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Abstract

In this paper, the study of noise level and point- to - point stability of Global Positioning System radio
occultation (RO) neutral atmospheric bending angle data at the UCAR COSMIC Data Analysis and
Archive Center (CDAAC). The Global Positioning System (GPS) radio occultation (GPS-RO) technique
is an active limb sounding observation of the Earth's atmosphere using a GPS receiver onboard a low
Earth orbit (LEO) satellite. Since the observation data taken by such technique have high accuracy and
excellent height resolution, they are very useful for analyzing atmospheric structures including small-
scale vertical fluctuations in the troposphere and stratosphere. Vertical resolution of (GO )method in
stratosphere is 1.7 km due to Fresnel radius limitations, but full spectrum inversion (FSI) can provide
superior resolutions. The archived GPS-RO data have been calculated applying FSI to COSMIC GPS-
RO profiles in an altitude from ground level up to 30 km. The height resolution of archived data is 0.1
km and we averaged the original RISHANA data (refractivity, pressure, temperature, and tangential
point of latitude and longitude) in a bin of 0.05 km for nominal height. Atmospheric radio occultation
relies on the detection of a change in a radio signal as it passes through a planet's atmosphere, i.e. as it
is occulted by the atmosphere. When electromagnetic radiation crosses through the atmosphere, it is
refracted . The magnitude of the refraction depends on the gradient of reflectivity normal to the path,
which in turn depends on the density gradient. The effect is most marked when the radiation traverses a
long atmospheric limb path. At radio frequencies the amount of bending cannot be measured directly;
instead the bending can be calculated using the Doppler shift of the signal given the geometry of the
emitter and receiver. The amount of curve can be related to the refractive index by using an Abel
transform on the formula relating bending angle to refractivity. when the atmosphere is neutral (below
the ionosphere) information on the atmosphere's temperature, pressure and water vapour content can
be derived giving radio occultation data applications in meteorology. GNSS or GPS radio occultation
(GNSS-RO, GPS-RO, GPSRO) is a type of radio occultation that relies on radio transmissions from
GPS (Global Positioning System), or more generally from GNSS (Global Navigation Satellite System),
satellites. This is a relatively new technique for performing atmospheric measurements. GNSS or GPS
radio occultation as a weather forecasting tool, and could also be harnessed in monitoring climate
change. The method involves a low-Earth orbit satellite receiving a signal from a GPS satellite. The
signal has to pass through the atmosphere which has gases,dust and gets refracted along the way. The
magnitude of the refraction depends on the temperature and water vapor concentration in the
atmosphere when it observed.
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Introduction

Global Positioning System (GPS) Radio Occultation (RO) data are becoming a benchmark dataset of
the international global observing system. The high vertical resolution, pre-cision, and accuracy of
retrieved atmospheric profiles make GPS RO ideal for weather and space weather specification and
forecasting climate change research and detection and in-situ, ground-based and satellite instrument
validation .With a GPS receiver on board a low-Earth or-biting (LEO) satellite, the amplitude and phase
of the radio frequency (RF) signals transmitted from GPS satellites can be measured very precisely as

the ray tangent point descendsfrom ~100 km altitude to the surface when the GPS satellite is occulted
by Earth’s atmosphere. With proper algorithms and bservational modeling, we can potentially derive
verti-cal profiles of bending angle (Melbourne et al., 1994; Kursin-ski et al., 1997; Kuo et al., 2004) that
are traceable to the international system of units (SI), i.e. the second (Ohring, 2007). Profiles of
refractivity, and subsequently pressure, temperature and humidity can be derived with additional a priori
information (Melbourne et al., 1994; Ware et al., 1996; Kursinski et al., 1997; Rocken et al., 1997), but
the traceabil-ity of these productsto Sl is diminished.
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For GPS RO to be used as a benchmark dataset, espe-cially for climate change research, an important
initial step is to establish Sl-traceability of the GPS RO bending angle data products through peer-
reviewed theoretical and exper-imental validation studies. The GPS RO phase measure-ments
fundamentally can be traced to the Sl second, be-cause the GPS transmitters use on-board atomic clocks

that are linked to ground-based atomic clocks with a network of GPS ground fiducial receivers (e.g.
Page |7259 Copyright © 2019Authors



