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Abstract The use of Global Navigation Satellite System Radio Occultations (GNSS-
RO) for vertical sounding of temperature and moisture in the atmospheric column
has become a standard practice of many numerical weather prediction (NWP) cen-
ters. The introduction of this observation has seen broad positive impact on analyses
and forecasts. On longer timescales the impact of the introduction of this data type
in re-analyses can be clearly seen. Further, the observations can be used without bias
correction and the consistency between sensors is very good allowing these observa-
tion to serve as anchoring observations. This is particularly helpful to constrain the
bias-correction applied to satellite radiances. In the following chapter we explore the
fundamentals of the measurement, the derivation of the typical observation which is
used in NWP, the assimilation methods and error assumptions which are used, and
finally some conjecture on the direction to improve the use of the observations and
what future measurement systems may look like.
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1 Fundamentals of the Radio Occultation Measurement

The concept radio occultation measurements was pioneered in the planetary science
community in 1960s and 1970s Kliore et al. (1965), Fjeldbo et al. (1971). The use of
radio occultation techniques to measure the Earth’s atmosphere was also discussed
during that period, but the potential costs appeared prohibitive at the time Yunck et al.
(2000). In the 1980s a team at the Jet Propulsion Laboratory (JPL) suggested making
radio occultation measurements with the Global Positioning System (GPS). This led
to the concept of Global Navigation Satellite Systems radio occultation (GNSS-RO),
and the “proof of concept” GPS-MET mission in the mid 1990s Ware et al. (1996).
A number research and operational missions followed, including CHAMP Wickert
etal. (2001), COSMIC/FORMOSAT-3 Anthes et al. (2008), Metop GRAS Luntama
(2008) and, more recently, COSMIC-2/FORMOSAT-7 Schreiner (2020). The earlier
missions used the American GPS system, but more recent missions—Ilike COSMIC-
2/FORMOS AT-7—are also exploiting other signals such as the Russian GLONASS
system.

The GNSS-RO technique at its core is based on the simple physics of refraction.
It requires the measurement of a Doppler frequency shift of a transmitted signal by
a GNSS receiver Melbourne et al. (1994); Kursinski et al. (1997). The measurement
geometry is shown in Fig. 1. The transmitters are typically in a medium earth orbit
(with orbital periods around 12h) and the receivers typically in a low Earth orbit
(LEO). The signals propagate from the GNSS satellite to the LEO, but the path is
slightly curved as a result of refractive index gradients in both the ionosphere and
neutral atmosphere. This curvature or bending of the ray path changes the Doppler
shift of the signal, when compared with the Doppler shift that would have been
measured for a straight line path between the satellites. Most of the bending occurs
over a few hundred kilometers of the ray-path between the satellites, where the
signal is closest to the Earth’s surface. Because of the availability of precise orbital
determination (POD) and stable clocks to high precision, down to femtoseconds, this
Doppler shift is well measured and is at the core of the stability of the GNSS-RO
observation. The relative motion between the transmitter and receiver provide the
sounding through the atmosphere, producing either a rising or setting occultation
as it views the transmitter. The transmitted signal is in the microwave spectrum,
with commonly used GPS frequencies at f; = 1.57542 GHz and f, = 1.2276 GHz,
referred to as the GPS L1 and L2 signals. The use of relatively long wavelengths
(19.1 cmfor L1; 24.4 cm for L.2) allows the signals to pass through Earth’s atmosphere
with little interference from particles such as aerosols or clouds.

A typical occultation sounding of the neutral atmosphere will last about one or two
minutes. Due to the satellite motions, a slice of the atmosphere is scanned, and the
LEO satellite receives signals where the ray paths have different minimum distances
to the surface, from zero up to approximately 100 km. The points where the ray paths
have the minimum distance to the surface are commonly referred to as the tangent
points. The resulting occultation profile has a relatively higher vertical resolution
(about a few hundred meters, varying with heights), compared with other satellite
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Fig. 1 Schematic of GNSS geometry for a medium Earth orbit transmitter and Low-Earth Orbit
(LEO) receiver

measurements. Given the bending measurement reflects the integrated effects along
the ray-path in the atmosphere, the horizontal resolution along the ray-path is rather
coarse, typically a few hundred kilometers. However, the resolution perpendicular
to the “occultation plane” (a plane defined by the positions of a LEO satellite and
its occulted GPS satellite, and the center of the local curvature of the occultation)
remains fairly high. The measurement from each occultation contains a slanted profile
of atmospheric states at each of the tangent points. Due to the satellite motions, the
tangent points for one occultation have horizontal shifts, these are as large as 1 degree
from the surface to about 40 km (Fig. 2).

The proof of concept GPS-MET mission, led by the Universities Corporation
for Atmospheric Research (UCAR), was the first spacebourne sensor to demon-
strate the GNSS-RO technique Ware et al. (1996). A series of studies examined
data from this early mission and helped to establish the ability of radio occulta-
tion to be used for retrievals of temperature Kursinski et al. (1996); Rocken et al.
(1997) and geopotential height Leroy (1997) using retrieval techniques developed
by planetary scientists. Subsequently information content studies were run, based on
variational retieval techniques more closely related to how the measurements would
be assimilated into NWP systems. These showed that the GNSS-RO measurements
complemented the information provided by high resolution interferometers Collard
and Healy (2003), suggesting that these measurements would provide useful infor-
mation for NWP applications, particularly in the upper troposphere and stratosphere.
The key characterisistics that make GNSS-RO measurement an important component
of the global observing system are that they can be used without bias correction Eyre
(2016), and they have excellent vertical resolution as a result of the limb geometry.

