 3. Section 4 presents an assessment of the accuracy of the ARO results through
comparisons with dropsondes, radiosondes, and numerical weather model reanalysis profiles. The consistency
of the refractivity variations with environmental moisture variations in the vicinity of the developing storm
Karl is also examined in section 4. A preliminary analysis of the GISMOS 10 MHz GNSS Recording System (GRS)
data, which will allow much more comprehensive sampling of the storm regions for rising as well as setting
occultations, and will sample into the middle to lower troposphere, is given in section 5.

2. PREDICT Campaign
2.1. Campaign Objectives

The PREDICT experiment took place from 15 August 2010 until 30 September 2010 andwas based at St. Croix,
U.S. Virgin Islands. It has been postulated that the presence of a dynamically protected region of convection
and vorticity comoving with a tropical wave could lead to an area of enhanced moisture favorable for
cyclogenesis [Dunkerton et al., 2009]. Testing this hypothesis was addressed by the PREDICT experiment in
the Caribbean and western Atlantic [Evans et al., 2012; Montgomery et al., 2012]. During PREDICT, airborne
missions were flown to investigate the developing tropical cyclone environment before the disturbances
reached tropical storm strength. The missions were planned to provide observations within the axes of the
African Easterly waves. Approximately 50% of minor Atlantic hurricanes, Saffir-Simpson category 1 and 2, and
over 80% of intense Atlantic hurricanes, category 3 and above, develop from an African easterly wave
[Landsea, 1993]. However, determining which waves will develop is a challenge.

The location of the closed circulation region was predicted to be near the intersection of the critical line, where
the wave speed matches the mean flow and the axis of the wave trough [Dunkerton et al., 2009; Wang et al.,
2009]. On a given pressure surface, the critical line was typically oriented east-west, whereas the axis of the
wave trough was typically oriented north-south. During PREDICT, a well-defined circulation about this point of
intersection combined with enhanced total column water vapor in the forecast models motivated a mission.
Dropsonde sampling of the area of circulation was used to evaluate the conditions that distinguished between
developing and nondeveloping cases [Davis and Ahijevych, 2012; Komaromi, 2013].

The primary objective of this study is to provide a preliminary assessment of the ARO method accuracy using
the rich PREDICT dropsonde data set and to develop an ARO data set for future assimilation with associated
observation error estimates. Although dropsonde and radiosonde profiles have their own associated errors,
they are currently the best independent benchmark for accuracy relative to other observation systems and are
often used for validation of remote sensing systems. Radiosonde biases originate from instrumental error,
manufacturer type, and radiation heating. However, these biases have been extensively studied to determine
corrections and quality control for many of these effects [Durre et al., 2005; Moradi et al., 2013; Reale et al.,
2012; Sun et al., 2013]. Dropsonde instrumentation is comparable to radiosonde, and we expect similar
error characteristics. Wang et al. [2009] and Wang [2005] found good agreement between radiosonde and
dropsonde relative humidity and temperature measurements in the lower troposphere (surface to 5 km
altitude) where the mean difference was typically less than 2% in relative humidity and ~0.4°C in temperature,
based on 71 colocated radiosonde and dropsonde data [Wang, 2005]. We therefore define agreement with
these soundings as an assessment of ARO profile accuracy, with the caveat that the observations have
fundamentally different spatial characteristics [Kuo et al., 2004]. The expected theoretical error for ARO
refractivity is expected to be better than 0.5% up to about 1 km below aircraft height given a velocity accuracy
of the navigation system of 5 mm/s or better [Muradyan et al., 2010]. However, if the line of sight for the
ARO geometry crosses strong horizontal gradients of refractivity, the assumption of spherical symmetry can
introduce refractivity biases up to 1% in the upper troposphere increasing to a maximum of ~4.5% below 3 km
altitude [Xie et al., 2008]. This has motivated development of a nonlocal observation operator to account for
lateral variations when radio occultation data are assimilated [Liu et al., 2008; Ma et al., 2009; Sokolovskiy et al.,
2005a, 2005b].

2.2. Campaign Measurements

The National Science Foundation (NSF) GV research jet was deployed for 26 research missions studying
eight storm systems during the campaign. Dropsondes were deployed on all research flights to measure
atmospheric conditions in the environment of each storm. Over 500 dropsondes were deployed during
the campaign [Montgomery et al., 2012]. The GISMOS ARO system was also deployed on the GV and sampled
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the survey area during all missions. Twenty-one ARO refractivity profiles were retrieved from the conventional
geodetic receiver system over the 26 missions for this study, of which nine were from flights into a tropical
disturbance which ultimately developed into Hurricane Karl and were studied extensively during PREDICT.
Six flights were made into the pre-Karl disturbance over 5 days from 10 to 14 September 2010. The disturbance
was investigated from early in its development through its genesis to a tropical storm, which made this
an ideal system to assess the characteristics of ARO refractivity profiles in the moisture environment of a
developing tropical system.

GISMOS recorded occultation data from four geodetic quality dual-frequency Trimble NetRS GPS receivers as
well as a 10 MHz GNSS Recording System (GRS). Two high-gain antennas, with the gain patterns focused on the
horizon for extra sensitivity in tracking occulting satellites, were mounted on the sides of the fuselage. Two
GPS avionic antennas were also mounted on each side of the aircraft. Each of the four geodetic receivers
recorded 5 Hz data from one of the side antennas. A GPS inertial navigation system provided high-accuracy
aircraft position and velocity using another GPS avionic antenna installed on top of the GV fuselage. The GRS
recorded one channel fromeach of the high-gain side looking antennas and one channel from the top antenna.
A common timing signal for each receiver was provided by a Symmetricom ET6000 GPS timing receiver with an
ovenized crystal oscillator with stability of 3× 10# 11 over 1 s. Flight level in situ measurements of temperature
were made at 50 Hz with a fast response, all weather, de-iced avionics sensor (Rosemount Model 102AL TAT)
with 0.5°C accuracy (http://www.hiaper.ucar.edu/handbook/index.html). In situ pressure was measured at flight
level with 0.1 hPa accuracy. Humidity measurements were made with a vertical cavity surface emitting laser
hygrometer and a Buck research model 1011c hygrometer (Project managers’ data quality report at https://
www.eol.ucar.edu/content/predict-aircraft-documentation-summary). However, because of the inconsistency
of recording accuracy, these humidity data were not used.

