BAMS

The COSMIC/FORMOSAT-3 Radio

Occultation Mission after 12 Years

Accomplishments, Remaining Challenges,
and Potential Impacts of COSMIC-2

Shu-peng Ho, Richard A. Anthes, Chi O. Ao, Sean Healy, Andras Horanyi,
Douglas Hunt, Anthony J. Mannucci, Nicholas Pedatella, William J. Randel,
Adrian Simmons, Andrea Steiner, Feigin Xie, Xinan Yue, and Zhen Zeng

ABSTRACT: Launched in 2006, the Formosa Satellite Mission 3—Constellation Observing System
for Meteorology, lonosphere and Climate (FORMOSAT-3/COSMIC) was the first constellation of
microsatellites carrying global positioning system (GPS) radio occultation (RO) receivers. Radio
occultation is an active remote sensing technique that provides valuable information on the verti-
cal variations of electron density in the ionosphere, and temperature, pressure, and water vapor
in the stratosphere and troposphere. COSMIC has demonstrated the great value of RO data in
ionosphere, climate, and meteorological research and operational weather forecasting. However,
there are still challenges using RO data, particularly in the moist lower troposphere and upper
stratosphere. A COSMIC follow-on constellation, COSMIC-2, was launched into equatorial orbit in
2019. With increased signal-to-noise ratio (SNR) from improved receivers and digital beam steering
antennas, COSMIC-2 will produce at least 5,000 high-quality RO profiles daily in the tropics and
subtropics. In this paper, we summarize 1) recent (since 2011 when the last review was published)
contributions of COSMIC and other RO observations to weather, climate, and space weather sci-
ence; 2) the remaining challenges in RO applications; and 3) potential contributions to research
and operations of COSMIC-2.
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PS receivers on board low-Earth-orbiting (LEO) satellites receive occulted signals from

GPS satellites, which are delayed and bent due to atmospheric refraction. The observed

phase delays are converted to profiles of bending angles and refractivity, which are
functions of temperature, water vapor, and pressure in the troposphere, temperature and
pressure in the stratosphere, and electron density in the ionosphere (Melbourne et al. 1994;
Yunck et al. 2000). The Constellation Observing System for Meteorology, lonosphere and
Climate (COSMIC), consisting of six satellites in polar orbit, has successfully demonstrated
the value of radio occultation (RO) data in ionosphere, climate, and meteorological research
and operational numerical weather prediction (NWP).

By the middle of 2019, COSMIC has provided more than seven million RO soundings. More
than 3,700 people from 86 countries have registered as users of the data and over 1,000
COSMIC-related journal papers have been published.

Although all of the six COSMIC GPS receivers were designed with a lifetime of two years
from launch, many of the satellites continued to provide data well beyond 2008, providing
more than 1,000 soundings per day through 2016 (Fig. 1). However, by the middle of 2019, only
one of the original six satellites was still producing data. Other RO missions including Satellite
de Aplicaciones Cientificas-C (SAC-C) and Gravity Recovery and Climate Experiment (GRACE)
in a research mode and Meteorological Operational Satellite Program (MetOp) A/B, GRACE-A,
TerraSAR-X (TSX), Com-

munications/Navigation
Outage Forecasting System
(C/NOFS), TerraSAR-X Add-
On for Digital Elevation
Measurement (TanDEM-X),
Fengyun-3C (FY-3C), and
Korea Multi-Purpose
Satellite-5 (KOMPSAT-5) in
near-real time (NRT) have
compensated for some of
the loss; however, the total
number of RO observations
availablein NRT by theend  Date
of 2018 was about 1,700,
down from a maximum of  from 21 Apr 2006 to 6 Dec 2018 (DOY 340).

over 3,500 in 2007-09.

A COSMIC follow-on mission, COSMIC-2, was launched on 25 June 2019. With six LEO satellites
in 24° inclination orbits, COSMIC-2 will collect at least 5,000 RO soundings per day from the GPS,
Galileo, and Global Navigation Satellite System (GLONASS) satellite navigation systems over
the tropics and subtropics from 35°N to 35°S, providing an average of about seven soundings
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Fig. 1. Number of RO vertical profiles from COSMIC processed by UCAR CDAAC
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per day in each 5° x 5° latitude box (compared to about one sounding per day in each per 5° x 5°
latitude box for COSMIC-1). COSMIC-2 will use an advanced receiver known as GPS, GALILEO,
and GLONASS (TriG) Global Navigation Satellite System (GNSS)-RO Receiver System (TGRS)
developed by the Jet Propulsion Laboratory and a digitally beam-steered antenna. Compared
to the COSMIC-1 receiver, the TriG will have a significantly increased signal-to-noise ratio (SNR)
of approximately 1,600 dB, 2 times that of COSMIC-1. In addition to the TGRS, secondary pay-
loads on the COSMIC-2 satellites include two space weather instruments, an ion velocity meter
and radio frequency beacon transmitter (Yue et al. 2014). COSMIC-2 satellites will also provide
high-rate (50 Hz) data of the ionosphere to observe scintillation. These improvements, though
limited to the tropics and subtropics, will increase the value of RO observations for weather,
climate and space weather research and especially tropical cyclone forecasting.

Anthes et al. (2008) and Anthes (2011) reviewed the COSMIC science achievements from
2006 to 2011. Bonafoni et al. (2019) reviewed contributions of RO to understanding and pre-
dicting extreme events. In this paper, we provide recent examples of contributions of COSMIC
and other RO missions to phenomenological studies (second section), advances in numerical
weather prediction and data assimilation (third section), climate (fourth section), and space
weather science (fifth section). Remaining challenges for using RO data and potential benefits
of COSMIC-2 are also discussed in the sixth section.

Observational studies of atmospheric processes

RO data provide valuable and unique atmospheric information because of their high accu-
racy and precision, high vertical resolution, insensitivity to clouds and precipitation, and
global coverage (Kursinski et al. 1997, 2000; Collard and Healy 2003; Kuo et al. 2004; Ho et al.
2009a,b; Anthes et al. 2000; Anthes 2011; Anthes and Rieckh 2018). In this section, we high-
light selected observational studies using RO and other satellite data on atmospheric waves,
deep convection, and tropical cyclones.

Atmospheric waves. With high vertical resolution of between 200 and 600 m (Zeng et al.
2019), RO temperature profiles can resolve different types of gravity waves (GW) in the lower
stratosphere (Alexander et al. 2008a,b; Luna et al. 2013). GW studies using COSMIC data include
(i) regional and global GW structures and their variability (Alexander et al. 2008a; McDonald
2012; Tsuda 2014; Khaykin et al. 2015), (ii) interaction of GW with the background flow (Nath
et al. 2015), (iii) impact of GW on the tropopause (Kim and Alexander 2015) and cirrus cloud
formation (Alexander et al. 2011), (iv) GW excitation mechanisms over different regions (Ming
et al. 2014; Hindley et al. 2015), and (v) evaluation of GW representation in the models or other
observations (Alexander et al. 2008a; Tsuda 2014). A unique aspect of the COSMIC constella-
tion is that it provides multiple nearby observations for estimating GW parameters (Wang and
Alexander 2010; Faber et al. 2013; Schmidt et al. 2016). Figure 2 shows GW horizontal and verti-
cal wavelengths, intrinsic frequency, and momentum flux derived from three or more nearby
RO temperature profiles using cross-wavelet analysis. These parameters, which are estimated
with a vertical resolution and accuracy that cannot be obtained by other remote sensing
techniques, are valuable in constraining GW parameterizations in NWP and climate models.
RO also contributes to our understanding of planetary-scale stratospheric waves. In a study of
Arctic and Antarctica waves, Alexander and Shepherd (2010) found short-lived (less than two weeks)
waves with wavelengths less than 5 km throughout the winters of both hemispheres. Enhanced
planetary waves precondition the stratospheric circulation prior to Arctic sudden stratospheric warm-
ings. In the Southern Hemisphere, planetary waves are typically quiescent in summer, though an
exception occurred in December 2006—February 2007 (Shepherd and Tsuda 2008). Using RO data,
Alexander et al. (2008b) and Randel and Wu (2005) studied convectively coupled equatorial waves.
Brahmanandam et al. (2010), Pan et al. (2011), and Flannaghan and Fueglistaler (2013) studied the
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RO and Atmospheric Infra-