THINK INDIA JOURNAL

ISSN:0971-1260
Vol-22- Issue-14-December-2019

National Institute for Standards and Technology (NIST) in Boulder, Colorado) as illustrated in Fig. The
GPS atomic clocks have errors, but they are monitored and corrected with data from the GPS ground
network. The LEO clock errors are estimated relative to GPS time along with the LEO satellite
positions and velocities within pre-cise orbit determination (POD) data processing to maintain SI
traceability (Hwang et al., 2008; Schreiner et al., 2009; Montenbruck et al., 2008; von Engeln et al.,
2011). With the raw RO and ground-based GPS measurements and pre-cise positions, velocities, and
clocks of GPS and LEO satel-lites, the fundamental RO observable, the atmospheric ex-cess phase (in
excess to vacuum) due to propagation through the atmosphere, can be computed. The atmospheric
excess phases for both the L1 and L2 signals during an occultation can be computed accurately using
either double-difference, single-difference, or zero (un)-difference processing strate-gies For altitudes
above the moist troposphere where sin-gle path propagation allows application of geometric optics
(GO), the time derivatives of the L1 and L2 atmospheric ex-cess phases, i.e. excess Dopplers, are noise
filtered and used with the positions and velocities of the satellites to compute L1 and L2 bending angles
as a function of impact parameter. An ionosphere-free bending angle profile is then traditionally
obtained by a linear combination of the L1 and L2 bending angles taken at the same impact pa-rameter
.Optimal filter-ing methods are also used to suppress the larger L2 bending angle noise as described in
Sokolovskiy et al. (2009b). In the lower troposphere, where sharp vertical moisture gradients can cause
multipath propagation, th.e L1 bending angle is de-rived from the raw phase and amplitude (complex
signal) by wave optics (WO) methods. Both GO and WO methods use the assumption of local spherical
symmetry of refractivity. Finally, the geometric optics and wave opticsbending angles are combined into
one complete ionosphere-free bending angle profile.

Many theoretical and experimental validation studies have been published in an attempt to verify the
high accuracy (i.e. degree of veracity) and high precision (i.e. degree of re-producibility, between
satellites and between instruments) of GPS RO data. The first theoretical estimates of the accuracy of
GPS RO in the Earth’s neutral atmosphere were published by Yunck and Lindal (1988) and Hardy et al.
(1993). A more detailed theoretical analysis of GPS RO accuracy was pub-lished by Kursinski et al.
(1997). Experimental validation of GPS RO to ancillary data (such as radiosondes or atmo-spheric
model analyses) is a difficult task due to the mea-surement and representativeness errors of both data
sets. The first experimental estimates of the accuracy of GPS RO were obtained by Rocken et al. (1997)
by comparing refractivi-ties and temperatures retrieved from GPS/MET data to ra-diosondes,
atmospheric models and other satellite data avail-able at that time. The first experimental estimates of
the precision of GPS RO temperatures were obtained by Hajj et al. (2004) by comparing collocated
occultations observed by the CHAMP (CHAllenging Minisatellite Payload) and SAC-C (Satelite” de
Aplicaciones Cientificas — C) satellites, where it was found that individual profiles agree to 0.86 K i.e.
fractionally, to about 0.4 %, standard deviation between 5 and 15 km altitude. The initial deployment
phase of the Constellation Observing System for Meteorology lonosphere and Climate
(COSMIC)/Formosa Satellite 3 (FORM OSAT -(hereafter F3C) RO mission when the six satellites were

orbiting very close to each other offered a unique oppor-tunity to estimate the precision of F3C GPS RO
Page |7260 Copyright © 2019Authors