The precise position and velocity of the aircraft were calculated with the Applanix Mobile Mapping Suite
postprocessing software [Mostafa et al., 2001] using a tightly coupled Kalman filter solution combining 10 Hz
GPS observations and 200 Hz inertial measurement unit (IMU) observations. Precise final orbits and clocks
were used from the International GNSS Service (IGS) [Beutler et al., 1999, 2009]. Forward and reverse Kalman
filter precise point positioning solutions were averaged to provide a combined solution including optimal
error corrections to the linear acceleration and angular rates measured by the IMU. The position precision is
better than 6 cm in the horizontal and 90 cm in the vertical, and velocity precision is better than 5 mm/s
velocity in all components, as required for accurate airborne retrievals, contributing to less than 0.5%
refractivity error [Muradyan et al., 2010; Xie et al., 2008].

3. Retrieval Method and Data Analysis
3.1. GPS Observations of Excess Phase

The travel time of the signal observed by a GPS receiver is a function of the speed of propagation, which
depends on the refractive index of the atmosphere, integrated along the path length. The deviation of the
latter from a straight line also depends on the refractive index. The gradient of refractivity causes bending of
the GPS signals along the propagation path. The tangent point of the refracted raypath is the point of the
closest approach to the Earth’s surface as shown in Figure 1. The observable for ARO is given in terms of the
total carrier phase in meters, ϕ, of the GPS signal shown in equation (2),

ϕT
R ¼ DT

R þ cCT þ cCR þ ITR þ cGþ ϕT
R þMT

R þ ε (2)

where DT
R is the vacuum straight line geometric distance in meters between the transmitting GPS satellite and

the GPS receiver on board the aircraft, c is the speed of light in meters per second, cCT and cCR are the
satellite and receiver clock errors, respectively, ITR is the error due to the ionosphere, cG is the relativistic
time correction to compensate for the eccentricity of GPS satellite orbits, MT

R is the integer ambiguity of the
carrier wave at the start of signal tracking, ϕT

R is the excess phase delay caused by refraction in the neutral
atmosphere, and ε is the measurement error including thermal noise and local multipath. The superscript T
refers to the transmitting GPS satellite, and the subscript R refers to the receiving aircraft.

Excess phase was found by subtracting the satellite clock error (provided with the IGS orbits), the relativistic
effect, the geometric distance, and the ionosphere correction from the total phase observed for the satellite.
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The ionosphere correction was obtained
from the ionosphere free total phase
using the L1 and L2 GPS signals from
the GISMOS dual-frequency geodetic
receivers [Misra and Enge, 2006] as
shown in equation (3).

ITR ¼ f 2L1
f 2L1 # f 2L2

ϕL1 #
f 2L2

f 2L1 # f 2L2
ϕL2 (3)

Higher-order corrections for ionospheric
effects are neglected. The excess
Doppler, fd, was found by taking the
time derivative of the excess phase,
which removes the unknown
integer ambiguity.

f d m=sð Þ ¼ d
dt

ϕT
R þ CR ' c þ εg

!
(4)

The excess Doppler was smoothed with
a second-order Savitzky-Golay filter
[Schafer, 2011] with a span of 5 s to
reduce the amount of noise propagated

through further analysis of the data. The window size of the filter was chosen to preserve the expected
vertical resolution at the tangent point defined by the first Fresnel zone of the ray [Xie et al., 2008]. In order to
remove the receiver clock error, cCR, the smoothed Doppler from a GPS satellite at a high elevation, where
tropospheric effects were assumed to be negligible compared to other error sources, was subtracted from
the occulting satellite Doppler, as shown in Figure 2.

3.2. Refractive Bending Angle

The impact parameter, a, of the occulting signal raypath is the product of the tangent point radius from the
Earth’s center and the refractive index at that point (Figure 1). The impact parameter is constant along the

raypath when refractivity is spherically
symmetric. When spherical symmetry is
assumed, the bending angle of the
signal raypath, α, as a function of impact
parameter can be determined from the
excess Doppler, given the relative
positions and velocities of the satellite
and aircraft [Vorob’ev and Krasil’nikova,
1994]. The excess Doppler shift of the
GPS signal from transmitter to receiver
is given by equation (5) [Hajj et al., 2002;
Melbourne, 2005].

f d ¼
1
λ
nTkT 'vT#nRkR 'vR#k ' vT #vRð Þ½ )

(5)

The terms vR and vT are the aircraft and
satellite vector velocities, k is the unit
vector in the straight line direction from
transmitter to receiver, while kT and kR
are the unit vectors in the directions of
signal departure from the transmitter
and subsequent arrival at the receiver,
respectively. The refractive index of the
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Figure 2. The excess Doppler shift (observed minus straight line vacuum
path) is shown for the occulting satellite PRN25 (red) during RF18 and
high elevation satellite PRN14 (blue) for the same flight. The difference,
PRN25 minus PRN14 (black), is taken to remove the variation due to the
receiver clock error. At later times, the raypath samples deeper in the
atmosphere producing a greater Doppler shift. [From Haase et al., 2014].

Figure 1. An occulting GPS satellite shown at positive and negative elevation
angle relative to the local horizon of the aircraft. The radius vector to the
tangent point, rt, is the point of closest approach of the raypath to the
surface of the Earth, and α is the bending angle due to refraction. The index
of refraction at the tangent point is nt, and the impact parameter is at= ntrt.
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atmosphere at the location of the aircraft and the satellite is nR and nT, respectively. The dot products in
equation (5) can be evaluated to express the excess Doppler shift in terms of the scalar velocities and angles
in the plane containing the aircraft, satellite, and Earth center as shown in Figure 3 and given in equation (6)
[Vorob’ev and Krasil’nikova, 1994].

f d ¼ vT
λ
sin ηT # βTð ÞsinγT þ cosγT # 1ð Þcos ηT # βTð Þ½ )#

vR nRsin βR # ηRð ÞsinγR þ nRcosγR # 1ð Þcos βR # ηRð Þ½ )
(6)

