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Abstract. The launch of the proof-of-concept mission shown in Fig. 1. However, the story of RO began at the dawn
GPS/MET (Global Positioning System/Meteorology) in of interplanetary space exploration in the 1960s when a team
1995 began a revolution in profiling Earth’s atmosphere of scientists from Stanford University and the Jet Propulsion
through radio occultation (RO). GPS/MET; subsequentLaboratory (JPL) used the Mariner 3 and 4 satellites to probe
single-satellite missions CHAMP (CHAllenging Minisatel- the atmosphere of Mars using the RO technique (Yunck et
lite Payload), SAC-C (Satellite de Aplicaciones Cientificas- al., 2000).

C), GRACE (Gravity Recovery and Climate Experiment), |nthe 1980s, with the emergence of the GPS constellation,
METOP-A, and TerraSAR-X (Beyerle et al., 2010); and jt was realized that the same RO concept that sounded the
the six-satellite constellation, FORMOSAT-3/COSMIC (For- planets could be used to profile Earth’s atmosphere using the
mosa Satellite mission #3/Constellation Observing Systengps |y (1575.42 MHz) and k (1227.60 MHz) frequencies
for Meteorology, lonosphere, and Climate) have proven theiGurvich and Krasil’nikova, 1987; Melbourne et al., 1994).
theoretical capabilities of RO to provide accurate and precise\ot until the launch of GPS/MET on 3 April 1995 was the
profiles of electron density in the ionosphere and refractivity, gream realized, however, through the demonstration that RO
containing information on temperature and water vapor, incould provide accurate high-vertical resolution soundings of
the stratosphere and troposphere. This paper summarizes rearth's atmosphere in all weather. GPS/MET demonstrated
sults from these RO missions and the applications of RO 0bthat RO could add value to the nadir sounding satellite sys-
servations to atmospheric research and operational weath@sms (microwave and infrared) and in-situ soundings from
analysis and prediction. radiosondes and aircraft.

The success of the proof-of-concept mission GPS/MET,
which produced only a small number of soundings each day,
1 Introduction led to several successful additional missions, i.e. CHAMP

(CHAllenging Minisatellite Payload, Wickert et al., 2001,
The Global Positioning System (GPS) radio occultation (RO)2004), GRACE (Wickert et al., 2009) and SAC-C (Satellite
limb sounding technique for sounding Earth's atmosphered® Aplicaciones Cientificas-C, Hajj et al., 2004). These mis-
was demonstrated by the proof-of-concept GPS/Meteorologyions confirmed the potential of RO soundings of the iono-

(GPS/MET) experiment in 1995-1997 (Ware et al., 1996: Sphere, stratosphere and troposphere and paved the way for
Kursinski et al., 1996; Rocken et al., 1997: Hocke, 1997;the 15 April 2006 launch of FORMOSAT-3 (Formosa Satel-

Steiner et al., 1999). The first RO sounding of Earth’s atmo-lite mission #3)/COSMIC (Constellation Observing System

sphere, which was produced by the University of Arizona, isfor Meteorology, lonosphere, and Climate), hereafter re-
ferred to as COSMIC for simplicity.

COSMIC was the first constellation of satellites dedicated
Correspondence tdR. A. Anthes primarily to RO and delivering RO data in near-real-time
BY (anthes@ucar.edu) to operational weather centers around the world (Anthes et
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Fig. 3. Top: schematic depiction of tubular volume over which the
- atmosphere contributes information to a single occultation measure-
% ment. The intensity of shading in the tube represents the relative
= ey weighting of atmospheric properties that contribute to the value re-
"Q‘. trieved at the center of the tube. For typical atmospheric structures,
i : e L and Z are approximately 300 and 1 km respectively. Bottom: typ-
%0 -70 -50 30 -10 10 30 ical along-track weighting function for a single radio occultation
Temperature {*C) measurement (Melbourne et al., 1994). Most of the information is
contributed by a mesoscale atmospheric volume centered at the ray
Fig. 1. The first radio occultation sounding of Earth’s atmosphere. tangent point (Anthes et al., 2000).
The sounding occurred at 07:44 UTC 16 April 1995 over Ecuador.
The US Air Force (USAF) mean tropical atmosphere sounding and
a nearby radiosonde profile are also shown. Sounding was fromal., 2008). COSMIC has produced enough global soundings
GPS/MET and the retrieval was done by Ben Herman at the Uni-each day (1500-2000) to demonstrate a significant, positive
versity of Arizona. A similar version was published by Ware et impact on operational weather forecasts, even in the presence
al. (1996). of many more atmospheric soundings from other satellites
and in-situ systems. It has justified the continuing value of
RO as a component of the international global observing sys-
tem.

This paper summarizes the results from the Earth RO mis-
sions to date that demonstrate the characteristics and value of
RO observations in atmospheric phenomenological studies,
operational weather prediction, climate, and space weather.
Other papers that provide recent results include Anthes et
al. (2008) and Hau et al. (2009).

10

Tangent point

2 Radio occultation observations

The RO method for obtaining atmospheric soundings is de-
scribed by Kursinski et al. (1997, 2000), Lee et al. (2000),
Steiner et al. (2001), Hajj et al. (2002), and Kuo et al. (2004).

Fig. 2. Geometry of RO limb scanning technique. As the Low-

Earth Orbiting (LEO) satellite carrying a GPS receiver rises or sets2-1  Obtaining the RO observations

behind Earth, a series of scans of Earth’s atmosphere is obtained.

The bending of the radio waves is determined through precise meaBy measuring the phase delay of radio waves atand

surements of the phase changes and used to compute bending andley frequencies from GPS satellites as they are occulted by

refractivity and other products at high vertical resolution. Earth’s atmosphere (Fig. 2), accurate and precise vertical
profiles of the bending angles of radio wave trajectories are
obtained in the ionosphere, stratosphere and troposphere.
From the bending angles, profiles of atmospheric refractivity
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Fig. 4. Comparison of two different types of radiosonde (Russian and US) with COSMIC RO observations during the day and night. The

red curves are the mean differences. The two blue curves are the standard deviation of the differences. The dashed black line is the numbe
of pairs at each level. The RO soundings, which are not affected by sunlight, reveal biases in the Russian radiosondes during the day and th
US radiosondes during the night (He et al., 2009).
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Fig. 5. Comparisons of SAC-C refractivity) soundings obtained with phase-lock-loop (left) and open-loop (right) tracking to the ECMWF

analyses interpolated to the time and place of the SAC-C soundings. The number of retrieved soundings reaching various levels in the
atmosphere is shown by the blue line on the right. The mean differences are shown by the red line in the middle and the standard deviation
about the mean of the differences is shown by the two green lines. The OL tracking allows for a much higher percentage of the soundings to
penetrate into the lower troposphere (from UCAR COSMIC Data Analysis and Archival Center-CDAAC).
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Table 1. An early (ca. 1995) table summarizing the characteristics of RO observations.