red Sounder (AIRS) data,

documented the spatiotemporal patterns and vertical structure of the temperature variability in
the upper troposphere and lower stratosphere (UTLS) associated with the Madden—Julian oscilla-
tion (MJO). Many detailed finescale vertical structures of temperature anomalies between 150 and
50 hPa were resolved by RO, but not by AIRS. In addition, the equatorial temperature anomalies
at 250 hPa over the Indian and western Pacific Ocean from RO showed significantly larger magni-
tudes compared to those from AIRS. These differences can be explained by the lower sampling of
AIRS in the presence of optically thick clouds and lower vertical resolution near the tropopause,
compared to RO. GPS RO moisture anomalies associated with the MJO are generally similar to AIRS
and ERA-Interim (Zeng et al. 2012). As shown in Fig. 3, all anomalies propagated from the Indian
Ocean to the central Pacific with the deep convection anomaly. Significant warm temperature
anomalies with peak amplitude of 0.6 K between 800 and 200 hPa were accompanied by cold
anomalies tilting eastward with height near the tropopause (150-70 hPa). The vertical structure
of moisture anomalies tilted westward, resulting in a low-level moistening that precedes the MJO
convection. Virts and Wallace (2014) extended analyses of the MJO, establishing the connections
between temperature, cirrus clouds, and trace gases in the tropical tropopause layer and their
responses to planetary-scale anomalies. These studies demonstrated that this dataset will be
valuable for evaluating climate model performance for equatorial temperature anomalies.

spnatien
|Spn3Tie]

Deep convection and tropical cyclones. Numerous studies have used RO measurements to
evaluate the impact of deep convection on the UTLS. Biondi et al. (2012) investigated the ther-
mal structure associated with deep convective systems. Systematic anomalies in RO bending
angles closely aligned with the top of convective systems, corresponding to anomalously cold
temperatures (Fig. 4). For cloud tops below 14 km, the temperature lapse rate within the cloud
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Fig. 3. Vertical structure of (left) RO temperature and (right) specific humidity MJO anomalies (shading)
averaged over 10°S-10°N for a composite cycle (8 phases). The overlaid solid black lines are Tropical Rain-
fall Measuring Mission (TRMM) MJO rainfall anomalies (proxy for convective intensity, scale at right) for
the same period of COSMIC RO data (Zeng et al. 2012).

often approaches a moist adiabat, consistent with rapid undiluted ascent. Above the cloud top
the lapse rate typically becomes negative, corresponding to the inversion in the temperature
profiles above cloud top. Kim et al. (2018) quantified cooling of the tropical tropopause linked
to extreme deep convection, including effects of the cooling on stratospheric water vapor.

Biondi et al. (2011, 2013) demonstrated that RO data can detect the variation of cloud-top
heights in tropical cyclones (TC). Biondi et al. (2015) computed mean vertical temperature
profiles for TCs over all ocean basins. They selected more than 20,000 RO profiles collocated
with TCs and classified them by intensity of the cyclone and by ocean basin. The results show
that TC have different cloud-top heights and temperature characteristics depending on the
basin. The temperature usually shows a negative anomaly near the cloud top. In the Northern
Hemisphere, the temperature anomaly becomes positive above the cloud top, while in the
Southern Hemisphere, the anomaly remains negative up to about 25 km.

Despite the long horizontal averaging scale (~200 km), Vergados et al. (2013) showed that RO
observations from Challenging Minisatellite Payload (CHAMP) and COSMIC could resolve, albeit
in a smoothed way, the major characteristics of TC structure—the eye and eyewall, the inflow
and outflow layers, and even rainbands in a composite of 42 North Atlantic TCs over the period
2002-10 (Fig. 5). Thus many continuous and widespread RO observations in the tropics (as in
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Fig. 4. Vertical profiles associated with a deep convective system on 2 Feb 2008. (left) The total attenu-
ated backscatter at 532 nm from CALIOP (1008:00 UTC), along the orbit track. (middle) The bending angle
anomaly profile (green) and (right) the temperature profiles (red) from GPS RO (0953:00 UTC), the ECMWF
analysis (cyan), and the climatology (blue) during the storm. The altitude of the lapse-rate tropopause
(horizontal cyan line) and the altitude of the coldest point and the bending angle anomaly spike (horizontal
red line) are also presented (adapted from Fig. 3 in Biondi et al. 2012).
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Fig. 5. Composite (2002-10) tropical cyclone relative humidity (RH) as a function of radial
distance from the storm center and altitude. Twenty-five kilometer binned averages
of North Atlantic tropical cyclones from (a) ECMWEF, (b) RO, and (c) RH fractional dif-
ference between the RO and the ECMWF reanalysis (Vergados et al. 2013). Beginning
in late 2006 ECMWF began assimilating COSMIC data so the RO and ECMWF analyses
are not completely independent.
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COSMIC-2), can contribute to the climatology and study of TC, even though they only resolve
horizontally smooth features.

Impacts of RO on numerical weather prediction

Global numerical weather prediction. It is understood that progress in global NWP is gradual,
“resulting from a steady accumulation of scientific knowledge and technological advances
over many years” (Bauer et al. 2015). Nevertheless, an important part of this progress has been
based on the improved use of existing observations, and the introduction of new observation
types. No single observation type provides all the information required for NWP applications,
and therefore, the Global Observing System (GOS) attempts to find the right balance of many
diverse measurement types. New observations are particularly important for NWP if they pro-
vide distinctive information that is not already available from other observations. However,
as was pointed out by McNally et al. (2006), modern operational global models and data as-
similation are robust, and each observational system contributes only marginally to the overall
forecast accuracy. Forecast improvements from a single new observing system are likely to be
only a few percent at most. In this context, RO observations have shown a significant posi-
tive impact on global NWP forecasts since the launch of COSMIC (Healy 2008, 2013; Aparicio
and Deblonde 2008; Poli et al. 2009; Cucurull 2010; Rennie 2010; Bonavita 2014; Bauer et al.
2014). This is because RO measurements complement microwave and infrared sounders by
providing information on the temperature, water vapor, and pressure with high accuracy and
precision, high vertical resolution in clear and cloudy conditions, and importantly, they can
be assimilated without bias correction.