For the airborne geometry, the satellite is at an elevation where refractivity is negligible and the transmitter
index of refraction, nT, is unity. The in situ flight level data were used to calculate the refractive index, nR, at the
aircraft using equation (1). Because in situ flight level, water vapor measurements were not functioning
reliably during PREDICT, the refractivity at the aircraft flight level was calculated with only the first pressure
term using the mean value of the flight level pressure and temperature over the duration of the occultation.
The contribution of the wet components to total refractivity is small relative to other error sources at the
typical GV flight altitude of 14 km, ~0.05% of total refractivity [Muradyan, 2009]. The bending angle, α, is the
sum of the two unknown angles in equation (6):

α ¼ γR þ γT (7)

A second equation in these variables can be derived from Bouguer’s formula [Born and Wolf, 1999]

a ¼ rT sin γT # ηTð Þ ¼ nRrR sin γR þ ηRð Þ ¼ constant (8)

where r is the radial distance from the center of curvature to a point on the raypath. Note that equations (6)
and (8) differ from those described in Kursinski et al. [1997], and the spaceborne radio occultation literature
because nRrR is explicitly included and nR is not assumed to be unity. Equations (6) and (8) were solved
iteratively using successive substitution to find γR and γT, where γT is expected to be small and is initially
chosen to be equal to zero. To compensate for the oblateness of the Earth, the local spherical radius and
center of curvature at the tangent point were calculated and the coordinates and velocities were transformed
into the reference frame with its origin at the center of curvature prior to the calculation of the bending angle
[Syndergaard, 1998].

For the setting occultations, the GPS satellite was observed beginning above the horizon of the aircraft
(positive elevation angle) and continued below the horizon (negative elevation angle) until tracking was lost,
as illustrated in Figure 1. For every raypath below the horizon of the aircraft, there is a raypath above the
horizon with the same impact parameter, a [Healy et al., 2002; Zuffada et al., 1999]. The maximum impact
parameter occurs at zero-elevation angle relative to the local aircraft horizon. The bending angle of the
raypath increases slowly as the setting satellite moves from above the aircraft horizon to zero-elevation
angle. The bending angle then increases much more rapidly as the satellite sets below the horizon, as seen
in Figure 4.

Figure 3. The geometry of the airborne receiver and GPS satellite in the occultation plane containing the center of
Earth curvature, the aircraft, and satellite. The tangents to the signal raypath at the source and receiver define the total
bending angle, α, which provides information on the refractivity of the atmosphere. Subscript T refers to the GPS satellite
transmitter and subscript R refers to the aircraft GPS receiver. The satellite and airplane velocities are labeled by vT and vR,
respectively. This illustration defines the angles used in equation (6).
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3.3. Refractivity Retrieval

The bending angle, α, in a spherically
symmetric atmosphere is an integral
function of the refractive index as a
function of radius, r, from the center of
curvature [Hajj et al., 2002; Kursinski
et al., 1997].

α ¼ #a∫
rR

rt

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2r2 # a2

p d lnnð Þ
dr

dr

# a∫
rT

rt

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2r2 # a2

p d lnnð Þ
dr

dr (9)

The radius at the tangent point is rt, and
the integration continues to rR (the
radius at the receiver) and rT (the GPS
transmitter radius) in the left and right
terms, respectively. In spaceborne RO
with both the receiver and transmitter
outside the atmosphere, there is no
bending accumulated in the vacuum
from radius of the low earth orbiting
satellite receiver to the radius of the
GPS satellite, so the two terms are

equivalent. When the receiver is inside the atmosphere as for the airborne case, these two terms are not
equivalent. However, the bending angle for a negative elevation angle raypath can be expressed as a sum of
the bending angle accumulated below the radius of the aircraft and the bending accumulated from the
radius of the aircraft to the radius of the GPS satellite.

α ¼ #2a∫
rR

rt

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2r2 # a2

p d lnnð Þ
dr

dr # a∫
rT

rR

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2r2 # a2

p d lnnð Þ
dr

dr (10)

The second term is equivalent to the bending accumulated for a positive elevation angle ray with equivalent
impact parameter. The partial bending angle, α′, is defined as the difference between the bending angles of
positive and negative elevation angle rays [Xie et al., 2008]

α′ ¼ αN # αP ¼ #2a∫
rR

rt

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2r2 # a2

p d lnnð Þ
dr

dr (11)

and depends only on the atmospheric refractivity below the aircraft. The refractive index at a specific height
in the atmosphere below the receiver is found using the Abel inverse of equation (11)

n að Þ ¼ nR exp
1
π ∫

x¼nRrR

x¼a

α′ að Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 # a2

p dx

" #

(12)

where x= nr. Once again, equation (12) differs from that describing the spaceborne case by the factor nR. The
Abel transform pair given by equations (11) and (12) can be used to either make a forward calculation of
partial bending angle from a known refractivity profile or an inverse calculation of refractivity from a profile of
partial bending angle.

As an example, the bending angle found from the excess Doppler measured during an occultation of
satellite PRN25 (GPS satellites are identified by the Pseudorandom Number code) during research flight
18 (RF18) on 13 September 2010 is shown in Figure 4. To find the partial bending angle, the point with
maximum impact parameter in the ARO bending profile is found. This point is taken as zero-elevation angle,
and the profile is split into positive and negative elevation angle sections. The positive and negative
elevation bending angle sections were then each interpolated at equal impact parameter intervals of 0.01 km
so that the partial bending difference could be formed. The noise in the excess Doppler profile produces
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Figure 4. The bending angle from the occultation of satellite PRN25 during
RF18 on 13 September 2010 (gray). Superimposed is the bending angle
profile with the noisy section near zero-elevation angle and the positive
elevation angles replaced with simulated values from an initial estimate
of the refractivity profile (darker gray). The partial bending angle is shown
in black.
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noise in the bending angle profile, which is greatest at zero-elevation angle. To reduce the propagation
of this noise in the calculation of refractivity, the retrieval process was carried out in two steps. First, a
refractivity profile was derived from the Abel inverse transform of the noisy partial bending angle profile.
Then a quadratic fit was made to the log of refractivity as a function of height below the aircraft. The
refractivity was extrapolated upward to 30 km height using an exponential function with a 7 km scale
height. Assuming this smooth refractivity profile, the bending angle was simulated with a forward Abel
calculation from equation (11). The noisy section of the bending angle profile near the maximum impact
parameter and the positive elevation angle section of the bending angle profile were then replaced with the
simulated bending angle profile, as shown in Figure 4. Because the refractivity at the aircraft height is
constrained by the in situ measurement, the error made by extrapolating refractivity above the aircraft is
small, and will be assumed to be insignificant compared to the bending angle noise that was eliminated.
A revised partial bending angle was calculated and used in a second iteration of the inverse Abel transform
to find the final estimate of the refractivity profile.