Key GPS/MET Advantages

« Limb Sounding Geometry X
Complementary to Ground and Space
Nadir Viewing Instruments

x
>

« High Accuracy
+ High Vertical Resolution
« Full Global Coverage

« All Weather - Not affected by Clouds,
Rain, Aerosols

« Independent Height & Pressure

« Requires no “First Guess" (except for
upper boundary)

« Independent of “radiosonde calibration™
« No Long Term Drift
« No Satellite-to-Satellite Bias

X X X X X X X
x X X X

® X X X X X X X X

UCAR GPS/MET Program Office

are obtained. The refractivity, is a function of temperature neously (Healy et al., 2005; Healy and&gaut, 2006; Chen
(T inK), pressure g in hPa), water vapor pressueeiq hPa),  etal., 2009).
and electron density:¢ in number of electrons per cubic me-

ter), 2.2 Characteristics of RO observations

N=77'6§+3'73X 105% —4.03x 107% (1)  Before the launch of GPS/MET, theoretical considerations
led to the promise of a number of unique characteristics of
In Eq. (1), f is the frequency of the GPS carrier signal in Hz. RO observations. Table 1 shows an early (ca. 1995) list
Using f equal to Iy and Ly in Eq. (1) produces two mea- Of these characteristics, which were used to help justify the
surements, which may be linearly combined to produce arSPS/MET mission. Table 2 shows an updated version of Ta-
ionosphere-corrected estimate ®fin the stratosphere and ble 1, based on the RO missions to date. All the promised
troposphere. The refractivity profiles can be used to derivecharacteristics in Table 1 have been verified (with the excep-
profiles of electron density in the ionosphere, temperature irfion of a remaining small bias in refractivity in the lowest two
the stratosphere, and temperature and water vapor in the tr&km of the troposphere), and several of them have been quan-
posphere. As seen in Eq. (1) wih =0, in order to derive tified (e.g. accuracy and precision). In addition, new and per-
temperature (water vapor) profiles from the obserXedit haps unexpected characteristics and applications have been
is necessary to have independent observations of water valiscovered, such as the capability of RO to provide global
por (temperature). This has been done primarily to obtainProfiles and maps of the atmospheric boundary layer (ABL).
water vapor profiles in the lower troposphere given tempera- A unique characteristic of RO observations that has been
tures from other sources, e.g. short-term weather forecasts aonsidered a limitation for resolving mesoscale features in
even climatology. One-dimensional, variational techniquesthe atmosphere is the relatively long horizontal scale asso-
have also been used to obtain optimal estimates of temperaiated with a single measurement, which is of the order of
ture and water vapor from observed refractivity (e.g. Healy300 km (Fig. 3; Anthes et al., 2000). However, this prop-
and Eyre, 2000). For numerical weather prediction (NWP),erty has significant advantages for some purposes, especially
either refractivities or bending angles can be assimilated diclimate, as RO observations do not have the representative-
rectly in the models, thereby contributing valuable informa- ness errors associated with small-scale atmospheric variabil-
tion on both the temperature and water vapor fields simultaity that point measurements (such as radiosondes) have. Yet

Atmos. Meas. Tech., 4, 1077403 2011 www.atmos-meas-tech.net/4/1077/2011/
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Table 2. Updated characteristics of RO observations as determined 100 2010° 4.0-10° 6.0-10° 80-10° 1.0-10¢ 1.2-10°

by observations (Anthes et al., 2008; Ho et al., 2009a). Y M.
— Limb sounding geometry complementary to ground and
space nadir viewing instruments \\
— Global coverage \ .
— Profiles ionosphere, stratosphere and troposphere \\
— High accuracy (equivalent tec1 K; average accuracy
<0.1K) . \\ 7
— High precision (0.02—0.05K) § \
— High vertical resolution (0.1 km near surface — 1 km 79/ \\
tropopause) § \ -
— Only observing system from space to observe g \
temperature and water vapor profiles in ABL 70k \\ A
— All weather-minimally affected by aerosols, clouds or \
precipitation 00 ‘\
— Independent height and pressure \
— Requires no first guess sounding !
— Self calibration, no external calibration required 150 ‘\ .
— Independent of processing center / \
— Independent of mission 00 b b B e e 1
6 -4 2 0 2 4 6
— No instrument drift COSMIC - Radiosonde Temperature (K)

— No satellite-to-satellite bias

Fig. 6. Statistics of a comparison between COSMIC and high-
resolution, accurate radiosondes between 10 and 200hPa. This
comparison shows that the accuracy of RO observations in this re-
gion is 0.13 K or higher. The number of pairs in the comparisons is
shown by the blue dashed line and the scale at the top. The mean
perhaps surprisingly, RO observations of temperature looldifference is shown by the red line and the standard deviation of the
very similar to the point values of temperature measured bydifferences by the solid blue lines (Ho et al., 2010a).

radiosondes. In fact, as shown in Fig. 4, RO observations are

capable of distinguishing the relative bias error characteris-

tics associated with different types of radiosondes (He et al.Vich, 1998a,b; Gorbunov and Kornblueh, 2001; Ao et al.,

— Compact sensor, low power, low cost

2009: Kuo et al., 2005). 2003; Sokolovskiy, 2001, 2003; Beyerle et al., 2004, 2006
and Wickert et al., 2004. To a large extent they have been re-
2.3 Improvements in RO since GPS/MET solved by advanced radio-holographic (or wave optics) inver-

sion methods (e.g. Gorbunov, 2002) and open-loop tracking
(e.g. Sokolovskiy, 2001).

In PLL tracking, the phase of the RO signal is modeled
(projected ahead) by extrapolation from the previously ex-
racted phase (Stephens and Thomas, 1995; Sokolovskiy,

001; Ao et al., 2003; Beyerle et al., 2006). The PLL cannot
tive biases in the lower moist troposphere (Rocken et al_reliaply t_rack the RO signal_ o the surface due to. rapid fluc-
tuations in phase and amplitude (caused by multipath propa-

1997; Ao et al.,, 2003; Beyerle et al., 2004). These er- . .
rors were associated with n):ulti-path propaga?[ion super re_gatlon) that are not adequately modeled by the tracking loop.

fraction, the relatively low gain of the GPS/MET antenna, This causes significant tracking errors that may include bi-

. ) . . . ases in the retrieved bending angles and refractivities in the
receiver tracking errors, inversion methods using geomet;

ric optics (which are not applicable in the presence of theIower troposphere, and finally in the loss of lock, resulting in

) : . the insufficient penetration of the retrieved profiles. In addi-
multipath propagation common in the lower troposphere),. . g :

tion, PLL tracking cannot be used to track rising occultations

and the use of the so-called closed-loop (or phase-locke | the troposphere

loop — PLL) tracking that results in errors in the presence of posp '

multipath. These issues are discussed by Gorbunov and Gur-

In spite of its overall success, there were two significant is-
sues associated with the atmospheric profiles produced b
GPS/MET. First, relatively few soundings penetrated into
the lower half of the troposphere, and second, those th
did showed significant refractivity errors including nega-

www.atmos-meas-tech.net/4/1077/2011/ Atmos. Meas. Tech., 4, 10032011
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viation of the differences (blue lines) and number of pairs of data
(black line); (b) enlarged view of mean differences. The statistics
indicate no significant bias difference between the two instruments
on different platforms and a precision of 0.02—0.05K at all levels

95.4 W on 23 April 2006, eight days after the launch of COSMIC (Ho et al., 2009a).
when the spacecraft were very close together. AVN is a sounding

from the NCEP global forecast system analysis interpolated to the
location of the COSMIC soundings (source: UCAR CDAAC).
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To overcome these problems, a model-based open-loop
(OL) tracking technique was developed for use in the
moist troposphere for both setting and rising occultations
(Sokolovskiy, 2001). In OL tracking the receiver model does
not use feedback (i.e., the signal recorded at an earlier time),
but it is based instead on a real-time navigation solution and
an atmospheric bending angle model.

The model-based OL technique allows tracking compli-
cated RO signals under low SNR (signal to noise ratio),
tracking both setting and rising occultations, and penetration
of the retrieved profiles below the top of the ABL. The OL
tracking was implemented successfully for the first time by
JPL in the SAC-C RO receiver in 2005 (Sokolovskiy et al.,
2006a). OL tracking is being routinely applied for the first
time on COSMIC (Sokolovskiy et al., 2009; Ao et al., 2009).
Figure 5 shows the improvements in OL compared to PLL
tracking in retrievals in the lower troposphere using SAC-C
data.