The contribution of RO to global model forecast skill has varied with forecast center and over
time as the number of RO observations has changed. A European Centre for Medium-Range
Weather Forecasts (ECMWF) study (Cardinali and Healy 2014) for June 2011, when the number
of COSMIC RO observations available in near-real time was approximately 2,000 observa-
tions per day, showed RO among the top five highest impact observational systems (Fig. 6).
This calculation was based on the forecast sensitivity to observation impact (FSOI) diagnostic
(Cardinali 2009). The FSOI uses an adjoint approach to estimate how different observing sys-
tems reduce a globally
integrated scalar cost
function, based on the
total dry energy errors
for 24-h forecasts. In
June 2011, RO contrib-
uted about 10% to the
FSOI, with the contri-
bution peaking in the
UTLS region, consistent
with earlier theoretical
information-content
studies (Collard and

Contributions to forecast accuracy by observing system

e ECMWF June 2011

Healy 2003). Overall, ,., o

the RO contribution to i — ~2-3% of assimilated data

the FSOI was about the e

same as AIRS, Infrared x = = . x =
Atmospheric Sounding

Fig. 6. Contribution to the forecast sensitivity to observation impact (FSOI) by all
Interferometer (IASI), the observing systems used by the ECMWF in June 2011. The RO contribution to
and aircraft observa-  the Fsol was comparable to AIRS, IASI, and aircraft measurements for this period
tions during thisperiod  (Cardinali and Healy 2014).
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(Fig. 6), despite RO bending angles only representing around 4% of the data assimilated into
the NWP system. Unsurprisingly, as the COSMIC mission exceeded its planned lifetime,
and satellites in the constellation began to fail, the total number of COSMIC RO observa-
tions available for operations has decreased steadily. It is currently (late 2018) around 300
COSMIC occultation profiles per day. The impact of this reduction of COSMIC measurements
has been partially mitigated through the operational assimilation of RO measurements from
the European Organisation of the Exploitation of Meteorological Satellites (EUMETSAT)’s
MetOp-A and MetOp-B satellites (von Engeln et al. 2009) now providing 1,200-1,300 profiles
per day, RO measurements from KOMPSAT-5 providing around 200 occultation profiles per
day, and, more recently, RO measurements from the Chinese Fengyun-3C satellite providing
300 profiles per day. Nevertheless, the ECMWF computations of the FSOI diagnostic now
suggest that the overall RO contribution has fallen from 10% in 2011 to around 5% (see Fig. 1
in Geer et al. 2017). This reduction is partly from the loss of the COSMIC measurements, but
also as a result of assimilating more high-resolution infrared radiance information during
this period, and the progressively better treatment of microwave radiances within an “all
sky” framework (Geer et al. 2017).

In addition to reducing the random errors in the NWP forecasts, the ability to assimilate
RO observations without bias correction makes them “anchor measurements” in both NWP
and climate reanalysis systems. Anchor measurements prevent the model state from drift-
ing toward its own biased climate in a cycling, data assimilation/variational bias correction
(VarBC) system (Dee 2005; Healy et al. 2005; Healy and Thépaut 2006; Healy 2008; Poli et al.
2010; Bauer et al. 2014; Cucurull et al. 2014; Bonavita 2014). This anchoring property increases
the impact of the infrared (IR) and microwave sounding systems (Aparicio and Laroche 2015),
by constraining the bias corrections applied to the assimilated radiances. Eyre (2016) has also
shown that the number of anchor measurement should increase as the number of radiances
that require bias correction increases. RO observations can also contribute more directly to
the identification of biases in the passive IR and microwave sounding systems, for example,
Ho et al. (2009a, 2014) and Zou et al. (2014).

Impact of RO on regional numerical weather prediction. Although it is more difficult to
determine the impact of individual observation systems on regional models because of the
dominant impact of the specified lateral boundary conditions (Anthes et al. 1985), several
studies have shown a positive impact of RO observations on regional model forecasts. For
example, Chen et al. (2014) showed a significant improvement in a Weather Research and
Forecasting (WRF) Model forecast of an intense synoptic-scale storm that occurred over the
Southern Ocean in December 2007. The assimilation of RO data produced an improvement
in the large-scale circulation, temperature and water vapor fields, which in turn produced
a better track and intensity forecast of the cyclone. Yang et al. (2014) showed a positive im-
pact of assimilating RO refractivities and bending angles in a heavy precipitation event over
Taiwan in 2008. The effect of assimilating RO observations, particularly bending angles, was
to deepen the depth of moist air (Fig. 7), which enhanced the moisture transport and resulted
in increasing the model’s forecast precipitation, which was a significant improvement com-
pared to observations.

Numerous studies have shown a positive impact of RO observations on TC forecasts of inten-
sity and tracks (Huang et al. 2005; Kueh et al. 2009; Kuo et al. 2009; Liu et al. 2012). Chen et al.
(2015) evaluated three hundred twenty-seven 72-h forecasts of 11 Pacific typhoons in 2008-10
with and without assimilation of RO data. The RO observations improved the analyses of the
temperature, water vapor and wind fields, as well as the prediction of the western Pacific
subtropical high and its associated large-scale circulation. These improvements resulted in
an increase of the forecast track accuracy by an average of 12 km at 72 h (Fig. 8), a modest
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but statistically significant improvement. Kuo et al.
(2016) also showed a dramatic effect on WRF predic-
tions of the genesis of Typhoon Nuri (2008) when RO
data were used (Ho et al. 2019).

The improvements in track and intensity fore-
casts of TC due to RO observations have been
largely due to improvements in the analysis and
forecasts of the large-scale TC environment rather
than improvements in the analysis of the meso-
scale storm structure. This is because the number
of RO soundings has been too small and the result-
ing mean horizontal separation of soundings has
been too large to produce a significant number of
RO sounding within the storms. However, Vergados
et al. (2013) showed that RO soundings within the
TC were able to produce accurate retrievals of
temperature and water vapor, even near the eye,
suggesting that with many more soundings in the
tropics as with COSMIC-2, RO will contribute signif-
icantly to resolving the mesoscale structure of the
storms, resulting in improved track and intensity
forecasts. Vergados et al. (2014) showed that RO
soundings could resolve high-vertical-resolution
(100-200 m) structures of temperature in the UTLS
region in the vicinity of hurricane eyewalls, and

200
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Fig. 7. Mean difference in water vapor mixing ratio
analysis between four experiments assimilating RO
observations and a Control (CNTL) experiment in
which no RO observations are assimilated. BANGLE
assimilates bending angles at all levels in the model.
BND2 assimilates RO observations only below 2 km.
BNDno2 assimilates RO observations only between
2 and 5 km. REF assimilates RO refractivity (Fig. 15
of Yang et al. 2014).

could be used in estimating the intensity of TC. They point out that these measurements
are difficult to obtain from IR and MW observations and that these structures are missing

in reanalysis data.

Outstanding issues with assimilation of RO data for NWP. Some of the outstanding issues
in the assimilation of RO data include whether to assimilate bending angles, refractivity, or
other data products of RO such as excess phase, choice of forward observation operators, and

characterization of RO errors and quality control.
RO observations of refractivity are derived from
bending angles using an Abel transform under the
assumption of spherical symmetry (horizontal homo-
geneity in the region of the observation). In theory,
assimilation of bending angles should be superior to
assimilation of refractivity. Because bending angles
are a higher-level data product, the error character-
istics are simpler and they are less sensitive to the
assumption of spherical symmetry (Eyre1994). In
addition, assimilating refractivity also requires the
use of climatology in the upper stratosphere and
above to compute the Abel transform. The refractivity
values also suffer a negative bias under conditions
of superrefraction, which often occurs in the tropi-
cal and subtropical boundary layer. Therefore, most
operational global NWP centers, including ECMWFE,
Fleet Numerical Meteorology and Oceanography
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Center (FNMOC), the Met Office, and National Centers for Environmental Prediction (NCEP),
assimilate bending angles.

However, assimilation of bending angles has its own challenges. Compared to refractivity,
bending angle data have more significant small-scale vertical variability (~100 m scales near
surface up to ~400 m scales in the upper troposphere) because the Abel transform filters them
out in refractivity space. Many current NWP models do not have sufficient vertical resolution
toresolve these small scales, and so filtering of the observed bending angles may be necessary
(Gilpin et al. 2019). Alternately, the assumed bending angle error statistics should account
for these small-scale unrepresentative structures. The calculation of bending angles in NWP
models also requires that the models have high tops (i.e., 60 to 80 km). For lower model tops
(e.g., 20 km), typical of many limited-area models, refractivity must be assimilated.

A forward model maps the NWP model state (temperature, water vapor, and pressure) to
observation space (bending angle or refractivity). Both 1D and 2D forward models are used.
The 2D models account for variations in atmospheric properties in the vertical along the ray
path (occultation plane) and are therefore theoretically more accurate, but at a higher com-
putational cost (Healy et al. 2007; Ma et al. 2009; Healy 2014).