THINK INDIA JOURNAL

ISSN:0971-1260
Vol-22- Issue-14-December-2019

refractivi-ties and temperatures by analyzing the differences for col-located occultations (Schreiner et
al., 2007; Staten and Re-ichler, 2009). Recently, structural uncertainties (the differ-ences that depend on
tracking depth, noise and processing) of GPS RO refractivity and bending angle in the lower tro-
posphere were explained and quantified by Sokolovskiy et al. (2010). Another important study was
recently performed using CHAMP data to quantify the structural uncertainty in CHAMP GPS RO-
derived vertical profiles of refractivity and their temporal trends, related to different processing and in-
version procedures (Ho et al., 2009a). An experimental val-idation of bending angles derived from
different instruments and processing strategies has also been performed recently by comparing near
real-time operational products from the F3C and the Metop/GRAS (GNSS Receiver for Atmospheric
Sounding) missions.In this study we investigate the noise level and consis-tency of GPS RO bending
angle data from the F3C and Metop/GRAS missions. These two missions use indepen-dently developed
RO instruments: (1) F3C uses an IGOR (Integrated GPS Occultation Receiver) receiver developed at
the Jet Propulsion Laboratory (JPL) and (2) Metop-A is fly-ing the GRAS receiver developed by Ruag
Space. This study uses six months (June-December 2009) of bending angledata that have been re-
processed with consistent software by one data processing center, the UCAR COSMIC Data Analy-sis
and Archive Center (CDAAC). The consistent algorithms and data processing software (to the extent
possible with ac-count for differences in the data) used by the CDAAC allow this investigation to
quantify bending angle uncertainties due to the instrument only (i.e. minimizes processing software
induced structural uncertainty). Therefore, this study quanti-fies the precision (degree of
reproducibility) in terms of ran-dom and systematic bending angle differences for different
missions/instruments.

Section 1 provides background information and an intro-duction of this study. Section 2 presents a
mission overview and description of the CDAAC data processing used for F3C including POD and
computation of amospheric ex-cess phases and bending angles. Section 3 presents an overview of the
Metop/GRAS mission and a description of the CDAAC data processing used for Metop/GRAS in-
cluding down-sampling the GRAS raw sampled data from 1000 Hz to 50 Hz and interpolation through
data gaps. Sec-tion 4 presents statistical results of RO bending angle com-parisons with climatology
between 60 and 80 km altitude for each mission. Section 5 discusses results of an analysis of F3C
collocated soundings in close proximity (tangent points within 10 km) from the beginning of the
mission. Section 6 presents the bending angle differences at large heights ob-served between collocated
F3C and Metop/GRAS profiles that occur within 2 h and 300 km of each other. Section 7 in-vestigates
differences between F3C and Metop/GRAS bend-ing angles in the lower troposphere. The last section
of the paper presents conclusions of the study.
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Statistical comparison of Metop/GRAS and F3Cwith ECMWF bending angles. Different colors show
different Metop/GRAS processing modes (for details see text).

2 F3C data processing

The COSMIC Data Analysis and Archival Center (CDAAC) at UCAR processes the raw F3C RO data
into atmosp heric profiles in near real time for use by operational weather centers, 2—-3 months after real-
time with currently devel-oped algorithms and more accurate GPS orbits (i.e. post{processed solution),
and also periodically re-processes all RO missions every 1-2 yr with consistent software to pro-vide the
most accurate and stable products for use in climate studies. CDAAC (v3.0) is currently publishing
reprocessed data (product version 2010.2640) for F3C as well as other missions including GPS/IMET,
CHAMP, SAC-C, GRACE, TerraSAR-X, C/NOFS, and Metop/GRAS. The data process-ing tasks
performed at CDAAC that are relevant to this study include: LEO POD and clock estimation,
computation of L1 and L2 atmospheric excess phases, and finally calcula-tion of neutral atmospheric
bending angles for each LEO occultation event.