A significant improvement in the wave optics inversion
methods was achieved with the application of suitable in-

Fig. 8. Two pairs of different profiles of electron density obtained tegral transforms to the whole complex (phase and ampli-
from FM-2 and FM-4 on 22 April 2006, seven days after launch tude) RO signals (Gorbunov, 2002; Jensen et al., 2003, 2004;
when the spacecraft were very close together. FM-2 and FM-4 weréGorbunov and Lauritsen, 2004). These methods convert the

within 30km of each other. At any given time, FM-2 was within RO signal from the time coordinate to the impact parameter
1km of where FM-4 was 4 s later (source: UCAR CDAAC).

Atmos. Meas. Tech., 4, 1077403 2011

representation, which allows, under the assumption of spher-
ical symmetry of refractivity, complete resolution of the mul-
tipath propagation by obtaining bending angle as a single-
valued function of impact parameter.

www.atmos-meas-tech.net/4/1077/2011/
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Fig. 10. Comparison of temperature profiles between GPS/MET Fig. 12. Kelvin wave variability near the equatorial tropopause
data (dashed lines) at 15:41UTC, 5 February 1997 at°38,7 observed in CHAMP GPS radio occultation measurements.

137.3 E and Rayleigh lidar data (dotted line) between 15:08 and Longitude-time diagrams of zonal wave numbers 1-2 temperature
16:26 UTC at 36.1N, 140.F E (Tsuda et al., 2000) variations over 1ON-10° S during April-September 2002. Pat-
' R ” ' terns indicate eastward propagating Kelvin waves. Contours are

EP(20km -~ 30kim}(Nov-~Feb) 0.5, 1.5, and 2.5K (Randel and Wu, 2005).

The high theoretical accuracy and precision of RO ob-
servations has been thoroughly demonstrated using RO ob-
servations from different missions. The accuracy has been
determined through comparisons with independent observa-
tions (high-quality radiosondes and dropsondes) and high-
resolution analyses, such as those done by the European Cen
tre for Medium-Range Weather Forecasts (ECMWF). How-
ever, a numerical estimate of the accuracy is difficult to de-

- . . termine by comparison with other independent observations,
e s B s since the RO accuracy may well be greater than any other
longitude(H -E) temperature observing system. Ho et al. (2010a) compared

Fig. 11. Gravity wave climatology computed from GPS/MET tmhgr?ng]s?naig??atiorig/iltl)cs: Oﬁgegfy\;:g;gf;tgg? \;V:g ?:L?n(ojf a

data during November—February in 1996 and 1997. Colors de- . . .
pict potential energy (EP) between 20 and 30 km for November-1'€an bias difference 0f0.01K and a mean absolute bias

February 1996-1997. Warm colors show maximum gravity wavedif'fereme of O_'13 K, suggesting that the accuracy of RO dry
activity as deduced from the GPS/MET vertical temperature pro-t€émperatures is better than 0.13K between 10 and 200 hPa

files. These areas generally coincide with regions of deep convectFig. 6). A similar result was found by Gobiet et al. (2007)
tion in the troposphere (Tsuda et al., 2000). and He et al. (2009).

The precision has been demonstrated by comparing nearby
RO soundings from different instruments and satellites

www.atmos-meas-tech.net/4/1077/2011/ Atmos. Meas. Tech., 4, 10032011
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tropopause. Downward propagating patterns over the depth of thé . .
stratosphere with an approximate 2-yr periodicity reflect the strato-:c‘l_‘;]here Modgl (CMA“\/I) g r;ds(ilzotztom) GS\lngggén odel simulations.
spheric QBO (Randel et al., 2003) bottom) same aé) above e contour intervalis 0. (Zeng etal., ):
but for 5 N to 5° S using CHAMP data (T. Schmidt, GFZ, personal

communication, 2010).

(Schreiner et al., 2007). Immediately after launch, the six

Polar summer tropopause COSMIC satellites were orbiting very close to each other at
the initial altitude of 512 km. The proximity of the satellites
3d oamayer 2007 Feb 21 permitted a rare opportunity to obtain independent soundings
&l very close (within tens of kilometers or less) to each other,

allowing for estimates of the precision of the RO sounding
technique. Figures 7 and 8 show the remarkable similarities
of independent RO retrievals of “dry temperature” in the tro-
posphere and stratosphere, and electron density in the iono-
; J sphere, respectively. “Dry temperatures” are computed from
220 zu;(K)m 250 2B the observed refractivity under the assumption that water va-
por pressure is zero in Eq. (1); the difference between “dry”

Fig. 14. COSMIC dry temperatures and high-resolution radiosondet€Mperature and actual te_mperature is du-e to the presence
temperatures showing sharp tropopauses at Eureka, Alaskai(go Of water vapor. These retrievals were Ot?ta'ned a Weel_< a_fter
86° W) 26 July 2007 and Neumayer in Antarctica {8, 8 W) launch from two different COSMIC satellites located within

27 February 2007 (Randel and Wu, 2010). 30km horizontally, a few seconds, and a few hundred me-
ters of orbit height of each other. Quantitative comparison of
many pairs of soundings (Fig. 9) indicates that the precision
of RO observations is better than 0.05K (Ho et al., 2009a).

height (km)
= = om
ST

o
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Jan2008: COSMIC Diurnal Temperature Variation, 0° to 5°N Jan2008: ECMWF Diurnal Temperature Variation, 0° to 5°N
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00:55UTC 22 October 1995 over China compared to soundings
- P from NCEP and ECMWF (left panel) and a nearby radiosonde at
Diurnal N amplitude [%] N phose [hr] Qingdao (right panel) (Kuo et al., 1998).

Fig. 17. Vertical structure of temperature and refractivity ampli-
tudes (left panels) and phases (right panels) of diurnal variation33_1 Weather phenomena
over 10 S—-1C N based on COSMIC RO observations in 2007.

Each solid line in the left panels represents one monthly mean am- . . .
plitude profile whereas phases from the monthly data are shown a?tartmg with GPS/MET, RO observations have been used

open diamond in the right panels. The four seasons are denoted HV case studies of atmospheric phenomena, such as grf':lvity
different colors, e.g., DJF (green), MAM (blue), JJA (cyan), SON Waves, fronts, tropopause structures, the ABL, and tropical
(black). The RED thick lines show the annual median values. Thecyclones.
blue dashed lines in the lower right panel represent the temperature
phase as shown in the upper right panel. The black dash-dotlinesi8.1.1 Stratospheric waves and tropopause
all four panels correspond to the annual median-averaged results in
2007. The two black thin da'_shed Iin_es in each panel mark aItitudesrhe first sounding of Earth’s atmosphere from GPS/MET
at14km and 17km, respectively (Xie et al., 2010). showed a wave-like structure in the temperature profile be-
tween 25 and 35km in the lower stratosphere (Fig. 1). At
Similarly, Foelsche et al. (2011) found that refractivity and firstit was not clear wheth_erthis wasa regl feature or not, but
temperature climate records from multiple RO satellites werg any subsequenF soun_dlngs showed s'|m|lar structureg that
consistent within 0.05 %. proved to be manifestations of _real gravr[y_ waves of various
types (Tsuda et al., 2000; Steiner and Kirchengast, 2000).
Figure 10 shows a comparison of a GPS/MET sounding
3  Results from RO missions with lidar measurements. Such soundings were used to cre-
ate a gravity wave climatology, which showed maximum
Many studies have demonstrated the power of RO togravity wave activity over regions of deep tropical convec-
observe atmospheric phenomena for research, numericgion (Fig. 11). Randel et al. (2003) used GPS/MET data
weather prediction, benchmark climate observations, andiveraged over time and space to resolve a variety of prop-
space weather/ionospheric research and operations. agating waves in the stratosphere, including Kelvin waves,
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e Fone Erspisimber k- phoon Toraji (2001). The CHAMP temperature and water vapor
profiles are computed from the observed refractivity and a 1D-VAR

. . ) . _algorithm (Anthes et al., 2003).
Fig. 19. Cross section of potential temperature (K) and mixing ratio

(gkg1) perpendicular to a front and associated atmospheric river,
7 November 2006, based on COSMIC observations only (Neima

etal. 2008). ntroposphere/lower stratosphere (UTLS) make them an ideal

observational tool for studying the tropopause and related
UTLS phenomena (Borsche et al., 2007; Schmidt et al.,

) ) ) ] 2008, 2010; Steiner et al., 2009). Figure 14 (Randel and Wu,
mixed Rossby-gravity waves, and waves associated with the 1) shows the ability of RO observations to resolve very

Quasi-Biennial-Oscillation (QBO), as shown in Figs. 12 and gharp tropopauses with a vertical resolution similar to that of
13a (Randel et al., 2003; Randel and Wu, 2005). Schmidt €high-resolution radiosondes.

al. (2005) used CHAMP and SAC-C data to further study the
QBO and now have a nine-year record of the QBO (Fig. 13b).