For comparison to the ARO refractivity profiles, we use equation (1) to calculate vertical refractivity profiles
from dropsonde data as well as model reanalyses estimates of geopotential height, pressure, temperature,
and relative humidity. Saturation vapor pressure was calculated from temperature following the Federal
Meteorological Handbook No. 3 (www.ofcm.gov/homepage/text/pubs.htm). The geopotential height values
in the dropsonde and model profiles, which are referenced to the equipotential surface at sea level, were
converted to geometric height [Hofmann-Wellenhof and Moritz, 2006]. Then the geometric height was
corrected for the difference between the geoid (sea level) and the WGS84 ellipsoid that serves as reference
for the GPS geometric height using the EGM2008 geoid model [Pavlis et al., 2012] (www.geographiclib.
sourceforge.net/cgi-bin/GeoidEval).

4. Results

We assessed the accuracy of ARO refractivity profiles by comparing them with dropsonde, radiosonde, and
model reanalysis profiles at nearby locations. The location of the raypath tangent point moves horizontally
with changing tangent point altitude as the receiver-transmitter geometry changes, primarily because the
GPS satellite is moving significantly faster than the aircraft. To provide a consistent reference point for
comparison, the ARO refractivity profile was assigned a location at the occultation point, which we defined as
the tangent point location at 500 hPa, the height which approximately divides the mass of the atmosphere
in half, or the lowest tangent point location if the profile does not extend below 500 hPa. Typically, the
horizontal movement is on the order of 150–400 km. However, the drift is not linear in tangent point
altitude, as shown in Figure 5. The drift is greatest at higher altitudes. The horizontal drift of the tangent
point altitudes from 14 to 10 kmwas approximately twice the horizontal drift in the height interval from 10 to
6 km (Figure 5).

For each retrieved ARO profile, we selected the closest dropsonde profile for comparison. The maximum
separation was 370 km. This relatively large distance criterion was chosen to provide a reasonable number of
matches and is comparable to the criterion chosen in previous RO studies [Sun et al., 2010].

Dropsonde and ARO profiles were interpolated to common levels, and the difference between the ARO and
the dropsonde profile was found using equation (13).

δN ¼ NARO # NDROP

NDROP
&100% (13)

The same approach was used for the model reanalyses. Because of the horizontal drift of the tangent point
and the physical drift of the dropsonde descent, some differences are expected between ARO and the nearly
vertical dropsonde profiles. In addition, horizontal gradients of refractivity along the signal raypath, especially
due to smaller-scale moisture variations, limit the accuracy of the spherical symmetry assumptions used in
the refractivity retrieval. The ARO retrieval represents a weighted average of the refractivity along the line of
sight between the receiver and the satellite. The values are highly weighted toward the locations of the
tangent points because that is where the density is greatest. For example, we used ray tracing to calculate in a
1-D atmosphere that 70% of the bending is accumulated within ±50 km of the tangent point at 10 km height
and within ±170 km of the tangent point at 3 km height.
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4.1. Dropsonde and Radiosonde Comparison

We analyzed the GPS ARO data for 21 occultations recorded by the GISMOS geodetic receivers over the
course of the campaign. Many more occultations were recorded by the GRS, and refractivity profiles will be
retrieved from these data in future work. The ARO refractivity profiles extended from the aircraft height
(typically about 14 km), until tracking was lost. The deepest profile was retrieved from the occultation of
PRN25 satellite from flight RF18, Figure 5, which extended down to a height of 4.1 km. All of the ARO
refractivity profiles extend from the aircraft altitude to at least 7.7 km altitude, and the average height
reached for all profiles was 6.3 km. Figure 6b shows the refractivity profile from the RF18 PRN25 occultation,
as well as the profile calculated from the dropsonde nearest to the occultation point (D20100913_132359
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the environmental mean.
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from RF18 on 13 September 2010) (http://data.eol.ucar.edu/master_list/?project=PREDICT), and the profile
calculated from the 12:00 UT Kingston (MKJP), WMO station #78397, radiosonde. For this case, the ARO
refractivity differs from the dropsonde by about 1% over the height range of the profile, and both ARO and
dropsonde refractivity (Figure 6c) are significantly higher than the environmental mean defined later in
section 4.3. Both the ARO and dropsonde profiles sample air that is moister than the MKJP radiosonde profile
(Figure 6a). The contribution of temperature versus moisture in these comparisons is discussed in detail in
section 4.3.

Each of the ARO refractivity profiles was compared to the dropsonde deployed nearest to the occultation
point, and the percent differences are shown in Figure 7a along with themean of all profiles at each height. In
Figure 7c the standard deviation is shown in green, and the number of profiles at each height is indicated in
red. Below 7 km the sample size was too small to make a robust estimate, but the data are shown in Figure 7
to illustrate the penetration depth of observations below that height by the geodetic receivers. The average
spatial separation between dropsonde and ARO occultation point was 118 km, and the greatest separation
was 367 km. Fourteen of the 21 ARO profiles were within 120 km of a dropsonde location. The average
temporal separation between the ARO profiles and the corresponding dropsonde release times was 1.42 h
with 14 of the 21 profiles separated by less than 2 h. No attempt was made to distinguish between profiles in
different convective environments. All flights were made when deep convection was present, and almost all
missions were flown into storms before they reached tropical storm stage [Montgomery et al., 2012].

The mean difference of ARO minus dropsonde refractivity is near zero at 12 km, increasing to 0.8% at 9.3 km
and decreasing to zero at 8 km, with a positive bias (ARO higher than dropsonde refractivity). The mean
difference shows a negative bias below 8 km. The standard deviation as a function of height is about 0.8% in the
12 km to 8 kmheight range, and then increases to 1% from 8 to 7 km. A 0.8% refractivity difference corresponds
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Figure 7. (a) Percent difference of RO refractivity profiles from dropsonde refractivity profiles (see equation (13)). In all
panels, the mean is shown in bold black. The mean difference between RO and dropsondes is less than 1% for heights
where the number of observations (red) is greater than 15. (b) Percent difference of RO refractivity profiles from the
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deviation is less than 2% for all heights where the number of observations is greater than 15, roughly above 7 km.
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to a 2 K error in temperature at 10 km
height, assuming temperature is about
#34°C and refractivity is 95 N units at
this height.