3 F3C IGOR instrument

The six-satellite F3C mission is a joint US/Taiwan mission that was successfully launched into orbit at
01:40 UTC on 15 April 2006 (Rocken et al., 2000). The primary instru-ments are IGOR (Integrated
GPS Occultation Receiver) GPS RO receivers developed by the JPL and manufactured by Broad Reach
Engineering. The IGOR is an advanced GPS receiver that tracks in both phase-locked loop (PLL) mode
and in open-loop (OL) mode; the latter allows tracking of sig-nificantly fluctuating RO signals after
propagation through the moist lower troposphere without tracking errors and loss of lock (Sokolovskiy,
2001, 2004) and, as the result, reduc-tion of inversion errors and improved penetration of the re-trieved
profiles to surface (Anthes et al., 2008). Each COS-M IC spacecraft utilizes two 1 x 4 microstrip patch
high-gain limb pointing antennas for 50 Hz occulting satellite track-ing for atmospheric profiling, and
two single patch antennas (canted at +15 degree elevation) for 1 Hz POD (and iono-spheric profiling)
and 50 Hz clock reference satellite tracking for atmosp heric profiling. The raw RO data output from the
IGOR receiver is continuous and consists of receiver time, L1 and L2 pseudorange, carrier phase, and
signal-to-noise ratio (SNR) measurements for PLL tracking, and the L1 I&Q (in-phase and quadrature)
samples and Dopp ler and range mod-els for OL tracking.
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Atmospheric excess phase processing

The CDAAC atmosp heric excess phase data for Metop/GRAS are generated with a zero-difference pro-
cessing approach .This method of processing is possible due to an ultra-stable 28.25 M Hz oscillator that
produces an almost linear receiver clock offset in time (Montenbruck et al., 2008). Instead of havingto
eliminate the LEO clock errors from the occulting satellite data by subtracting reference satellite data as
done in single-differencing, they can be removed with a low degree polynomial fit to the 30 s LEO
clock offsets estimated in the POD solution. The CDAAC software applies a quadratic fit to the LEO
POD clock offsets over a 5 min duration. The GPS satellite clock errors are removed from the occulting
link data by interpolating the 30 s IGS Final clock offset estimates as is performed in single-difference
processing.

Changes of deviation with latitudeTo investigate the effects of latitude variation, we divided the China
region (3.868-53.558N, 73.668-1358E) into four areas according to latitude and analyzed the
temperature deviations in the different areas. gives the partition results, and it shows that the number of
matching pairs increases with increasing latitude. givesthe statistical results for the change
intemperature deviation with latitude. As can be seen from, the difference in the mean temperature
deviation between the different areas is small at height of 17-32 km, but it is larger in lower and higher
regions. Figure 1showsthat the standard deviation decreaseswith increasing latitude at heights of 15-20
km: the de-viation is larger at lower latitude in this region, with a maximum of ;7.5 K at 15 km, and is
smaller at higher latitudes. The effect of latitude is very small, and the standard deviations of the four
different areas are close at heights of 20-24 km. In the range 25-55 km, the standard deviation is
greatest in area 4, of higher lati-tude, and is smaller in areas 1 and 2. In the range 55-60 km,
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The temperature ceviations in four areas partitioned by latitude with matching pairs indicated.

In the south of China, cloud-top altitudes frequently are higher than 10 km. Infrared limb emissions
are very sensitive to thin ice clouds, while COSMIC observations are insensitive to thin clouds. Given
that SABER has a vertical field of view of 2 km, the increasing standard deviations below 20 km may
indicate cloud contami-nation of SABER retrievals. In northern China in winter GWs were detected by
a various instruments. Since these are unlikely to be viewed exactly at the same location and in the same
observation geometry (hori-zontal viewing direction) GW activity in winter at northern China may
exp lain these increased standard deviations.