The high vertical resolution of RO observations and
the fact that they are most accurate in the upper-

Atmos. Meas. Tech., 4, 1077403 2011 www.atmos-meas-tech.net/4/1077/2011/



R. A. Anthes: Exploring Earth’s atmosphere with radio occultation 1087

2007/10/04 QSUTC 2007/10/04 09UTC

DT: 0.17(1.96) DQ: 0.16 (1.31)
14000 14000
dropsonde i

[ dropsonde
F3/COSMIC I Faféoswc |

12000

T
<}
=}
=}
15}

10000 - 2 10000 - §

8000

Height (m)

Height (m)

6000 - -
4000 — 4000 E

2000 .| 2000

0 s I L I 1 0 L
-60 -40 -20 0 20 40 0 5 10 15 20
Air temperature (C) Specific Humidity (g/kg)

Fig. 21. Comparison of FORMOSAT-3/COSMIC atmospheric retrieval profile (green) with high-resolution in-situ dropsonde data (red). Left
panel: temperatur€ C). Right panel: specific humidity (g kdH) (source: Po-Hsiung Lin, National Taiwan University, 2010).
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Fig. 22. Forecasts of tropical cyclone Ernesto (2006) using the Fig- 23. TemperatureC) and water vapor pressure (mb) (left)
NCAR WRF (Weather Research and Forecast) model. Images ofnd corresponding bending angle and refractivity (right) profiles
the left are actual satellite photos of the event. Images on the righfiSsociated with a well-defined ABL. The bending angles reach
were generated from a forecast made without RO data, while thét sharp maximum at the top of the ABL, which is character-
images in the center are from a forecast that assimilated 15 Rdzed by large vertical gradients of temperature and water vapor
profiles. The elapsed time since the beginning of the forecast idSokolovskiy et al., 2007).
shown on the left-hand images — in this case, 54, 78 and 102 h
(Liu et al., 2011).
(Global-Scale Wave Model Version 2; Hagan and Forbes,
2002, 2003) model simulations.
3.1.2 Diurnal tides The single satellite CHAMP orbit required 130 days to
sample the full diurnal cycle. More recently, Pirscher et
The diurnal variation of temperature, water vapor and manya|. (2010) and Xie et al. (2010) used COSMIC observations
atmospheric phenomena, driven by solar heating, is a funto study diurnal tides (Figs. 16 and 17). The six satellites as-
damental aspect of Earth’s weather and climate. RO obsersociated with COSMIC were able to sample the diurnal cycle
vations can be used to study propagating and trapped veglobally within one month.
tical waves associated with diurnal solar forcing. Zeng et
al. (2008) used CHAMP data between May 2001 and Au-3.1.3 Atmospheric fronts
gust 2005 to show for the first time that RO observations
could be used to analyze the structure of migrating diurnalAlthough RO observations represent weighted averages over
tides. Figure 15 shows the amplitudes of the diurnal tidehorizontal scales of approximately 300 km, most of the in-
near 30km as a function of latitude and month from the formation is contributed by the atmospheric properties in the
CHAMP RO observations and the CMAM (Canadian Middle inner 50 km of the footprint (Fig. 3); hence they are able to
Atmosphere Model, Fomichev et al., 2002) and GSWMO02resolve horizontal gradients in temperature and water vapor
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Fig. 24. Variability of the ABL depth over the oceans and some (°C) at 100hPa 6 January—27 February 1997. Note the systematic
land areas in 2008 from COSMIC data (Sokolovskiy et al., 2010). differences in the equatorial regions between GPS/MET and NCEP.
NCEP is significantly warmer than GPS/MET in the equatorial re-

gions and somewhat cooler in middle latitudes (Anthes et al., 2000).
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which agree much more closely.

Figure 19 shows a horizontal cross section through a
front and “atmospheric river” constructed from 12 COSMIC
soundings located approximately perpendicular to the front
(Neiman et al., 2008). The strong horizontal gradients in
temperature and water vapor are resolved by the COSMIC
observations.

3.1.4 Tropical cyclones

Tropical cyclones form and spend most of their lives over
oceans, where observations of the moisture field assume crit-
ical importance in forecast models (Foley, 1995). RO obser-
vations are essentially unaffected by clouds and are, there-
fore, capable of sounding tropical cyclones. Their sensi-
tivity to water vapor in the lower troposphere makes them
very useful in initializing numerical models of tropical cy-
and_ South Pacific and North and Squth Atlantic over a tljree-y_eartwo radiosondes in Typhoon Toraji on 29 July 2001 (Anthes
period (2007-2009). Data constrained by strength of inversiong, o “5003). Figure 21 shows a comparison of two COS-
layer defined by the vertical grad'e.‘?‘ in bending angle greateerC soundings with high-resolution dropsondes in Typhoon
than 0.01 rad. Top left: North Pacific averaged betweenhN20 . . . . .
and 30 N. Top right: North Atlantic averaged between°20 and Jangmi 9” 23 September 2008 (Po-_HS|_ung Lin, National Tai-
30° N. Lower left: South Pacific averaged betweefi 8tand 39S, Wan University, personal communication, 2010). The RO
Lower right: South Atlantic averaged between°®and 30S  temperature and water vapor soundings were computed using
(Sokolovskiy, 2010, personal communication. A similar figure was @ 1D-VAR technique as describedhtip://cosmic-io.cosmic.
shown by Sokolovskiy et al., 2010). ucar.edu/cdaac/doc/documents/ldvar.p@ifie close agree-
ment shows the capability of RO soundings to contribute in-
formation about the temperature and water vapor structure in
associated with fronts. Figure 18 shows the vertical tem-typhoons.
perature profile associated with an upper-level front over
China (Kuo et al., 1998). The National Centers for Envi-
ronmental Prediction (NCEP) and ECMWEF analyses show a
highly smoothed version of the front in comparison to the
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. L L -l
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Mean departures of analysis (blue) and background (red) from
southern hemisphere radiosonde temperatures (K) at 100hPa
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Fig. 27. Time series of the mean and standard deviations of the ECMWF background and analysis temperatures at 100 hPa showing a
reduction in the bias errors on 12 December 2006 when COSMIC data began to be assimilated (green arrow) (Luntama et al., 2008).
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Fig. 28. Impacts of RO data in operational forecasts at NCEP (left, Cucurull, 2010) and the ECMWF (right, Healy, 2008). The NCEP
data show the anomaly correlation for the 500-hPa height over the Southern Hemisphere in spring 2008. The use of COSMIC data adds
8h to the forecast skill at day 4 and 15h at day 7. The ECMWF data show the fractional reduction(@f 10€0, (b) 500, (c) 200,

and(d) 100 hPa RMS temperature errors in the Southern Hemisphere, verified against radiosonde observations. Positive values represen
improvement in terms of RMS errors. The vertical bars represent the 95 % confidence interval. The COSMIC data reduced the fractional
100 hPa temperature RMS errors by 11 % for the 12-h forecasts over the Southern Hemisphere, which is a large signal. The corresponding
improvement in the standard deviation of the 12-h forecast errors was 5 %, showing that assimilating the RO measurements reduced both the
random and systematic temperature errors.