Several studies have investigated the potential benefits of 2D refractivity and bending angle
operators in RO data assimilation for hurricane analyses and forecasts (Sokolovskiy et al.
2005; Liu et al. 2012). In a simulation of Hurricane Katrina (2005), Ma et al. (2009) showed that
the use of a nonlocal excess phase operator produced a more accurate analysis in regions of
strong horizontal gradients.

To assimilate RO observations effectively in NWP systems, it is necessary to have a good
estimate of the observation error statistics, and to have quality control (QC) procedures to
identify and remove measurements with errors that are not consistent with the assumed error
statistics. The assumed error statistics and correlations determine the influence, or weight,
given to each observation during the assimilation process. The weighting is inversely propor-
tional to the assumed error covariance. The covariance matrix of the combined observation/
representation/forward model errors can be estimated from the departures from the observa-
tion values and their corresponding background and analysis values (Desroziers et al. 2005;
Poli et al. 2009). The NCEP Gridpoint Statistical Interpolation analysis system (GSI) follows
this approach for estimating the error statistics (Cucurull et al. 2013). Other operational data
assimilation systems use a simpler statistical approach for specifying the error variances
(Kuo et al. 2004). For example, ECMWF currently uses a global error statistical model for all
RO measurements (Poli et al. 2010). The standard deviation of the error is specified as a per-
centage of the observed bending angle, where the percentage decreases linearly with impact
height, from 20% at the surface to 1.25% at 10 km.

In the moisture-rich lower tropical troposphere, the error characteristics of RO observations
varies substantially because of the large horizontal and vertical variability of water vapor.
Overall, the operational NWP centers have probably tended to be conservative in estimating
the error variance of RO ohservations, because of increased errors associated with superre-
fraction in some, but not all, of the RO observations. In theory, therefore, it would be better
to vary the weighting of individual RO observations based on their particular accuracy, if the
accuracy of each observation can be estimated. Recently, H. Liu et al. (2018) developed a QC
method of estimating the accuracy of individual RO observations based on the local spec-
tral width (LSW), which is strongly correlated with the RO retrieval. RO refractivity profiles
are truncated where LSW first become larger than the given threshold. H. Liu et al. (2018)
found small net improvements in the temperature, water vapor and wind forecasts using the
LSW-based QC. Overall these initial results are promising, but they will need to be refined
and evaluated with the latest NWP systems, which now include flow-dependent background
error statistics.
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Atmospheric refractivity profiles can also be observed using airborne radio occulation (see

“Airborne radio occultation” sidebar).

Climate

RO is the only self-calibrated satellite remote sensing technique whose raw measurements
can be traced to International System of Units of time (Goody et al. 1998; Ohring 2007; Ho
et al. 2010a). RO measurements are well suited for climate monitoring because they (i) have
no significant mission-dependent biases above 5 km (Hajj et al. 2004; Ho et al. 2010a,b, 2014;
Schreiner et al. 2011), (ii) are of high precision and accuracy (Foelsche et al. 2009; Ho et al.
2009a,b, 2012; Anthes 2011), and (iii) are minimally affected by clouds and precipitation (Ho
et al. 2018). Thus, RO data can serve as benchmark datasets (Ho et al. 2007, 2009b; Steiner
et al. 2013; Dee et al. 2011) to study atmospheric variability (e.g., Randel et al. 2003; Schmidt

Airborne radio occultation

Although not directly related to the subject of this
paper, we wanted to mention the exciting new
technology for using radio occultation to observe the
atmosphere using a GPS receiver on aircraft. Haase

et al. (2014) describe the first results from an airborne
RO (ARO) system using the GNSS Instrument System
for Multistatic and Occultation Sensing (GISMOS).
The technique is illustrated in Fig. SB1. ARO offers the
advantages and opportunities of making targeted RO
observations in atmospheric regions of interest, such as
tropical cyclones.

The GISMOS was tested during the 2010 Pre-
Depression Investigation of Cloud Systems in the
Tropics (PREDICT) on the NSF-NCAR Gulfstream-V
aircraft, flying at an altitude of ~14 km. At ~1140 UTC
13 September 2010, a GPS satellite set beyond the
horizon, producing an occultation. The highest tangent
point of the ray path was located at the aircraft posi-
tion. It drifted 327 km as it decreased to progressively
lower heights. Thus, the retrieved refractivity profile is
slanted along the direction of the tangent point drift
(as is the case with spaceborne RO).

Haase et al. (2014) describe the method for retriev-
ing the refractivity from the excess Doppler shift. The
retrieved profile is shown in Fig. SB2 along with a
profile computed from a nearby dropsonde, which was
released at 1324 UTC approximately 25 km from the
deepest tangent point of the RO profile. The difference
in refractivity is less than 2% at all levels, and this
agreement is comparable to the accuracy of COSMIC
RO profiles in the middle and lower troposphere.

Murphy et al. (2015) compared 21 ARO soundings
from the PREDICT experiment to dropsondes and the
ERA-Interim reanalysis (Dee et al. 2011). They showed
that the standard deviation of the differences of the ARO
refractivities from the refractivities from the dropsondes

Fig. SB1. lllustration of the airborne RO geometry (Haase et al.

2014).
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Fig. SB2. (left) RO refractivity profile obtained from the G-V
aircraft compared to the refractivity from a nearby dropsonde.
(right) Difference between the RO and dropsonde refractivity

(Haase et al. 2014, their Fig. 3).

and reanalysis was less than 1.5% and 2%, respectively. Chen et al. (2018) demonstrated a positive impact of assimilating these ARO
profiles in 3D-Var data assimilation experiments using the WRF Model. They assimilated both local refractivity and nonlocal excess phase,
which accounts for the integrated horizontal sampling along the ray path. They found that assimilating the excess phase produced better
results compared to assimilating refractivities, and resulted in a decrease of the error in TC Karl's minimum sea level pressure by 43%.
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et al. 2005; Scherllin-Pirscher et al. 2012; Wilhelmsen et al. 2018) and climate trends (Ho
et al. 2009b; Lackner et al. 2011; Steiner et al. 2011, 2013). Dense RO sampling through all
local times has also allowed quantification of the diurnal temperature cycle and its seasonal
evolution in the upper troposphere and stratosphere (Zeng et al. 2008; Pirscher et al. 2010;
Xie et al. 2010a).

Detection of planetary boundary layer height and stratocumulus cloud-top height.
Many studies (e.g., Sokolovskiy et al. 2006, 2010a; Ao et al. 2012a; Xie et al. 2006, 2012;
Guo et al. 2011; Ho et al. 2015) have demonstrated that the high vertical resolution of RO
refractivity and bending angle profiles can detect structures with sharp changes of vertical
gradient of density such as marine boundary layer height (MBLH). Ho et al. (2015) compared
the COSMIC-derived MBLH collocated with those estimated from lidar cloud measurements
from the Cloud—Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument on board
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite.
Figure 9 shows that the three-month running means from September 2007 to March 2010
for the MBLH derived from COSMIC refractivity and bending angle profiles (MBLH,, green,
and MBLH,,, blue) closely follow the seasonal variation of MBLH_,; ., (orange). The MBLH
derived from the minimum in vertical refractivity gradient of ERA-Interim is observed to have
alow bias (Fig. 9, red line). This study also suggests that ERA MBLH altitudes are biased low,
as also found by Xie et al. (2012).