Conclusions

This study has attempted to quantify the precision (degree of reproducibility) of GPS RO bending
angles in terms of ran-dom and systematic differences for different satellites and instruments. We used
six months (June-December 2009) of data from the F3C and Metop/GRAS missions that were
processed by the UCAR CDAAC to analyze bending an-gle profile differences from climatology and
differences be-tween collocated profiles. Between 60 and 80 km the stan-dard deviation of the
Metop/GRAS bending angle differ-ences from climatology are smaller (1.13 prad) than those from F3C
(1.78 prad), because the Metop/GRAS data use zero-difference processing that does not include phase
noise from the reference satellite observations. The F3C stan-dard deviation reduces significantly to
1.44 prad when single-difference processing uses GPS satellites on the same side of the spacecraft. The
reason for smaller noise of same-side occultations is not understood and is under investiga-tion. The
F3C mean bending angles differences relative to climatology are smaller than those for Metop/GRAS
by ap-proximately 0.03 prad and may be due to large-scale iono-spheric residuals that are expected to
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be negative and should have more impact on F3C since it samples the full diurnal cycle. This difference
is quite small and illustrates the high degree of re-produceability and mission independence of the GPS
RO data at high altitudes. In the LT, especially in the tropics, insufficient straight-line tracking depth
limits the re-construction of the true bending angle profile. For example, collocated bending angles
between two F3C satellites from early in the mission differ on average by up to 0.5 % near the surface
due to systematically lower signal-to-noise ratio for one of the satellites that affects its cutoff depth. The
differ-ence between F3C and Metop/GRAS bending angles in the lower troposphere depends on the
Metop/GRAS processing mode. On average, Metop/GRAS bending angles are nega-tively biased
compared to F3C with a maximum of several percents in tropical regions. This bias is related to a higher
observed RO signal cutoff height for Metop/GRAS that is due to the receiver being configured to track
signals down to an insufficient height. The differences between different processing modes are related
to data gaps. This increases the structural uncertainty of Metop/GRAS inversions compared to F3C.
This uncertainty may be reduced in the future with changes of the Metop/GRAS receiver firmware
(Bonnedal et al., 2010b). The results of processing of Metop/GRAS raw-sampled data with different
down-samplings suggest the use of 100 Hz sampling in the LT in future RO receivers.

Page |7265 Copyright © 2019Authors



THINK INDIA JOURNAL

ISSN:0971-1260
Vol-22- Issue-14-December-2019

Acknowledgements. This material is based upon work supportedby the National Science

Foundation under Cooperative Agreement No. AGS-0918398/CSA No. AGS-0939962 and work
supported by the EUMETSAT under Award No. EUM/CO/09/4600000677/AVE. The authors

are gateful to Jay Fein for support of the CDAAC, tothe JPL receiver team for implementing
and debuggng the COSMIC receiver firmware, and to EUMETSAT for assistance in decoding

the GRAS data, and GRAS precise orbits used for comparison.

References

1

Anthes, R. A., Bernhardt, P. A., Chen, Y., Cucurull, L., Dymond, K. F., Ector, D.,Healy,
S. B., Ho, S-P., Hunt, D. C.,, Kuo, Y.-H., Liu, H,, Manning, K., McComick, C., M eehan,
T. K., Randel, W. J., Rocken, C., Schreiner, W. S., Sokolovskiy, S. V., Syndergaard, S.,
Thompson, D. C. Trenberth, K. E., Wee, T.-K., Yen, N. L., and Zeng Z.: The
COSMIC/FORMOSAT -3 mission: early re-sults, B. Am. Meteorol. Soc. (BAMS), 89,
313-333, 2008.

Beyerle, G., Schmidt, T., Michalak, G., Heise, S., Wickert, J., and Reigber, C.: GPS radio
occultation with GRACE: Atmospheric profiling utilizing the zero difference technique,
Geophys. Res. Lett., 32, L13806, doi:10.1029/2005GL023109, 2005.

Bonnedal, M., Christensen, J., Carlstroem, A., and Berg, A.: Metop-GRAS in-orbit
instrument performance, GPS Solut., 14, 109-120, doi:10.1007/s10291-009-0142-3,
2010a.

Bonnedal, M., Carlstroem, A., Christensen, J., Lindgren, T., GRAS on Metop: Instrument
characteristics and performance evalua-tion, The International Workshop on Probing the
Atmospheric and Climate, OPAC 4, Graz, Austria, 6-10 September 2010, 2010b.
Cucurull, L., Derber, J. C., Treadon, R., and Purser, R. J.: Prelim-inary impact studies

using Global Positioning Sy stem radio oc-cultation profiles at NCEP, Mon. Weather
Rev., 136, 1865-1877, 2008.