The 1500-2000 COSMIC soundings per day do not pro-failed to develop organized convection, and no tropical storm
vide enough horizontal resolution to adequately resolve theappeared in the model throughout the five day forecast pe-
environment of tropical cyclones, yet occasionally they pro-riod. Assimilating COSMIC soundings moistened the lower
vide observations in critical locations that can make a largetroposphere in the area of organized convection. The hur-
positive impact on forecasts. Such a case occurred duringicane genesis process was simulated, and Tropical Storm
the genesis of Hurricane Ernesto (2006). Liu et al. (2011)Ernesto developed in the model, closely following that of the
performed a set of five-day forecasts of Ernesto using theobserved storm (Fig. 22).

Weather Research and Forecast (WRF) model. In a forecast Cucurull and Derber (2008) found that assimilating COS-
that did not use GPS observations, the WRF model was simMIC observations in the NCEP operational model improved
ply initialized from the NCEP operational global analysis at the temperature, water vapor, geopotential and wind fields.
06:00 UTC, 23 August to produce a five-day forecast. In theThese results indicate that RO data will be useful in im-
RO experiment, 15 COSMIC soundings collected during a 6-proving numerical forecasts of tropical cyclone genesis, es-
h period from 03:00 UTC to 09:00 UTC, 23 August were as- pecially if the number of occultations per day is increased
similated into the initial fields. A five day deterministic fore- significantly over the 1500-2000 that COSMIC provides.
cast was then initialized from the updated ensemble mean

analysis. Without assimilation of COSMIC data, the model
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S00hPaACH SH has significantly fewer occultations showing a well-defined
2009120100-2010012512 A .
top of the ABL,; this is related to general upward motion and

1

= convection in the ITCZ. Some areas where few, sharp verti-
085 . ’
09 \\‘\ cal gradients (e.g. the western equatorial Pacific) occur are
0.85 G == regions of frequent cyclogenesis. This suggests that RO data
08 " = T can be useful for monitoring conditions favoring or accom-
075 = i <= panying tropical cyclogenesis.
o7 [~ Improvement by 8hrs at day 5-7 = Figure 25 shows the variation of the ABL top with longi-
085 tude over the North and South Pacific and North and South
o 2 3 ; 5 6 , Atlantic. Lower heights of the ABL occur toward the western

coasts of North and South America and Africa.

Fig. 29. Effect on forecast 500-hPa height anomaly correlation
at the Central Weather Bureau (CWB), Taiwan during Decem-
ber 2009-January 2010 after COSMIC data were introduced. Thé® Numerical weather analysis and prediction
significant, positive impact is produced by the improvement of RO
data assimilation between SSI and GSI (Chin-Tzu Fong, CentraRO observations with their high accuracy, precision and lack
Weather Bureau, personal communication, 2010). of bias make them valuable in improving meteorological
analyses and forecasts. Not only do they contribute inde-
N i pendent information that is complementary to other satel-
4 Profiling the atmospheric boundary layer lite and in-situ observations, their essential lack of bias ac-
tually improves the impact of other sensors that have biases
The atmospheric boundary layer (ABL) connects the atmo-(Healy, 2008).
sphere with Earth's surface. The boundary between this GpS/MET data have been used to discover bias errors
turbulently mixed layer and the stably stratified atmospherg NWP analyses. For example, Fig. 26 shows tem-
above is characterized by a temperature inversion and a dﬁberature errors at 100mb in the equatorial band of the
crease of relative and absolute humidity, especially in theNCEP/NCAR (National Center for Atmospheric Research)
subtropics. The depth of the ABL is an important parame-reanalyses (Kalnay et al., 1996). The reanalysis is several
ter for NWP and climate models. K too warm, between 3N and 30 S, compared to the RO
RO is the only remote sensing technique from space thabbservations. These errors were not present in a comparison
can profile temperature and water vapor in the ABL. Fig- between GPS/MET and the corresponding ECMWF analyses
ure 23 shows an example of the radiosonde temperature an@nthes et al., 2000).
water vapor profiles in the case of a sharp top of the ABL and When the ECMWEF started to assimilate COSMIC obser-
the corresponding calculated bending angle and refractivitwations on 12 December 2006, the impact of the RO obser-
profiles (Sokolovskiy et al., 2007). Commonly there is a thin vations and the operational analysis and forecasts were im-
transition layer at the top of the ABL, which is character- mediately obvious (Luntama et al., 2008). Figure 27 shows
ized by a large negative vertical gradient of refractivity. This that on 12 December a long-standing bias in 100-mb temper-
gradient produces a significant increase in the bending angletures in the Southern Hemisphere was immediately reduced
resulting in defocusing (reduction of mean amplitude) andto near zero by the bias-free RO observations.
multipath propagation (scintillation) below. These effects re-  Figure 28 shows the impact of COSMIC data on NCEP
sult in large tracking errors or loss of lock in RO receivers (Cucurull, 2010) and ECMWF (Healy, 2008) forecasts. At
operating in PLL mode. Thus monitoring of subtropical and NCEP, the anomaly correlation for the forecast 500-mb
tropical ABL is difficult with PLL tracking, although the loss height shows an eight-hour gain in forecast accuracy at Day
of signal by a PLL receiver was exploited using CHAMP data 4, The ECMWF chart shows an improvement in the Southern
by von Engeln et al. (2005) as a proxy for the ABL top. With Hemisphere 100-mb temperatures out to Day Ten. Taiwan’s
OL tracking, the sharp top of the ABL can be determined Central Weather Bureau is also showing a significant, pos-
from the bending angle or refractivity profile (Sokolovskiy itive impact by assimilating COSMIC data (Fig. 29, Chin-
etal., 2006b, 2007). Tzu Fong, Central Weather Bureau, personal communica-
RO observations may be used to develop ABL climatolo-tion, 2010). The improvement is eight hours in the five- to
gies, such as the spatial and temporal variations of the ABLseven-day forecasts. Similar improvements have been noted
(von Engeln et al., 2005; Sokolovskiy et al., 2007, 2010; Ao in the Australian forecast system (LeMarshall et al., 2010).
et al., 2008; Ratnam and Basha, 2010). The CHAMP cli- Cardinali (2009a) used an adjoint based observation tech-
matology agreed well with the ECMWF analyses over thisnique to quantify the relative contributions of different ob-
period, especially over the oceans. Figure 24 shows the diserving systems to the 24-h forecast accuracy. She found
urnal variation of the ABL over the South Pacific and South that RO data (COSMIC and CHAMP) ranked number five in
Atlantic oceans. The intertropical convergence zone (ITCZ)positive impact of all the 24 observing systems used by the
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Operational ECMWF system September to December 2008. Averaged
over all model layers and entire global atmosphere.
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Fig. 30. Contribution to the reduction in forecast error (in percent) by all the observing systems used by the ECMWF. RO is the fifth most
important observing system in reducing forecast error (Cardinali, 2009a, b).

ECMWEF (Fig. 30; Cardinali, 2009b), reducing the forecast
o 20 %%mpl%oNum%%r 100 120 error by almost 9%. This large |mpact_ occurred in spite of
r T SUBES: the fact that the number of RO observations amounted to only

LN B B L
MemTSIF o SEH ME IR R ~-90e8 B about 3 % of the total number of observations assimilated by
ECMWEF.