Detection of tropopause height. The tropopause identifies the transition from the tro-
posphere to stratosphere, and plays a key role in dynamical variability and exchange of

trace gases between these regions. It has also been identified as a metric for climate change

(Santer et al. 2003). The

high vertical resolution 30~ ' T T ' ' T 1 T 50
of RO temperature pro- gg:::g z:'f’:'cfvxg‘e 1
files makes them ideal to ERA Refractivity

quantify the climatological L ]

25/ CALIOP 140
[ =====-- COSMIC Bending Angle for entire domain
structure and variability I Number

of the tropopause, which
helps understanding of
the exchange of trace spe-
cies (such as water vapor
and ozone) between the
troposphere and strato-
sphere (Randel et al. 2003;
Schmidt et al. 2005, 2008;
Lewis 2009; Grise et al. osl_ _ ’ _ l _ _ _ l _ R
2010; K1m and Son 20]_2; 200709 200712 200803 200806 200809 200812 200903 200906 200909 200912 201003

Zeng et al. 2012; Rieckh  Fig. 9. Three-month running means from September 2007 to March 2010 for
etal. 2014; Randel and Wu  the MBLH computed from RO bending angles and refractivity, the ERA-Interim

2015). Novel diagnosticsof ~ refractivity profiles, MBLH., o, and the MBLH,, from the entire VOCALS region
(Fig. 12 of Ho et al. 2015).

20t 130

Altitude (km)

tropopause behavior with
RO data include identify-
ing the occurrence of double tropopauses (Schmidt et al. 2006; Randel et al. 2007a) and
quantifying characteristics of the extratropical tropopause inversion layer (Randel et al. 2007b;
Schmidt et al. 2010; Randel and Wu 2010). Many studies (e.g., Seidel et al. 2008; Birner 2010;
Ao and Hajj 2013; Davis and Birner 2013) used the decadal increase of tropopause height de-
tected by RO data as evidence of a widening of the tropical belt resulting from climate change.
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Water vapor profiles and total precipitable water. In the troposphere, RO refractivity is a
function of temperature and water vapor. A 1D-Var algorithm is used in CDAAC (http://cosmic
-io.cosmic.ucar.edu/cdaac/doc/documents/1dvar.pdf) to derive temperature and water vapor profiles
using the ERA-Interim reanalysis as a priori information (Zeng et al. 2012). RO refractivity is
sensitive to water vapor errors in the lower troposphere, and is less sensitive to temperature
errors (Ware et al. 1996). Thus for a given observed refractivity and a direct retrieval of water
vapor using an independent estimate of temperature, a temperature error of 1 K will introduce
less than 0.25 g kg™ of water vapor error in the lower troposphere. Kursinski and Gebhardt (2014)
estimated one-sigma random uncertainties of 0.14 g kg™ at 346 hPa increasing to 0.39 g kg™
at 725 hPa (their Table 2). Neiman et al. (2008) showed that the retrieved 1D-Var water vapor
profiles are not very sensitive to the first guess water vapor profiles in the 1D-Var retrieval
that they used. Differences between the retrieved specific humidity values using the GFS and
ECMWF model fields were generally less than 1 g kg™, which were significantly smaller than
the differences between the GFS and ECMWF specific humidities themselves (Fig. 14 in Neiman
etal. 2008). Thus, RO observations are useful to quantify the moisture distribution within and
outside clouds in the middle and lower troposphere (below about 400 hPa), including regions
with extremely moist and dry layers such as the subtropical Pacific (Rieckh et al. 2017, 2018)
except for superrefraction regions dominated by sharp boundary layer over oceans (Ho et al.
2015). Steiner et al. (2018) dem-

onstrated the use of RO for the 20 CrPT T T T T T
evaluation of temperature and
humidity in climate models in
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oceans the observations and
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TPW over this time period. 2017, their Fig. 2.16).
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On-orbit references to calibrate and correct satellite data and in situ data. Recent long-
term variations of atmospheric vertical thermal distributions are mainly constructed from
passive satellite microwave [i.e., Microwave Sounding Unit (MSU) and the Advanced Microwave
Sounding Unit (AMSU)] and infrared sounders. However, because these instruments are not
designed for climate monitoring, the intersatellite biases can be on the order of 1 K and show
variability ranging from a few tenths to several kelvin.

Because the six COSMIC satellites sampled all local time periods globally, they could iden-
tify possible radiative biases of microwave measurements in the lower stratosphere (from 8
to 30 km). Comparisons of lower stratospheric temperatures revealed differences between
the microwave record and RO (Ho et al. 2007; Steiner et al. 2007; Ladstadter et al. 2011; Dee
2011). Ho et al. (2007, 2009a) demonstrated that because COSMIC data, unlike MSU/AMSU
data, do not contain orbit drift errors and are not affected by on-orbit heating and cooling of
the satellite components, they are useful for identifying the AMSU time/location-dependent
biases for different missions.

Correction of radiosonde systematic temperature biases. Radiosonde observations (raobs)
have provided global in situ temperature, moisture, and wind measurements in the tropo-
sphere and lower stratosphere since 1958. However, because the quality of raob data varies
with sensor types and altitude, it is difficult to use historical raob data to construct consistent
temperature climate data records (Thorne et al. 2011; Seidel et al. 2011). Reanalyses, such as
those discussed in the “Impact of radio occultation on climate reanalyses” sidebar, typically
adjust these raob data to remove estimated biases prior to assimilation of the data.

Several studies have demonstrated that RO observations can be used as a reference to iden-
tify raob sensor-dependent biases as well as biases due to radiative effects (Kuo et al. 2004; He
et al. 2009; Sun et al. 2010, 2013). Ladstédter et al. (2015) compared RO observations with high
quality radiosondes (Vaisala RS90/92) from 2002 to 2013 as well as the Global Climate Observ-
ing System (GCOS) Reference Upper Air Network (GRUAN) available since 2009. Although there
was overall good agreement in all three datasets, there were larger temperature differences
in the stratosphere above 30 hPa and day/night comparisons with GRUAN data showed small
deviations likely related to a warm bias of the radiosonde data at high altitudes.

Figure 11 depicts the mean temperature biases at 50 hPa as a function of solar zenith
angle (SZA) for Sippican over United States minus RO (Fig. 11a), VIZ-B2 over United States
minus RO (Fig. 11b), AVK Russian minus RO (Fig. 11c), and Shanghai minus RO (Fig. 11d).
The different sensors contain different systematic biases relative to those of collocated RO
temperature during the daytime and nighttime. The VIZ-B2 sondes have a large warm bias
(as high as 2.0 K) during daytime and a cold bias (as low as -1.0 K) at night. The nighttime
bias of this particular type of radiosonde is atypical, in that the other types shown in Fig. 11
have nighttime biases of at most a few tenths of a kelvin, and biases of a similar order may
be inferred from an extensive intercomparison of radiosonde types reported by Nash et al.
(2011). Nevertheless, while Fig. 11 shows the AVK instrument to have nighttime biases close
to zero, this instrument has a bias from about 0.7 to 1.1 K in the daytime. Because the quality
of RO temperature is not affected by sunlight, the small but obvious geographic-dependent
biases are most likely due to the residual radiation correction for these sensor types. Using
a similar approach, Ho et al. (2017) also characterized (i) SZA-dependent temperature errors
due to incomplete radiation correction, (ii) temperature biases due to change of radiation
correction over different geographical regions, and (iii) the interseasonal and interannual
variability of these temperature biases.

Identifying water vapor biases from microwave imager below clouds. Ho et al. (2010b)
demonstrated that RO-derived water vapor profiles can be used to distinguish systematic
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Impact of radio occultation on climate reanalyses

RO measurements have had a significant impact on upper-tropospheric and lower/middle-stratospheric temperature reanalyses from
2006 onward since COSMIC measurements have been assimilated. This is primarily, as noted the “Impacts of RO on numerical weather
prediction” section, because RO is an “anchor” measurement. Poli et al. (2010) described the use of CHAMP and COSMIC measure-
ments in the ERA-Interim reanalysis. They found that the assimilation of COSMIC measurements from 2006 resulted in a warmer
tropopause and lower stratospheric analysis globally by about 0.1-0.2 K, and reduced both ERA-Interim background-forecast and
analysis biases with respect to radiosonde temperature measurements that had been independently adjusted to reduce their biases.
The assimilation of CHAMP data alone was not sufficient to constrain the temperature biases. In the context of estimating low-
frequency variability and trends, Simmons et al. (2014) confirmed that RO improved the fit to bias-adjusted radiosonde temperatures in
a longer time series. They also showed that for ERA-Interim, RO modified the bias corrections applied to satellite radiances, including
HIRS channel 2 and AMSU-A channel 10, and reduced a quite severe cold bias of around 0.5 K or more at the tropical tropopause, as
can be seen in Fig. SB3.