The ARO profiles were also compared
with radiosonde profiles over the entire
PREDICT campaign (Figure 8). Due to the
sparseness of radiosonde stations in
the Caribbean, the comparison was
limited to 16 profiles that were within
400 km and 5.5 h spatial and temporal
separation, and many of these pairs
occurred on the ferry part of the flight or
well away from the center of most active
convection. The mean difference is near
zero at 12 km, increasing to a maximum
of 0.8% at 9.3 km, and decreasing back
toward zero at 7 km as shown in bold in
Figure 8. The ARO-radiosonde difference
has similar height dependence as the
ARO-dropsonde difference. The standard
deviation over this height range
increases from about 0.5% at 12 km to
2% at 7 km as shown in Figure 8,
somewhat greater than the dropsonde
because of the greater spatial and
temporal separation.

Given the novelty of these results, it is useful to review similar studies with spaceborne RO. The ARO profile
accuracy is comparable but a little lower than spaceborne RO profiles, as expected, by the level of noise
introduced by the less stable platform. Available spaceborne RO profiles are too sparse for comparison to
nearest ARO geodetic receiver profiles from PREDICT. However, we can evaluate the results relative to previous
studies comparing spaceborne RO refractivity profiles with radiosonde soundings [Kuo et al., 2005; Sun et al.,
2010; Wickert et al., 2004; Xu et al., 2009]. For instance, Kuo et al. [2005] compared spaceborne RO refractivity
soundings from the NASA-German cooperative CHAMPmission with data from regional groups of radiosondes
released within 2 h and 300 km of CHAMP RO soundings, comparable time and distance separation to our
ARO-dropsonde comparisons. Similar to the airborne ARO-dropsonde comparison, CHAMP soundings at similar
latitudes as PREDICT campaign also showed the mean difference increasing as the height decreased. The
CHAMP-radiosonde refractivity bias in the Australia region varied from near zero to 0.5% in the height range of
12 to 4 km, and then decreased to negative values below 4 km, whereas in Figures 7c and 8, the ARO bias
transitions to negative values below 8 km. The standard deviation of spaceborne RO also increases with
decreasing height in a manner similar to the airborne case. For example, spaceborne RO gives a standard
deviation of about 1% above 7 km, which increases to 4% at 4 km for 366 radiosonde comparisons from
Australia in Kuo et al. [2005]. The ARO-dropsonde differences would be expected to be greater than spaceborne
radiosonde, as well as terminating at higher levels, given that they were recorded in the challenging
environment of the Caribbean region, always in proximity of storm systems. Despite these differences, it is
encouraging to find initial results to be of comparable magnitude to results seen in the comparison of
operational spaceborne RO soundings to radiosondes.

An extensive study with globally aggregated COSMIC spaceborne RO data [Sun et al., 2010] revealed a refractivity
bias of radiosondes under 0.2% from 12 to 6 km, and a standard deviation that increased from 0.7% at 12 km to
1.5% at 6 km. With a larger data set, that study also investigated the dependence of the standard deviation
on spatial and temporal separation of the soundings from the spaceborne RO profiles. For 0–0.25h separation at
7.5 km height, the standard deviation increases from 0.5% to 1.2% as the separation distance increases from 0 to
275 km. Thus, the ARO standard deviations are within the expected range, given the proximity to the soundings.
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4.2. Model Analysis Comparison

The ARO refractivity profiles were also compared to refractivity profiles calculated using the European Center
for Medium-Range Weather Forecasts (ECMWF) European Reanalysis Interim (ERAI) model [Dee et al., 2011].
The refractivity profiles were calculated from the pressure, temperature, moisture, and geopotential height
values extracted from the model at the grid points nearest to the ARO occultation point for the comparison.
The model values at 37 levels were interpolated to 0.75° resolution from 1.5°, but no time interpolation in
the 6 h reanalysis was made as the ARO profiles were already well colocated in time with an average
separation in time of 1.2 h. The temporal separation has less impact than spatial separation, as Chen et al.
[2011] showed no variation in COSMIC RO agreement with model forecasts for 0–2.5 h separation. The
average distance between ARO occultation points and the nearest model grid point was 30.6 km. Figure 7b
shows the difference with ERAI as a function of height for each of the 21 ARO refractivity profiles and the
mean difference at each height in bold. In contrast to the dropsonde comparison, the mean difference
between ARO and ERAI is negative, from about #0.5% at 12 km to 7 km height to #1% at 7 km height. In
Figure 7d, the number of profiles available at each height is shown in red, the mean difference again in black,
and the standard deviation in green. The standard deviation is 1.5% in the 12 km to 9 km height range,
increasing to 2% by 7 km height. The agreement with the independent dropsonde observations is slightly
better than the agreement with the model.

The PREDICT campaign took place at tropical latitudes of 17–19°. An intercomparison among CHAMP and
SAC-C spaceborne RO data and model fields [Kuo et al., 2004] illustrated the strong latitude dependence of
the agreement among data sets. Moisture variability of the tropical lower troposphere causes larger standard
deviations than observed at higher latitudes. The ECMWF Tropical Ocean and Global Atmosphere (TOGA)
analysis at 2.5° resolution was used for that globally aggregated study. A bias of less than 0.2% was seen
between spaceborne RO and ECMWF-TOGA in the 7–12 km height range for tropical latitudes with a standard
deviation of about 0.5–1%. However, the standard deviation reached 3% near the surface in the tropics
compared to less than 2% at latitudes greater than 30°. A comparison between the GNSS Receiver for
Atmospheric Sounding (GRAS) spaceborne RO data and the ECMWF analysis also considered the latitude
dependence [Zus et al., 2011]. For tropical latitudes from #30° to 30°, the standard deviation of GRAS RO
refractivity differences increased from about 0.5% at 10 km to 2% at 6 km, comparable to the ARO statistics.
The GRAS profiles also showed higher biases in the tropics of#3% at 1 km, compared to#1.5% biases at high
latitudes. The PREDICT ARO model comparison statistics are thus more comparable to the spaceborne RO
model statistics found in the tropics. In addition, the selective sampling of the ARO profiles in the vicinity of
tropical storms contributes to larger differences relative to spaceborne RO that sampled the entire tropical
latitude band, with a proportionally lower sampling of this highly variable tropical storm environment. This
contributes to the larger standard deviations seen in Figures 7 and 8.