6 Climate applications

-
o

Radio occultation observations are well suited for establish-
ing a stable, long-term record required for climate monitor-
ing (Goody et al., 1998; Steiner et al., 2001, 2009; Leroy et
al., 2006a,b; Mannucci et al., 2006; Foelsche et al., 2008a,
2009; Wickert et al., 2009). In spite of the enormous im-
portance of detecting climate trends, before RO there were
no global atmospheric observing systems that could meet
the stringent climate monitoring requirements of 0.5K ac-
curacy and better than 0.10 K decadestability (Ohring et
6 -4 -2 0 2 4 6 al., 2005; Luntama et al., 2008). As shown above, RO ob-
CHAMP dry T - COSMIC dry T(K) servations meet these accuracy, stability and global sampling
requirements.

Pressure (mb)

100

Fig. 31. Comparison of nearby (within 60 min and 50 km) CHAMP . . .
(launched in 2001) and COSMIC (launched in 2006) dry tempera- ngﬁr and Healr)]/ (2005.3) sgowedd thit thlg slgnlal (;f Cd“
ture soundings showing that the retrieved soundings from the twomate change over the coming decades should be clearly iden-

different missions are comparable. The red line is the mean dif-tifiable in radio occultation bending angle profile measure-
ference. The blue lines are the standard deviations, and the dashé@ents. Their analysis of the predicted trends in bending an-
black line is the number of pairs of data at each level. The meargle in the tropics suggests that it might be possible to detect
bias is less than 0.05K (Ho et al., 2009a). climate change signals within ten to sixteen years. Similar

results were found by Leroy et al. (2006a) and Foelsche et
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Fig. 32. Comparison of RO data (fractional refractivities) processed by four independent centers, GFZ (GeoForschungsZentrum, Potsdam),
JPL, UCAR, and the Wegener Center (WegC) over the period 2002—28)2—20 km, 90-6C° S; (b) 20-30 km, 96—60° S;(c) 12—20 km,
20° N-20° S; (d) 20-30 km, 20 N-20° S; (e) 12—-20 km, 20 N-6C° N; (f) 20-30 km, 20 N—6C° N (Ho et al., 2009c).
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Fig. 33. Use of COSMIC data to calibrate AMSU on NOAA satellites. NOAA 15 brightness temperature (Tb) vs. COSMIC Tb (left); NOAA
16 Tb vs. COSMIC Tb (middle); and NOAA 18 Tb vs. COSMIC Tb (right). Units of Tb in K (Ho et al., 2009a).

al. (2008b) for other retrieved parameters, including geopo-6.1 Mission and processing center independence
tential height of pressure levels as a promising climate detec-

tion variable. _ _ RO observations are mission independent, implying that
Although the temporal record of RO observations is rel- regyits from CHAMP, SAC-C, COSMIC or any RO mis-
atively short (1995-present), Steiner et al. (2009) showedjon can be compared directly to results from RO missions
that the RO data can detect climate trends over this periodigunched many decades from now. Figure 31 (Ho et al.,
For example, they found a significant cooling of the lower 2009a) shows a comparison between two different missions,
cently found, based on the RO climate record through 2010than 0.05 K, demonstrating the stability of RO observations.
a climate change signal in the geopotential height of prestoesche et al. (2011) recently showed that for a three-year
sure levels in the UTLS, consistent with tropospheric warm-period the inter-satellite consistency of observations is within
ing below. 0.03 % for refractivity and 0.05K for temperature, respec-
tively. RO retrievals are also nearly independent of the center
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Fig. 34. Correlation of AIRS and COSMIC temperatures (K) at mean latitude vs. local time (Ho et al., 2009b).

150 hPa for December 2008. AIRS temperatures are slightly lower
(higher) than COSMIC temperatures for lower (higher) tempera-
tures (Ho et al., 2010b). result points to the problem of long-term stability in the ra-

diometric record.

COSMIC data have been used to inter-calibrate mea-
that carries out the retrievals (Fig. 32, Ho et al., 2009c),surements from similar microwave sensors but on different
another desirable property of climate benchmark observasatellites by converting COSMIC temperatures to equivalent
tions. The small differences in Fig. 32 imply that the artificial AMSU Channel 9 brightness temperatures (Th) and com-
“trends” associated with RO data processed by different cenparing these to the AMSU Tb from NOAA15 (N15) and
ters is less than 0.03 % per five years. NOAA18 (N18). The contribution of AMSU Channel 9 is

mainly from the upper troposphere to the lower stratosphere
6.2 Use of RO observations to calibrate other sounders (peak at 110hPa). COSMIC temperature profiles are pro-

vided as input to an AMSU forward model to obtain the
Accurate, consistent and stable observations from differenEOSMIC equivalent Tb. The comparisons are shown in
satellites are crucial for climate change detection. While ROFig. 33 (based on Fig. 5 of Ho et al., 2009a).
observations can be used to establish a climate record by Figure 33 shows that the synthetic COSMIC Tb val-
themselves, they can also be very useful to assess the qualityes are highly correlated with those from NOAA satellites
of the observations from other sensors like the Microwaveand with small standard deviations to the means. How-
Sounder Unit (MSU) and Advanced MSU (AMSU) or in- ever, different orbits can cause small differences in sensor
frared sounders. For example, Ho et al. (2007) found thatemperature owing to on-orbit heating/cooling of satellite
the Channel 4 stratospheric retrievals in the Antarctic lowercomponents (Christy et al., 2003). This and other small
stratosphere in winter from both the Remote Sensing Sysdifferences between sensors and instrument drift can cause
tem (RSS) Inc. and the University of Alabama at Huntsville inter-satellite offsets that can be identified by the COSMIC
(UAH) were biased high relative to temperatures derivedTh. The close fit of COSMIC Tb to the NOAA satellite Th
from RO measurements. Steiner et al. (2007) and ldaltist ~ demonstrates the usefulness of COSMIC data to calibrate mi-
et al. (2011) have found statistically significant differences incrowave sounders. Similarly, RO observations can be used to
stratospheric-channel brightness temperature anomaly trendglidate infrared satellite data from both low-Earth orbiting
of the MSU and AMSU and RO from 2001 to 2009. This (LEO) and geostationary satellites. Ho et al. (2010b) shows
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EAE 80c Lo 46 L1 28801 Table 3. Space weather products produced by COSMIC

—&— |onosonde (http://cdaac-www.cosmic.ucar.edu/cdaac/products)html
Abel Retrieval |
"""" DA Retrieval

800 -

Absolute TEC data arcs:
— absolute accuracy2—-3 TECU
— relative accuracy-0.0024 TECU at 1-Hz

700 -

600 ~
Electron Density Profiles:

— NmF2 (F2 layer peak) Accuraey20 %
(compared to lonosondes)
— hmF2 (F2 layer height) Accuracy20 km

500 -

400

Altitude (km)

Scintillation Indices (S4):

— available from occultation profile events

7 (altitudes<120 km)

— available from lines of sight to all GPS in view

1 ~ 90 % available within 3h~50% in 1 h, and~10%in 1/2 h

300 -

200 -

100 -

o ‘ ‘ ‘ : ‘ ture and the COSMIC brightness temperature is highly cor-

2 0 2 4 6 8 10 12 related with local time. Since the RO brightness temperatures

Ne Profile (10°cm) are not affected by temperature variations of the satellites nor

_ _ o are they dependent on solar radiation, the differences in Th

F!g. 37. An example of proflles qf Abel and data assimilation re- between the COSMIC data and the NOAA-15 data are an in-
trievals of electron density (Ne in 6m™*) compared to a co- dication of local-time biases in the NOAA-15 data. As shown

located lonosonde-observed electron density profile (Yue et al.,” . . o
2011). in Fig. 35_, these dn‘ferenpes follow a pattern S|m|Iz_ir to the
mean latitude vs. local time, and the NOAA-15 brightness
temperatures show a variation of more than 1K depending

how the COSMIC dry temperatures can be used to validaten the time of day.