More recently, Long et al. (2017) found that “GPSRO provides an anchor that drives the reanalyses to closer agreement in the middle
and lower stratosphere.” This conclusion was based on computing the spread (standard deviation) of the global, annual average of four
reanalyses mapped to MSU channel 4 brightness temperature space, which is a relatively coarse, vertically integrated measure. However,
Fig. SB3 also shows that in 2006 there was a clear convergence of the tropical temperature at 100 hPa, in the reanalyses that assimilate
RO [ERA-Interim, JRA-55 (Kobayashi et al. 2015), MERRA-2 (Gelaro et al. 2017), and ERA5 (Hersbach and Dee 2016; Hersbach et al.

2018)]. However, MERRA—which did not assimilate RO and can be inferred from Fig. SB3 to have a warm tropical tropopause bias (along
with JRA-55 prior to 2006)—did not converge. The

details of the assimilation strategy and the products

ingested (e.g., the use of reprocessed or operational RO —ERAS — ERA-Interim — JRA55 MERRA —— MERRA-2

data; use of data from other missions) differ among the
reanalysis systems that assimilate RO, but they all share
the large increase in usage of RO during 2006 with the
availability of COSMIC.

An interesting, indirect impact of assimilating RO
data on the ERA-Interim stratospheric water vapor
reanalysis is suggested by recent results presented
by Davis et al. (2017). They found a distinct positive 1080 1985 1990 1995 2000 2005 2010 2015
shift in the ERA-Interim tropical stratospheric water
vapor anomalies around 2007 (see their Fig. 15f). The

Fig. SB3. Twelve-month running mean temperature (°C) at
RO data do not provide any direct information on 100 hPa averaged over the tropics (20°S to 20°N) from five
stratospheric water vapor, but they do reduce the cold global reanalyses. All assimilate GPS radio occultation (RO) data
bias at the ERA-Interim tropical tropopause, and this after 2006 except MERRA (light gray line). RO observations from
modifies the freeze-drying (dehydration) process inthe ~ COSMIC are available from April 2006 to end of period (September
vapor entering the Stratosphere (Brewer 1949) Further least one of these reanalyses include CHAMP, MetOp, GRACE-A,
work is required here, but it appears to illustrate how SAC-C, TerraSAR-X, FY-3C, and TanDEM-X. From the time COSMIC

assimilating data with a dynamical forecast model RO observations begin to be assimilated, the average tempera-
can increase the effective information content of the tures of the four reanalyses that assimilate these data converge
observations. while the MERRA temperatures remain significantly higher.

biases among humidity sensors. Global TPW can be derived from satellite visible, infrared,
and microwave (MW) sensors (i.e., Wentz and Spencer 1998; Fetzer et al. 2006; John and Soden
2007; Fetzer et al. 2008; Noél et al. 2004). Wentz (2015) concluded that MW imagers are among
the few satellite instruments that are able to provide long-term (close to 30 years) all-weather
time series of water vapor measurements over the oceans using similar sensors and retrieval
techniques. However, many studies (Schluessel and Emery 1990; Wentz and Spencer 1998) also
indicated that because MW radiation is significantly affected (absorbed or scattered) by heavy
rain, the retrieved MW TPW are less certain under cloudy and precipitating conditions. Wick
et al. (2008) were the first to compare SSM/I retrievals of TPW with those from COSMIC. They
found close agreement with TPW retrieved from four SSM/I sensors and COSMIC, supporting
the validity of both ways of measuring TPW. Small differences were attributed to SSM/I varia-
tions with latitude, cloud liquid water content, rain rate, and wind speed. Additional small
differences were related to the larger horizontal footprint of the RO observations.
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Fig. 11. The mean temperature biases (radiosonde minus RO) at 50 hPa for solar zenith angle (5ZA) ranging
from 0° to 180° for (a) Sippican over United States, (b) VIZ-B2 over United States, (c) Russian sonde, and (d)
Shanghai radiosondes. Only bins with more than 50 raob—RO pairs are plotted (Ho et al. 2017, their Fig. 8).

Figure 12 shows TPW scatterplots for the COSMIC and RSS Version 7.0 F16 SSM/I pairs from
June 2006 to December 2013 under different atmospheric conditions (Schréder et al. 2017; see
also Ho et al. 2018). Because most of the COSMIC profiles do not penetrate to the surface over
oceans, the water vapor profile below the penetration height is interpolated assuming the
relative humidity is equal to 80% where the temperature distribution is extrapolated from the
temperature of penetration height and surface skin temperature.

Under clear conditions where SSM/I provide high quality TPW products, the TPW bias
between SSM/I and COSMIC (i.e., SSM/I-COSMIC) is 0.03 mm with a standard deviation of
1.47 mm. Figure 12b shows that there are positive TPW biases under cloudy conditions, mainly
resulting from SSM/I retrieval biases (~0.79 mm). Figure 12d shows that the large SSM/I TPW
biases are caused mainly from pixels under precipitation (bias 1.83 mm) although precipi-
tation pixels are approximately less than 6% of the total SSM/I-COSMIC pairs. This result
demonstrates the feasibility of using RO TPW values to not only identify, but also to correct
those derived from microwave radiometers under cloudy and precipitating conditions.

Atmospheric blocking. The value of using RO observations to analyze global atmospheric
blocking was first demonstrated by Brunner et al. (2016) for two major events (Russia in 2010
and Greenland in 2013). RO vertically resolved geopotential height gradients showed a distinct
anomalous pattern up to 300 hPa and a pronounced tropopause height increase compared to
climatology. Using RO data from 2006 to 2016, Brunner and Steiner (2017) provided a global
perspective of blocking. They found that the main blocking regions in the Northern and
Southern Hemispheres and seasonal variations are well represented by RO observations, which
are particularly useful for insight into the vertical temperature and humidity structures during
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Fig. 12. Scatterplots for the COSMIC and RSS Version 7.0 F16 SSM/1 vs COSMIC
RO pairs under (a) clear, (b) cloudy, (c) cloudy but nonprecipitating, and (d)
precipitating conditions (Schrdder et al. 2017).

initial scientific results.
By providing an unprec-
edented view of the global
ionosphere, the COSMIC
observations have led to
new understanding of the climatology and variability of the ionosphere. This includes both the
large-scale structures, as well as smaller-scale irregularities that can disrupt communications
and navigation signals. Upper atmosphere data assimilation models are rapidly developing
due to the need to nowcast and forecast the near-Earth space environment, and COSMIC
observations have proven to be important for upper atmosphere data assimilation models.

Observational studies. Through its impact on the vertical distribution of joule heating, the
conductivity of the high-latitude ionosphere is important for understanding the distribution
of energy input into the upper atmosphere during geomagnetic storms (e.g., Thayer et al.
1995). Despite its importance, the high-latitude conductivity is poorly known due to the dif-
ficulty in observing the horizontal and vertical electron density distribution at high latitudes.
Sheng et al. (2014) used COSMIC observations to study the high-latitude conductance, and
determined the relative importance of the E- and F-region electron density to the total con-
ductance. They found the ratio between the E- and F-region conductivity to be seasonally
dependent, more so in the Southern than the Northern Hemisphere. Sheng et al. (2014) further
compared the observed conductivities with those from a first principles general circulation
model [Thermosphere—Ionosphere—Electrodynamics General Circulation Model (TIE-GCM)],
and found that the model significantly underestimates the F-region conductivity, indicating
an underestimate of energy deposition in the high-latitude F-region ionosphere.