4.3. Pre-Karl Refractivity

A subset of the ARO profiles was used to examine refractivity structure as the pre-Karl system developed. In
particular, we present the profiles retrieved near the National Hurricane Center (NHC) best track locations of
the investigated area during the transition from tropical disturbance to tropical storm, relative to the
surrounding environment. The pre-Karl disturbance first developed from the merger of a tropical wave and a
low-pressure trough north of the South American coast just east of Venezuela on 1 September 2010. The
disturbance moved west-northwest over the next 2weeks into the Caribbean. Beginning on 10 September
2010, PREDICT flights RF14–RF19 were flown into the pre-Karl system over a 5 day period ending on the
fourteenth (Figure 10). Over this period, pre-Karl development was slow and convection disorganized. Up
until the thirteenth, the low-level circulation was displaced relative to the midlevel circulation [Davis and
Ahijevych, 2012]. After the alignment of the circulations on the thirteenth, the disturbance developed further,
reaching tropical storm strength on 14 September (day T-0). After this, Karl eventually moved west across the
Yucatan Peninsula south of Cancun and developed into a major hurricane in the Bay of Campeche by 17
September (A detailed report is found at www.nhc.noaa.gov/pdf/TCR-AL132010_Karl.pdf ).

In general, for developing disturbances observed during PREDICT, a warm core formed within 24 h of genesis
with a temperature anomaly of up to 2 K in the upper troposphere near the storm center [Komaromi, 2013].
The daily mean temperature increased near the storm by about 3 K at 9 km altitude for pre-Karl flights over
10–14 September [Smith andMontgomery, 2012]. The observedwarm core is consistent with previous studies of

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022931

MURPHY ET AL. ©2015. American Geophysical Union. All Rights Reserved. 1701

www.nhc.noaa.gov/pdf/TCR-AL132010_Karl.pdf


tropical cyclones [Biondi et al., 2013; Davis et al., 2014; Houze et al., 2009; Kidder et al., 2000; Merrill, 1991]. The
mean system relative humidity remained relatively constant below about 3 km over 10–14 September, while
humidity generally increased in the midlevel to 10 km [Smith and Montgomery, 2012]. We investigate the
variability in refractivity as seen in the dropsonde data over this time period and then examine the consistency
of the ARO refractivity with the evolution of Karl as described in these previous studies.

The mean environmental refractivity over the 4 day period 10–13 September was calculated using data from
all 105 PREDICT dropsondes deployed during RF14 through RF18 (Figure 9a). This mean refractivity profile,
which we refer to as the pre-Karl environmental mean, provides a convenient pregenesis reference for
comparison to profiles obtained with ARO data.

Atmospheric refractivity can be considered as the sum of a dry term that depends on temperature and dry
pressure alone, and a wet term that contains water vapor pressure as shown by the rearrangement of
equation (1) where dry pressure is equal to P# e.

Ndry ¼ k1
P # e
T

;Nwet ¼ k2
e
T
þ k3

e
T2

(14)

In the upper troposphere where moisture levels are low, the dry term is dominant and most of the variations
in refractivity are due to temperature variations. The wet component begins to make a greater contribution
to refractivity variations below 9.4 km where moisture levels are greater (Figure 9b). On average, the wet
contribution to the dropsonde refractivity is about 30–35% of total refractivity near the surface while just
0.3% of total refractivity at 12 km for the pre-Karl environmental mean profile. However, there is a significant
difference between the magnitude of variations for the two components. Figure 9c shows the difference
between the dry component calculated from each individual dropsonde and the pre-Karl environmental
mean total refractivity using equation (15).

δNdry
i ¼ Ndry

i # Ndry

Ntotal
; δNwet

i ¼ Nwet
i # Nwet

Ntotal
(15)

The dry dropsonde refractivity varies at most by 0.5% from the mean over the five flights (RF14 through
RF18). The difference between the wet component of refractivity for each dropsonde and the pre-Karl
environmental mean total refractivity over the same period is shown in Figure 9b. The variation ranges from 3
to 10% with large variations in the 4–6 km height interval. Even at 9.4 km the standard deviation of the moist
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Figure 9. (a) The dropsonde pre-Karl environmental mean dry refractivity, total refractivity, and wet refractivity were calculated
using all 105 PREDICT dropsondes from Karl flights RF14–RF18 over 10–13 September 2010. The pre-Karl environmental mean
profile (black) is superimposed on all 105 profiles. (b) Variation of dropsonde wet refractivity relative to total refractivity
(see equation (15)). (c) Variation of dropsonde dry refractivity relative to total refractivity. Even at 9.4 km, wet refractivity
variations (sd 0.9%) measured by dropsondes are more than 3 times the dry variations (sd 0.3%).
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dropsonde refractivity variations about the mean are more than 3 times the dry refractivity standard deviation.
This illustrates that over this pregenesis time period, the refractivity variations from the surface to as high as
9.4 km are associated primarily with moisture rather than temperature variations.

Komaromi [2013] found a warm core temperature anomaly up to 2 K in the upper troposphere of developing
PREDICT tropical disturbances over the 24 h period before genesis. This would lead to a 0.5% variation in
refractivity, so any warm core signature in the ARO profiles remains small in comparison to the moisture
signal. Relative to this background, the 3–10% variation due to moisture variations dominates the refractivity
profiles. We conclude that direct observations of ARO refractivity will definitely be a sensitive indicator of
humidity variations in this type of environment. Of course, the signals from both the warming core and
changes in humidity are contained in the refractivity measurement, and would impact both fields in a data
assimilation experiment.

The pre-Karl storm track positions provided by the NHC (www.nhc.noaa.gov) and the occultation tangent point
paths tracked by GISMOS geodetic receivers over the same period are shown in Figure 10. Nine ARO refractivity
profiles were available for 10–13 September. No usable retrievals were available from the geodetic receiver
data from RF19 on 14 September, although data are available from the GRS system (see section 5).