the Atmospheric Infrared Sounder (AIRS, Fig. 34). COSMIC estimates of precipitable water have been
Figure 35 (Ho et al., 2009b) shows how RO observa-compared with AMSR-E (Advanced Microwave Scanning

tions can be used to identify errors associated with diurnaRadiometer-EOS, a conically scanning passive microwave
heating and cooling effects on microwave satellite retrievals.radiometer) as shown by Fig. 36 (Mears et al., 2010; Ho et

The difference between the NOAA-15 brightness tempera-al., 2010a). The two independent measurements are highly
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correlated and produce very similar climatologies. However,
as shown in Fig. 36, AMSR-E and other passive radiometers
are strongly limited over land due to difficulties with surface i
emissivities. This is not an issue with RO. 200, 4 ‘0*5-'*"‘"'1' -
The above studies indicate that RO data can be used as a Electron Density (10%m™)
climate benchmark dataset. RO provides relatively uniform R
spatial/temporal coverage with an accuracy of approximately _ 500f
0.1 Kor higher, a precision of 0.05 K or better, and a satellite- g
to-satellite bias<0.05 K. RO retrievals are essentially inde- ;
pendent of processing procedures and centers; the structuralZ soo|
uncertainty from GPS RO data processed by different cen- 200: N
ters is less than 0.03% per 5yr. In addition, RO data can 0 0% L U8 0 .
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dependent bias. RO data are further capable of assessing tlf|8ns of the electron density profiles are indicated in the map at the
quality of radiosonde data (diurnal bias due to radiative ef-iop |eft (Pedatella et al., 2009).
fects) as well as identifying diurnal effects on microwave
satellite measurements.
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Fig. 42. Upper left: schematic diagram showing orientation of Es clouds that lead to U-shaped structures in the amplitude of RO signals.
Upper right: location of Es clouds vs. latitude and local time. Lower left: amplitudes of COSMIC RO signals showing U-shaped structures
(two prominent examples shown by red arrows). Lower right: number of Es clouds vs. thickness of Es clouds (Zeng and Sokolovskiy, 2010).

7 lonospheric research and space weather space weather data assimilation systems. Table 3 lists the
space weather products available from COSMIC.

A major application of RO observations is in ionospheric re-  The retrieval of electron density profiles from RO obser-

search and space weather (Hajj et al., 2000). RO data areations is described by Leitinger et al. (1997), Schreiner et

valuable for evaluation of ionospheric models and use inal. (1999), Syndergaard et al. (2006), and Lei et al. (2007).
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the ionospheric positive storm effect by revealing the storm-
time response in different altitude regions. The electron den-
sity profiles obtained by radio occultation demonstrated that
the F layer peak height increased by more than 100 km dur-
ing this time period (Fig. 40).

One use of COSMIC data has been the construction of
ionospheric climatologies, such as those shown in Fig. 41.
The latitude-longitude cross sections compare COSMIC
measurements of the F2 layer peak electron density (NmF2)
and its height (hmF2) near noon local time in the equato-
rial ionization anomaly to the International Reference lono-
Fig. 43. Participants in fourth COSMIC Users’ Workshop, SpPhere (IRI) empirical model and a numerical model (NCAR
October 2009, Boulder, Coloraddtp://www.cosmic.ucar.edu/ Thermosphere-lonosphere-Electrodynamics General Circu-
oct2009workshop/index.htmil(Photo by Caryle Calvin, UCAR). lation Model, TIEGCM).

Arras et al. (2009) combined RO data from three RO mis-
sions — CHAMP, SAC-C, and COSMIC - to produce a two-
Lei etal. (2007) show some of the first comparisons made beyear climatology of the diurnal and semi-diurnal variations
tween COSMIC-derived electron density profiles and thoseof the sporadic E layer (Es) for 2006 and 2007. The three
measured by Incoherent Scatter Radars (ISR) at Millston€RO missions provided an unprecedente2D00 observations
Hill and Jicamarca. of electron density globally and showed a strong qualitative

In many cases the COSMIC profiles agree well with the correlation of Es with the semi-diurnal tide (SDT) in zonal
ISR measurements; however some retrievals using the stanvind shear, a dominant feature of the midlatitude lower ther-
dard Abel retrieval had significant errors as shown by themosphere.
blue line in Fig. 37. These errors are caused by the assump- This result supports the theory that zonal wind shear plays
tion of local spherical symmetry in the Abel inversion and an essential role in Es formation at midlatitudes. Arras et
are discussed by Yue et al. (2010); they are greatest in loval. (2009) concluded that “GPS RO observations have the po-
latitudes and low altitudes below the F layer. A recently de-tential to detect the seasonal mean SDT in Es and thus may
veloped method using a data assimilation technique (Yue eprovide a qualitative measure on lower thermosphere dynam-
al., 2011) has shown significant improvements (dashed regcs at altitudes above 100 km that are not accessible to most
line in Fig. 37). Figure 38 shows simulation results of the ge-radar systems.”
omagnetic latitude and altitude variations of electron density Zeng and Sokolovskiy (2010) have recently developed a
during midday (local time (LT)=13) for the Abel and data new approach for studying the Es layer by RO. They found
assimilation retrievals; the assimilation method produces sigthat Es clouds (regions of extremely dense ionization in
nificantly smaller errors. the E layer at approximately 100 km altitude), when they

The large number of ionospheric observations provided byare aligned with the propagation direction, result in specific
COSMIC has enabled the study of ionospheric phenomena @U-shaped” structures in RO amplitude that often lead to er-
unprecedented horizontal and temporal resolution. Figure 3%ors in the L2P (semi-codeless) PLL tracking. The U-shaped
shows the vertically integrated electron content in two lay- structures are observed in RO signals, but they were never
ers, between 100 and 500 km and 300—-350 km altitude (Linunderstood and identified with Es clouds before. Es clouds
et al., 2007c). A longitudinal wave number 4 structure is ev-can absorb, block or refract medium, high and very high fre-
ident. The 1000-km scale longitudinal variation in electron quency radio waves in an unpredictable manner. Figure 42
densities is not yet fully explained. Immel et al. (2006) sug- shows the latitude-height and latitude-time distribution of Es
gest that the phenomenon is caused by ionospheric interaclouds (Zeng and Sokolovskiy, 2010).
tions with weather in the tropics. This kind of phenomenon, The measurements of TEC and electron density profiles
its diurnal and seasonal variation, and its height dependencare potentially valuable for data assimilation into ionospheric
can be studied in great detail with COSMIC data (Lin et al., models like the Jet Propulsion Laboratory/University of
2007a,b, 2010). Southern California Global Assimilative lonospheric Model