The COSMIC sampling density is sufficient to observe the latitude, longitude, and local
time variability of the ionosphere on time scales as short as roughly one week, providing
insight into certain aspects of ionospheric variability. Tulasi Ram et al. (2010a,b) used COSMIC
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observations to study the latitude,
altitude, and local time dependencies
of the ionosphere response to the recur-
rent geomagnetic activity. The COSMIC
observations (Fig. 13) revealed that the
ionosphere electron density response
to the geomagnetic activity exhibits
altitude and latitude dependencies.
This gives insights into the physical
mechanisms driving the response,
and Tulasi Ram et al. (2010a) attributed
these differences to the relative impor-
tance of changes in ionosphere scale
height, neutral composition, particle
precipitation, and loss coefficients in
different altitude and latitude regions.

Understanding of how the lower at-
mosphere drives ionospheric variabil-
ity has also been enabled by COSMIC
observations. Sudden stratospheric
warming (SSW) events introduce
perturbations in the ionosphere that
persist for several weeks (e.g., Chau
et al. 2012). A number of studies have
used COSMIC observations to uncover
new aspects of ionospheric variabil-
ity during SSW events (Jin et al. 2011,
2012; C. H. Lin et al. 2012; J. T. Lin
et al. 2012; Lin et al. 2013; Yue et al.
2010a; Oyama et al. 2014; Pedatella
et al. 2014; Pedatella and Maute 2015).
These studies have benefitted from the
global sampling and vertical profiling
of the ionosphere to investigate aspects
of the SSW response that cannot be

Kp Perturbations

Altitude (km)
Kp Perturbations

Day Number

Altitude (km)
Kp Perturbations

1 20 40 60 80 100
Day Number

Fig. 13. Bandpass filtered 9-day perturbations in electron density
at (a) high (70°-80°N), (b) middle (40°-50°N), and (c) low (0°-10°N)
latitudes as a function of altitude and day. The black curves
represent the 9-day bandpass filtered perturbations in the Kp
geomagnetic index (Tulasi Ram et al. 2010a).

obtained through other observations, such as ground-based total electron content (TEC)
observations. For example, Fig. 14 (Pedatella and Maute 2015) shows variations in the
F-region peak height (hmF2) from COSMIC and Thermosphere—Ionosphere—Mesosphere—
Electrodynamics General Circulation Model (TIME-GCM) simulations during the 2009 SSW.
Both the observations and model simulations reveal changes in the ionosphere peak height
in the midlatitude Southern Hemisphere around the SSW time period (vertical dashed line).
These perturbations are reproduced in the model simulations when the atmospheric lunar
tide is considered in the simulations. Analysis of the model simulation reveals that these
perturbations are related to the influence of the atmospheric lunar tide on thermospheric
meridional winds. These results provide observational evidence that perturbations in the
Northern Hemisphere stratosphere produce ionosphere-thermosphere variability near
300 km altitude in the Southern Hemisphere.

In addition to observing the large-scale structures, RO observations provide information
about E- and F-region ionosphere irregularities. Carter et al. (2013) used this feature to study
the global morphology of F-region ionosphere irregularities. This study provided information
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Fig. 14. Perturbations in COSMIC hmF2 at (a) 0800 and (b) 1200 local time. (c),(d) As in (a),(b), but
for the TIME-GCM simulation without the M, lunar tide. (e),(f) As in (a),(b), but for the TIME-GCM
simulation with the M, lunar tide. Results are the 5-day running mean averaged over all longitudes
(Pedatella and Maute 2015).

on the occurrence of irregularities in regions that are not monitored routinely by ground-
based instrumentation. The climatological distribution of F-region irregularities agreed
with previous investigations, indicating that RO observations are well suited for studying
the global characteristics of F-region irregularities. Carter et al. (2013) additionally found
that the solar activity dependence of equatorial F-region irregularity occurrence differs with
geographic location, demonstrating the need for prolonged RO observations of the global
distribution of ionosphere irregularities. Seif et al. (2017) used COSMIC RO to confirm that
sporadic E layers can exist at the geomagnetic equator during daytime, in contrast with
prevailing expectation.

Yue et al. (2016) investigated the influence of sporadic E layers and F-region irregularities
on the occurrence of cycle slips within the COSMIC precise orbit determination GPS receiver.
They found that cycle slips in the E region are primarily due to the occurrence of sporadic E
layers (Fig. 15). In contrast, cycle slips that occur in the F region were due to large-scale gradi-
ents in the daytime ionosphere. The nighttime F-region cycle slips were attributed to F-region
irregularities. A significant finding was that, due to the ionosphere, cycle slips contaminate
~23% of RO observations. Uncorrected cycle slips can influence the RO observations, and this
study indicates that understanding the role of the ionosphere and cycle slip occurrence may
improve RO data processing and results.

The global nature of the COSMIC ionosphere electron density profiles enabled the first
study of the three-dimensional structure of the ionosphere midlatitude trough (Lee et al.
2011). Though prior studies identified basic features of the midlatitude trough, such as being
narrow in latitude and extended in longitude, they were limited by insufficient observations,
especially in the Southern Hemisphere. Using COSMIC observations, Lee et al. (2011) studied
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Fig. 15. Global distribution of the sporadic (top) E-layer occurrence rate and (bottom) cycle slip
occurrence rate per occultation in the E region (%). Results are shown for (left) northern summer,
(middle) equinox, and (right) northern winter seasons (Yue et al. 2016).

the climatological features of the midlatitude trough during solar minimum in both the
Northern and Southern Hemispheres. Figure 16 illustrates the vertical distribution of electron
density during February-April 2008. The midlatitude trough, which is characterized by the
depleted regions of electron density around midnight near +60° magnetic latitude, displays
a clear altitude and local time dependence.

Data assimilation. COSMIC observations have been widely adopted for use in ionosphere
data assimilation models. This is primarily due to the fact that RO provides information on the
ionosphere profile shape as well as providing observations in regions where other ionosphere
observations are notoriously sparse, such as over the ocean. Using data denial experiments,
the influence of RO observations on the global reconstruction of the ionosphere was inves-
tigated by Gardner et al. (2014) and Schunk et al. (2016) in the Utah State University Global
Assimilation of Ionospheric Measurements (GAIM) data assimilation model. TEC changes of
up to 40% occur due to inclusion of the RO data (Fig. 17). As demonstrated by Schunk et al.
(2016) the RO data also introduces large changes to the NmF2 and hmF2, especially over the
oceans. Several other data assimilation models have similarly shown the significant impact
of the COSMIC observations (Lin et al. 2015; Pedatella et al. 2015).

Although it is a significant driver of ionosphere variability, the thermosphere is difficult
to observe directly. By using data assimilation, RO observations have proven to be useful for
inferring information about the thermosphere. Using an ensemble Kalman filter approach
in a coupled thermosphere—ionosphere general circulation model, Matsuo et al. (2013) found
that the assimilation of RO observations is effective for constraining the thermosphere neu-
tral mass density globally. This is due to the abundance of RO observations as well as the
correlation between neutral mass density and electron density. The thermosphere neutral
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latitude vs magnetic local time coordinates obtained from COSMIC RO observations
during February-April 2008 (Lee et al. 2011).
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Fig. 17. Comparison plot for 2200 UT day 110, 2012. (a) TEC from a GAIM data assimilation run
without COSMIC occultation data. (b) TEC from a GAIM data assimilation run with COSMIC occulta-
tion data. (c) The percent change when adding the COSMIC occultation data (Gardner et al. 2014).
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mass density is critical for satellite drag and orbit prediction. Thus, RO observations have
the potential to improve specification of thermosphere density, leading to an improvement in
satellite orbit prediction. Lomidze and Scherliess (2015) also combined RO observations and
an assimilative technique to infer information about the state of the thermosphere neutral
winds. The resulting thermosphere neutral winds were found to be in good agreement with
independent ground-based observations.