The dynamically protected region hypothesized to enable thermodynamically favorable conditions for tropical
cyclone development is on the meso α scale [Wang, 2012]. We used a 6° by 6° box as defined byWang [2012]
around the NHC best track storm locations to describe this region. Seven of the nine ARO refractivity profiles fall
within this distance range and were used to examine the change in refractivity over the development of the
system from day T-4, 10 September, until day T-1, 13 September, where T is the day of genesis of the tropical
storm (boxes in Figure 10). ARO occultations PRN25 and PRN30 from RF14 (10 September, T-4), PRN24 from
RF15 (T-4), PRN24 from RF16 (T-3), PRN22 from RF17 (T-2), and PRN25 and PRN30 from RF18 (T-1), fall within
this spatial scale. These profiles are compared to the pre-Karl environmental mean refractivity in Figure 11,
where the profile differences are labeled by time before genesis. The seven ARO profiles were sampled
between 8 A.M. and 4 P.M. local time. The largest change from 1 day to the next is 4%, and we can conclude,
based on the small-temperature variation shown in Figure 9c, that the refractivity variation is primarily due to
moisture. The two RF14 occultations from day T-4 have the lowest refractivity while the refractivity of the RF15
(T-4), RF16 (T-3), and RF18 (T-1) profiles are greater, consistent with moistening within the mesoscale area
containing the storm center as pre-Karl disturbance approaches genesis. This preliminary result is based on only
a limited number of profiles but is consistent with the increase inmoisture observed atmiddle to upper levels in
the interior of the tropical wave for the pre-Karl case [Davis and Ahijevych, 2012; Smith and Montgomery, 2012].

5. Discussion

As noted above, the ARO refractivity agrees best with dropsondes and the ERAI reanalysis in the range from 7 to
12 km; however, there are profiles that deviate greatly below 7 km as moisture levels increase in the lower
troposphere [Sokolovskiy, 2001]. Sharp gradients in moisture can create atmospheric multipath, where the
measured Doppler shifts will not represent unique signal paths but composites ofmore than one signal arriving
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at the receiver simultaneously
[Melbourne, 2005]. The increased error in
cases extending below 7 kmnear the end
of tracking is likely due to atmospheric
multipath [Ao et al., 2003; Sokolovskiy,
2001]. Additionally, the greater variability
of moisture discussed in section 4.3
(Figure 9b) and resulting variability in
refractivity can exacerbate differences
resulting from spatiotemporal
mismatches. Closer agreement was
achieved as expected at higher altitudes,
where refractivity is dominated by
temperature and refractivity is less
variable horizontally.

The geodetic GPS receivers were
included in the GISMOS design in order
to provide straightforward verification of
system operation without complex signal
analysis. The majority of refractivity
profiles retrieved from the geodetic GPS
receivers do not extend below 6–7 km
height, and only a few of the many
possible occultations were successfully
recorded by these receivers. Even in
this limited height range, however, it is

possible to see significant variations in moisture. The dropsonde data in Figure 9 illustrate that the variability at
this height is still dominated by moisture rather than temperature variations over the 4day genesis period for
Karl. In studies of other storms during PREDICT, moisture variability in the upper tropospheric levels was
associated with dry air intrusion from large-scale subsidence or advection that can suppress deep convection
and tropical cyclone formation [Fritz and Wang, 2013; Wang, 2012]; therefore, it is useful to have these
observations above 6 km. However, further science benefit will result from the data analysis from the GRS
instrumentation that samples the raw RF signal and penetrates deeper into the low to middle tropospheric
region that is important to deep convection.

An example of the total number of possible setting and rising occultations is shown in Figure 12 for research
flight RF18. The 14 possible ARO profiles that can be retrieved with open-loop tracking is a significant
increase over the one available COSMIC spaceborne profile during the time period of RF18 and the three ARO
profiles retrieved by the GISMOS geodetic receivers (Figure 12). The geodetic GPS receivers recorded only a
small subset of occultations because the conventional phase-locked loop tracking relies on feedback from
the incoming signal to maintain a zero phase error between the incoming signal and replica. They typically
lose lock on the signal if there are rapid phase changes or large fluctuations in signal amplitude, as can be
produced by sharp gradients in refractivity. These types of signal variations are expected to occur in the
middle to lower troposphere where moisture is increasing with decreasing altitude and has higher variability.
This has been extensively observed in GPS/MET and CHAMP [Ao et al., 2003; Rocken et al., 1997]. The early
termination of tracking at low altitudes was expected and influenced the design of the earliest spaceborne
occultation receivers [Melbourne, 2005], as well as the design of GISMOS [Garrison et al., 2007]. GISMOS was
designed with the GRS to sample the raw GPS signals at 10 MHz for later postprocessing with a software
receiver. An open-loop tracking algorithm uses an a priori geometric model of the Doppler shift that does not
rely on signal feedback for tracking Doppler in the postprocessing. This method avoids the problems
introduced by rapidly changing phase, allows recovery of the data deeper into the moist lower troposphere,
and makes analysis of rising occultations possible [Lulich et al., 2010; Sokolovskiy, 2001], (K.-N. Wang et al.,
Open-loop tracking of rising and setting GPS radio occultation signals from an airborne platform: Signal
model and error analysis, submitted to Transactions on Geoscience and Remote Sensing, 2015). Data from a test
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case were analyzed with the open-loop method for occulting PRN25 during RF18, and the resulting refractivity
profile was compared to the result from the Trimble NetRS conventional geodetic receiver (Figures 13a and
13b) [Haase et al., 2014]. The open-loop result extends about 2 km lower than the profile from the geodetic
receiver. The small differences between the two profiles are much smaller than the differences found in the
dropsonde comparisons.

Rising occultations can be analyzed using the open-loop approach as well, since it operates on the prerecorded
intermediate-frequency GPS data, so signal acquisition and initiation of tracking can occur after the satellite
reaches a high elevation. In a second test case of open-loop tracking, the RF18 PRN20 rising occultation was
retrieved beginning near 4 km altitude (Figure 13c). The use of open-loop tracking has demonstrated superior
results in previous GISMOS validation campaigns and produced one to two rising or setting occultations per
hour of flight [Muradyan, 2012]. A preliminary analysis of the recovered carrier phase signals from PREDICT
indicates that 10 to 15 ARO profiles will be available for eachmission, comparable to the number of dropsondes
released. The open-loop tracking data set will contribute a significantly increased number of profiles so that the
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statistics can be evaluated at lower altitudes, and with respect to temporal and spatial separation as has been
carried out for spaceborne RO [i.e., Chen et al., 2011]. The analysis of the open-loop tracking data is ongoing and
will be the subject of future work.