Dach, R., Hugentobler, U., Fridez, P., and Meindl, M. (Eds.): User manual of the Bernese
GPS Software Version 5.0, Astronomical Institute, University of Berne, Switzerland,
January, 2007.

Gorbunov, M. E.: Canonical transform method for processing radio occultation data in
the lower troposphere, Radio Sci., 37, 1076, doi:10.1029/2000RS002592, 2002.
Gorbunov, M. E. and Lauritsen, K. B.. Analysis of wave fields by Fourier integal

operators and their application for radio oc-cultations, Radio Sc., 39, RS4010,
d0i:10.1029/2003RS002971, 2004.

Hardy, K. R,, Hajj, G., Kursinski, R., and Ibanez-M eier, R.: Ac-curacies of Atmosp heric
Profiles Obtained from GPS Occulta-tions, ION Satellite Division 6th Irternational
Technical Meet-ing GPS-93, Salt Lake City, UT, 22-24 September, 1993.

Page |7266 Copyright ©2019Authors



THINK INDIA JOURNAL

ISSN:0971-1260
Vol-22- Issue-14-December-2019

10. Hajj, G. A., Kursinski, E. R., Romans, L. J., Bertiger, W. I., and Leroy, S. S.: A technical
description of atmospheric sounding by GPS occaultation, J. Atmos. Sol.-Terr. Phys., 64,
451-469, 2002.

11. Hajj, G. A, Ao, C. O, lijima, B. A., Kuang, D., Kursinski, E. R., Mannucci, A. J.,
Meehan, T. K., Romans, L J., de la Tome Juarez, M., and Yunck, T.P.: CHAMP and
SAC-C atmospheric occultation results and intercomparisons, J. Geophys. Res., 109,
D06109, doi:10.1029/20031D003909, 2004.

12. Healy, S.: Operational assimilation of GPS radio occultation mea-surements at ECM WF,
ECMWEF Newsletter, 111, Spring, 2007.

13. Ho, S.-P., Kirchengast, G., Leroy, S., Wickert, J., Mannucci, A. J., Steiner, A, Hunt,D.,
Schreiner, W., Sokolovskiy, S., Ao, C., Borsche, M., von Engeln, A., Foelsche, U., Heise,
S., lijima, B., Kuo, Y.-H., Kursinski, R., Pirscher, B., Ringer, M., Rocken, C., and
Schmidt, T.. Estimating the uncertainty of using GPS radio occultation data for climate
monitoring: Intercompari-son of CHAM P refractivity climate records from 2002 to 2006
from different data centers, J. Geophys. Res., 114, D23107, doi:10.1029/2009JD011969.
200%.

14. Ho, S.-P., Goldberg, M., Kuo, Y.-H., Zou, C-Z., and Schreiner, W.: Calibration of
temperature in the lower stratosphere from microwave measurements using COSMIC
radio occultation: preliminary results, Terr. Atmos. Ocean. Sci., 20, 87-100,
doi:10.3319/TA0.2007.12.06.01(F3C), 2009b.

15. Hwang, C., Tseng T. P., Ling T., Svehla, D., and Schreiner, B.: Precise orbit
determination for the FORMOSAT-3/COSM IC satellite mission using GPS, J. Geod., 83,
477-489, doi:10.1007/s00190-008-0256-3, 2008.

16. Jensen, A. S, Lohmann, M. S., Benzon, H., and Nielsen, A. S.: Full spectrum inversion
of radio occultation signals, Radio Sci., 38, 1040, doi:10.1029/2002R S002763, 2003.

17. Jensen, A. S,, Lohmann, M. S., Nielsen, A. S., and Benzon, H.: Geo- metric optics phase
matching of radio  occultation  signals, Radio  Sci,, 39, RS3009,
doi:10.1029/2003RS002899, 2004.

18. _Kirchen%ast, G., Hafner, J., and Poetzi, W.: The CIRA86aQ UoG model: An
extension of the CiRA-86 monthly tables includ-ing humidity tables and a
Fortran95global moist air climatol-ogy model, IMG/UoG Tech. Rép. 8, Eur. Space
Agency, Paris, France, 1999.

Page |7267 Copyright ©2019Authors