Yue et al. (2012) reported preliminary results of a global ionosphere electron density re-
analysis during 2002-11 based on data assimilation of ground- and space-based TEC observa-
tions. The reanalysis used a Kalman filter approach to assimilate the TEC observations into
an empirical background model. The reanalysis was found to be in better agreement with
independent observations compared to the empirical International Reference Ionosphere
(IRI) model, especially after the launch of the six COSMIC satellites in 2006. This study dem-
onstrated the feasibility of generating an upper atmosphere reanalysis. In the future, such
reanalysis products may become useful for scientific studies similar to the wide application
of atmospheric reanalysis in troposphere—stratosphere research.

Summary, remaining challenges, and the potential of COSMIC-2

With its high accuracy and precision, high vertical resolution, insensitivity to clouds and
precipitation, and global and uniform temporal coverage, COSMIC radio occultation data
have had major impacts on weather, climate, and ionospheric science and on numerical
weather prediction.

Some remaining challenges with radio occultation. The major challenges for using RO data
for weather and climate research and NWP are in the moist tropical lower troposphere and
upper stratosphere. In the lower troposphere, the excess phase delay is large, but the ampli-
tude reduces below the noise level due to defocusing and additionally, may undergo strong
fluctuations, which impedes accurate measurement of the phase. Negative biases in refractivity
in the lower troposphere (below about 3—4 km) may occur due to superrefraction and other
factors, especially in the tropics (Sokolovskiy 2003; Ao et al. 2003; Xie et al. 2010b). Positive
biases may also occur in the lower troposphere with low SNR due to decrease in the truncation
height of the RO signal in the retrieval process because of the asymmetry in the local spectrum
of noise in the RO signal (Sokolovskiy et al. 2010b). In addition, we are now at the stage of
the science when very detailed studies of all aspects of RO theory and applications, such as
a deep analysis of all the terms, as well as the constants, in the complete equation relating
refractivity to temperature, water vapor, pressure, and liquid and ice water are useful (e.g.,
Aparicio et al. 2009; Wee and Kuo 2014; Aparicio and Laroche 2011; Healy 2013). Additional
efforts to improve RO retrievals are given by Schreiner (2019). These studies are yielding
important fundamental insights into RO and in addition are making small, but cumulatively
important enhancements in the accuracy, precision, and utility of RO observations.

Significant issues include uncertainties in bending angle and refractivity retrievals in the
lower tropical troposphere and superrefraction in regions dominated sharp planetary bound-
ary layer tops, mainly over oceans. With a sufficiently large SNR (greater than 1,600 V/V), it
is possible to identify RO observations affected by superrefraction from the observation itself
through the analysis of deep RO signals (signals that propagate below the limb; Sokolovskiy
et al. 2014; S. Sokolovskiy 2015, personal communication). This is not possible for current RO
observations, but will be possible with the improved COSMIC-2 observations, allowing the use
of many more high-quality RO data in the moist lower-troposphere data that are now discarded
by simple QC criteria. The error estimates and the presence or not of superrefraction may be
used in the subsequent data assimilation process to appropriately weight the observations
or discard them altogether.
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For the RO retrievals in the upper stratosphere, the main error sources come from iono-
spheric residual, measurement noise, and initialization of bending angle for Abel retrieval.
The impact of large-scale ionospheric residuals on RO retrievals has been modeled previ-
ously (Kursinski et al. 1997; Syndergaard 2000; Steiner and Kirchengast 2005; Mannucci
et al. 2011) for different local times, different solar activities, and under geomagnetic quiet
or disturbed conditions. Residual ionospheric bias can be on the order of 0.1 mrad during
daytime solar maximum condition, varying critically with the electron density structure.
The bias of RO retrievals under disturbed conditions can be 3 times larger than that in quiet
times. In addition, the effect of small-scale ionospheric irregularities (Zeng and Sokolovskiy
2010) can be significant (because they are not eliminated by dual-frequencies ionospheric
correction, thus requiring higher-order ionospheric correction methods), but more difficult
to estimate. However, recent efforts to correct for the large-scale ionospheric impact appear
promising (Angling et al. 2018). The initialization of bending angle can lead to a systematic
bias in RO refractivity in the upper levels from the background model or the assumption of
isothermal atmosphere. Such systematic biases are difficult to evaluate because the bias of
the background model is usually unknown, and can be quite different for different latitudes
and seasons. Dynamic determination of the initialization height (widely used in RO centers)
based on the relative error covariance between individual RO observation and background
model makes the statistical estimation of its impact on RO retrievals even harder. Improving
initialization methods is a topic of continuing effort. Recent efforts focus on using bending
angle climatologies or averages to improve the background model and reduce the effects of
noise (Ao et al. 2012b; Scherllin-Pirscher et al. 2015).

RO electron density profiles are typically retrieved through application of the Abel inver-
sion. While the Abel inversion is a straightforward way to obtain the electron density profile
from line-of-sight TEC observations, it assumes the ionosphere is spherically symmetric. This
assumption is often invalid, especially in the equatorial region, and can lead to errors as large
as 200% in the equatorial region below ~200 km (Yue et al. 2010b). Several approaches have
been used to mitigate the error due to the assumption of spherical symmetry. One method is to
use a priori knowledge of the horizontal gradients in the inversion (Yue et al. 2013; Pedatella
et al. 2015; Tulasi Ram et al. 2016). For example, Pedatella et al. (2015) used monthly mean
maps of NmF2 from Abel inverted profiles as a priori information for a subsequent inversion.
Wu (2018) minimized the impact of electron density retrieval errors in the D and E region by
performing a separate inversion focused on these altitudes. Several alternative approaches
have also been proposed (e.g., Schreiner et al. 1999; Hernandez-Pajares et al. 2000; Nicolls
et al. 2009; Yue et al. 2011), and should also be considered for improving the routine process-
ing of electron density profile retrievals.

Potential benefits of COSMIC-2. Because of the increased SNR, COSMIC-2 will help address the
above challenges by providing significant improvements in RO soundings, with reduced biases
and more soundings penetrating into the PBL. One of the greatest science opportunities for
COSMIC-2 will be in an increased number and quality observations of the tropical and subtropi-
cal water vapor distribution, which will support research on the role of water vapor in tropical
cyclones and heavy rainfall events, as well as in the global climate system and support improved
weather forecasts, especially those of tropical cyclones. Figure 18 shows the average occultation
density versus latitude for COSMIC-2 compared to COSMIC-1. The number of occultations in a
500 x 500 km?box over 1 day more than doubles in the tropics for COSMIC-2. However, the elimi-
nation of the polar component of COSMIC-2 (https://spacenews.com/u-s-and-taiwan-cancel-second
-set-of-cosmic-2-satellites/), which consisted of six satellites in polar orbit, is a significant
loss and will be felt in a diminished increase in the impact of RO on forecasting and all
the science applications discussed in this paper. This loss may be compensated in part by
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sampling density of COSMIC-2 will also enable quantitative observational investigations of

the short-term variability in the ionosphere due to the lower atmosphere weather, which will

help evaluate and improve whole atmosphere—ionosphere models (e.g., H. L. Liu et al. 2018).
Upper-atmosphere data assimilation is a rapidly evolving field. The abundance of COSMIC-2

observations will also provide a critical data source for upper-atmosphere data assimilation

models. This will enable improved ionosphere nowcasting and forecasting. Assimilating the

RO observations into physics-based models offers the opportunity to gain new insights into

thermosphere phenomena, such as the variability in neutral composition, density, and winds.
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