While the geometric optics retrieval technique was adequate above 6–7 km, it is possible that the refractivity
errors below that height are increased due to atmospheric multipath just prior to loss of signal tracking. The
small number of profiles that extend below 6 km is insufficient to provide a statistically robust conclusion.
However, the availability of the open-loop data will make it worthwhile to implement the Full Spectrum
Inversion method [Jensen et al., 2003, 2006], for example, to extend the profiles further into the lower
troposphere in the presence of atmospheric multipath.

The extensive GPS ARO data set was collected with the ultimate goal of providing additional data for
assimilation into numerical models to improve tropical cyclone forecasts. Given that previous case studies that
assimilated sparsely sampled COSMIC spaceborne RO data indicate an improvement to numerical forecasts of
hurricane development [Huang et al., 2010; Liu et al., 2012], assimilation of the denser observations possible
with ARO [Lesne et al., 2002], particularly in the near-storm environment (Figure 12), could potentially show
significant further impact on hurricane forecasts. The nonlocal refractivity assimilation operator for theWeather
and Research Forecasting Data Assimilation system has been developed for airborne observations based on
Zou et al. [1999]. It includes the modifications for the asymmetric recording geometry below flight level and
assimilation of observations at each height at the actual horizontal location of the tangent point to account for
the larger tangent point drift of airborne observations, thus mitigating the impact of the spherical symmetry
assumption [Haase et al., 2012]. The future results from the complete ARO open-loop tracking analysis will be
useful for this assimilation study.

The assimilation of dropsonde and airborne radio occultation observations into NWPmodels is complementary,
since dropsondes measure the local properties at specific points, and the ARO observations measure the
properties of the larger-scale environment. Dropsondes measure temperature and moisture directly and
additionally providewind observations. However, dropsondes have a high cost per observation (~$700), require
special modifications to the aircraft, permission from air traffic control for release, and have significant safety
restrictions that limit deployments over land. The ARO technique, on the other hand, has the potential to be
adapted to a wider range of aircraft for continuous observations at low additional cost.

6. Conclusions

The GISMOS airborne radio occultation (ARO) system was deployed during the PRE-Depression Investigation
of Cloud systems in the Tropics (PREDICT) field experiment and operated continuously throughout the 45 day
campaign. The system includes a conventional geodetic GPS receiver component for straightforward
validation of the analysis method in the middle to upper troposphere, and a high-sample rate (10 MHz) GPS
recorder for postprocessing of complex signals that probe the lower troposphere. This is the first study to
assess the quality of ARO data and to demonstrate the potential of this new technique as well as provide a
first look at the usefulness of the technique for observing moisture variability above 6 km with the complete
geodetic GPS receiver data set.

A data set of 21 ARO refractivity profiles was retrieved that sampled the atmosphere in the environment of six
tropical disturbances, several of which developed into tropical storms. The ARO profiles were compared with
refractivity profiles calculated from the PREDICT dropsonde data and with refractivity profiles derived from
the ECMWF Interim reanalysis within about 30 km of the occultation point. Overall, the ARO refractivity
compared favorably with PREDICT dropsonde refractivity and ERA-Interim refractivity, even in this rapidly
changing heterogeneous environment. The standard deviation of the difference of the ARO refractivity from
dropsondes did not exceed 1.5%, and the bias was less than 0.5% from 7 to 12 km altitude. The standard
deviation of the difference of the airborne refractivity from ERA-Interim was less than 2%, and the bias was
also less than 0.5% over the 7–12 km height range. These values are comparable to results found at similar
tropical latitudes for spaceborne radio occultation profiles, even though the ARO sampling was primarily in
challenging near-storm environments with highly variable moisture fields.

Refractivity profiles were shown for seven occultations in the environment of the pre-Karl tropical disturbance
over the pregenesis period 10–13 September 2010. Dropsondes over this period show that in the tropical

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022931

MURPHY ET AL. ©2015. American Geophysical Union. All Rights Reserved. 1706



environment, the refractivity variations are primarily indicative of moisture variations rather than temperature.
With this limited preliminary data set available from the conventional geodetic GPS receivers, we found that
the change in the measured refractivity of the ARO profiles relative to the pre-Karl environmental mean
refractivity was consistent with moistening in the vicinity of the pre-Karl storm center [Davis and Ahijevych,
2012; Smith and Montgomery, 2012]. One day prior to genesis, the ARO profile nearest the NHC best track
location had systematically higher refractivity relative to the pre-Karl environmental mean over the 7–10 km
height interval. In contrast, 4 days prior to genesis, the profile nearest the center had refractivity consistent with
the background environmental mean over that height range. This example illustrates that the ARO technique is
capable of making reliable measurements in the near-storm region.

The conventional GPS geodetic receivers performed surprisingly well in this moist tropical environment
using standard GPS avionics antennas for setting occultations above 7 km. The relatively small number of
occultations available was due to the limitations of phase-locked loop tracking, so the profiles were not tracked
consistently below 6–7 km height and no rising occultations were observed. GISMOS was designed with the
additional 10 MHz GNSS recording system (GRS) to handle this well-known difficulty. With the data recorded
during PREDICT from this instrument, it will be possible to retrieve many more profiles from the recorded
occultation data (on the order of 10–15 per flight). In a test case, the occultation of PRN25 during RF18 was
measured using open-loop tracking. The refractivity profile retrieved from the open-loop technique extends
about 2 km below the lower limit of the profile obtained using data from the conventional receiver. In addition
to tracking GPS signals lower in the troposphere, rising occultations can be reliably measured by using the
open-loop tracking, which was not possible with the geodetic GPS receivers. The combination of the additional
rising occultations with an increase in the measured setting occultations will result in a valuable data set for
testing the impact of assimilating ARO data on improving tropical storm genesis, intensity, and track during the
PREDICT campaign, as well as characterizing the near-storm environment for each case.
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