Pedatella et al. (2009) used a combination of ground-(JPL/USC GAIM; Wang et al., 2004) and the Utah State Uni-
based Global Positioning System (GPS) total electron conversity Global Assimilation of lonospheric Measurements
tent (TEC), TOPEX (ocean Topography Experiment) andmodel (USU GAIM; Schunk et al., 2004, Scherliess et al.,
Jason-1 TEC, and topside ionosphere/plasmasphere TE@QO06). Many research groups running space weather models
GPS radio occultation, and tiny ionospheric photometerhave assimilated TEC data. Komjathy et al. (2010) assim-
(TIP) observations from COSMIC to study an ionosphericilated COSMIC measurements into GAIM and showed that
storm of long duration that occurred on 15 December 2006the observations significantly improved the analysis of crit-
This multi-instrument approach provided a unique view of ical ionospheric parameters, such as NmF2 and HmF2 and
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vertical electron density profiles, as verified by comparisonsvariability, including Es clouds. The profiles are also use-
to independent electron density profiles measured at Arecibdul in evaluating ionospheric models and space weather data
Jicamarca, and Millstone Hill incoherent scatter radar (ISR).assimilation systems.
They also found that the COSMIC observations resulted in  Although the strengths and applications of RO observa-
improvements in the global vertical TEC maps. tions have been amply demonstrated, a number of challenges
These results clearly show that the COSMIC data will beand opportunities remain for increasing the value of this new
very useful for improving ionospheric data assimilation and observational tool. Among the most important challenges is
forecast modeling and will make a significant contribution to to further clarify the quality of RO observations in the lower
space weather studies. troposphere (0-5 km), where most of the atmospheric mois-
ture resides. The biases present in the lowest few km of the
atmosphere in early RO missions have been significantly re-
8 Summary and some remaining challenges duced. There may remain a small bias in the lowest 2km
in regions of high water vapor in the tropics, although it is
Since the launch of the proof-of-concept GPS/MET missiondifficult to know for sure because of the absence of accurate,
in 1995, it has become clear that RO has caused a revoluindependent observations in this region.
tion in atmospheric sounding. No other observing system Because of the uncertainties in the quality of lower-
provides such high-quality, global observations of the iono-tropospheric RO soundings, a conservative approach in as-
sphere, stratosphere and troposphere. These observatioggnilating lower-tropospheric RO observations in operational
are having a high impact in operational weather forecastingweather forecast models has been taken. It is this author’s
climate monitoring and research, as well as ionospheric reppinion that the maximum value of RO observations in this
search and space weather. The relatively low cost of ROmportant region has not been achieved, and this provides
observations compared to other space-based systems makegreat opportunity for further advances. For example, ad-
them highly cost-effective for research and applications.  vances in observation modeling in data assimilation systems
RO soundings, using open loop (OL) tracking in the tro- could reduce the RO representativeness errors and lead to
posphere, are significantly improved over RO soundings obhigher weights for the RO observations.
tained from the Phase Locked Loop (PLL) technique. The Another remaining challenge is associated with reduction
negative refractivity bias in the lower troposphere present inof the errors in bending angles in the stratosphere and the er-
earlier RO missions using PLL tracking is significantly re- ror propagation downward via optimization and calculation
duced, and the fraction of soundings reaching to within oneof the refractivity by Abel inversion. In the classical opti-
kilometer of Earth's surface is greatly increased. The OLmization process, the retrieved bending angle is a combina-
technique also permits rising as well as setting occultationstion of a first guess bending angle (e.g. from climatology) and
and for the first time RO has shown a consistent ability to pro-the observed bending angle, with the weight of climatology
file the vertical structure of the atmospheric boundary layer. peing a maximum of one at the highest levels (e.g. 80 km)
Studies using COSMIC data have verified the theoreticaland decreasing to zero at some lower altitude (e.g. 30 km)
high precision of RO soundings; the precision of individual where the observations are given full weight (Gobiet and
profiles in the upper troposphere/lower stratosphere is equivKirchengast, 2004; Kuo et al., 2004). Gobiet and Kirchen-
alent to about 0.05 K or higher. The accuracy and stability ofgast (2004), Kuo et al. (2004), and Gobiet et al. (2007) show
RO observations has also been demonstrated, verifying thahat the inversion errors associated with the observational
RO observations meet the high standards of climate benchaoise, ad hoc optimization process and the choice of ancil-
mark observations. lary data (e.g. climatology) can be significant above 35km
RO observations have shown significant, positive impactin the stratosphere, especially at high latitudes over the po-
on operational global weather forecasts and positive im-ar region in winter. With the further inversion of refractiv-
pacts on individual forecasts of important weather phenom-ty using the Abel inversion, the influence of climatology can
ena such as tropical cyclones. COSMIC data have been conpenetrate even below 35 km. These errors can be reduced sig-
pared to data from AMSU on NOAA satellites (N15, N16 nificantly by using only RO soundings with low noise (Kuo
and N18). The COSMIC and AMSU brightness temperatureet al., 2004), but further work is needed to improve the ac-
data are highly correlated~0.99 or higher) with standard curacy of the retrieved bending angles and refractivities for
deviations to the mean between 0.95K and 0.97 K. The COSeperational NWP applications and climate studies.
MIC data are capable of identifying inter-satellite offsets be- Two other issues associated with COSMIC that limit its
tween the NOAA satellites, which demonstrate the value ofimpact are the number of global soundings per day and the
RO observations in the inter-calibration of satellite data. latency (time between the observation and when it is deliv-
The COSMIC mission has generated many ionosphericered to users). The 1500-2000 observations per day pro-
vertical profiles of electron density and total electron con-duced by the six COSMIC satellites are not enough to make a
tent. lonospheric analyses of these observations have prdarge impact in tropical cyclone prediction, since the average
duced new insights into ionospheric structure and temporakpacing of about 500 km in the tropics does not adequately
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resolve tropical storms and their environment. Furthermore Anthes, R. A., Bernhardt, P. A., Chen, Y., Cucurull, L., Dymond, K.
while the latency of a few hours is adequate for weather fore- F., Ector, D., Healy, S. B., Ho, S. P., Hunt, D. C., Kuo, Y.-H., Liu,
casting, a latency of 5-30 min is needed for real-time space H., Manning, K., McCormick, C., Meehan, T. K., Randel, W. J.,

weather forecasting. Both of these limitations can be ad- Rocken, C., Schreiner, W. S., Sokolovskiy, S.V., Syndergaard, S.,
dressed in future missions. Thompson, D. C., Trenberth, K. E., Wee, T. K., Yen, N. L., and

The future of RO looks bright, with a number of future Zeng, Z.: The COSMIC/FORMOSAT-3 Mission-Early results,

L . . . B. Am. Meteorol. Soc., 89, 313-333, 2008.
missions carrying GPS receivers. A new constellation tvo’ C. 0., Meehan, T. K., Hajj G. A, Mannucci, A. J.,
replace COSMIC is now being planned by the US and ;nq geyerle, G.: Lower troposphere refractivity bias in GPS
Taiwan (Cook and Wilczynski, 2010) and will produce five  qccultation retrievals, J. Geophys. Res., 108(D18), 4577,
to ten times as many RO soundings as COSMIC. Other (oi:10.1029/2002JD003218003.
constellations are being planned or considered, e.g. ClAo, C. O., Chan, T. K., liima, B. A., Li, J.-L., Mannucci, A.

CERO (Community Initiative for Continuing Earth Radio  J., Teixeira, J., Tian, B., and Waliser, D. E.: Planetary bound-

Occultation,http://geooptics.com/?pagd=58) and Iridium ary layer information from GPS radio occultation measurements,
Next  (http://www.uni-graz.at/opac2010/pgfesentation/ Proc. of the ECMWF GRAS SAF Workshop on Applications of
opac201Qguptaomprakastpresentation79. pdif Many GPS Radio Occultation Measurements, 16-18 June 2008, Read-

ing, UK, 123-131 (paper available frorttp://www.ecmwf.int/
publications/library/do/references/show?id=88)2008.
‘Ao, C. O., Hajj, G. A., Meehan, T. K., Dong, D., lijima, B. A.,

satellite missions in the future will include RO receivers,
e.g. the series of MetOp satellites that began with MetOp-A
In addition to these future LEO missions, other GNSS Mannucci, A. J., and Kursinski, E. R.: Rising and setting GPS

(Global Navigation Satellite Systems) constellations will ;.. itations by use of open loop tracking, J. Geophys. Res., 114,
provide signals that advanced RO receivers can use in addi- pp4101,doi:10.1029/2008JD010482009.
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