Routine operational assimilation of GNSS-RO measurements into NWP systems
began in 2006, and most centres currently assimilate either refractivity
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Fig. 2 Tangent point positions (black) as function of impact height (km) and their horizontal
projections (blue) within a latitude-longitude plane. The example data are from the COSMIC-2
mission, measured at 11:13 UTC 11 October 2019

or—increasingly—bending angles. The largest impact has generally been seen for
upper-troposheric and stratospheric temperatures, but there are some indications that
the latest missions are also having a significant impact lower in the troposphere.

2 Typical Use of GNSS-RO in NWP

2.1 GNSS-RO Processing

It is important to understand the processing of GNSS-RO observations and their
information content prior to developing an assimilation strategy. In particular, it
should be recognised that GNSS-RO observations are not direct measurements of
geophysical quantities such as temperature, pressure and water vapor, even if these
quantities can be retrieved from GNSS-RO measurements with a suitable processing
system Kursinski et al. (1997), Hajj et al. (2002).

Figure 3 shows a schematic flowchart of the key steps in a GNSS-RO geometrical
optics (GO) processing system. The geometrical optics processing assumes that only
a single ray arrives at the receiver at a given time, but this is often not the case for ray
paths in the troposphere. More than one ray arriving at the receiver is known as “atmo-
spheric multipath”. This problem can be mitigated with “wave optics” processing
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techniques, which are essentially a coordinate transforms Gorbunov and Lauritsen
(2004); Jensen et al. (2003, 2004) designed to recover the single ray path picture.

Briefly, the GO processing starts with “raw” measurements of the phase delay
of radio signals received at two GNSS frequencies during an occultation. Following
various calibration and correction procedures Hajj et al. (2002), the “excess” phase
delays are computed by subtracting the phase delays expected for a straightline path
in a vacuum. The time derivative of the excess phase delays the provide a timeseries
of Doppler shift values at both transmitted freqiencies Cucurull et al. (2015).

The total bending angle for each GNSS signal, i, «;, as a function of the impact
parameter, a, can then be derived from the Doppler shift values, by assuming that
the impact parameter, a, is a constant along the ray-path. This assumption, known
as spherical symmetry, implies that horizontal refractive index gradients are zero in
the plane of the ray-path, meaning that the refractive index, n, is assumed to be only
a function of a height variable, n(r).

The ionospheric contribution to the ray bending can be removed—or corrected—
by taking a linear combination of the bending angles at the two GNSS frequencies
Vorobev and Krasilnikova (1994). For the the GPS L1 and L2 signals this correction
can be writtens as,

5

a(@) =an(@) + 7o

(ai(a) — az(a)) 6]
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where o and «, are the bending angles for L1 and L2 signals, interpolated to a
common impact parameter value, a, and f; and f; are the signal frequencies.

The raw observations, of Doppler shift and time delay, are typically measured
at high temporal resolution. This corresponds with a very high vertical sampling,
much higher than the vertical resolution of NWP models. Therefore, some vertical
smoothing is applied to the bending angles and these are sub-sampled to an appro-
priate resolution in the vertical. This smoothing reduces the noise present in the
measurements at the expense of introducing vertical correlations in the errors of the
observations. The amount of smoothing applied varies between processing centres,
and there is not currently an established procedure for determining the optimal level
of smoothing in order to maximise NWP performance.

A key approximation which is often employed to use radio occultation profiles of
a(a) is that of spherical symmetry. This assumption can break down, particularly near
the surface in the presence of horizontal gradients of humidity. However, making the
assumption of spherical symmetry enables the application of an Abel transform pair,
relating o (a) to the refractive index, n, as function of a height variable Kursinski
et al. (1997). More specifically, the bending angle integral can be written as:

d(Inn)

aa) = —2a /Ood—x dx (2)

1
(x> =)}

where x = nr, with r being the radius of a point on the ray path. Conversely, the
profile of refractive index is then written as function of «(a),

n(x) = exp E /oo % da:| 3)

noting that the upper limit of this integral is oo, implying some extrapolation of the
observed bending angle profile, since it usually stops around 80 km. The extrapolation
and smoothing of the bending angles prior to the Abel transform is combined in a
processing step known as statistical optimization Healy (2001).

In general, the atmospheric refractive index can be written as function of geo-
physical quantities via Bean and Dutton (1968); Hajj et al. (2002):

P P, . .
N:(n—l)lOézal?—i—azF—i—agn FayWy +aW, +0(f3 (&)

2
where N is known as the refractivity. The quantities on the right hand side are:
P,=P/(0.622 4+ 0.378q) is the water vapor partial pressure, where P is the air
pressure, 7' is the temperature, g is the specific humidity; 7, is the electron density
and f is the signal frequency; W, and W; are the liquid water and ice contents; ay,
a», a., ay, and a; are empirical coefficients for each term, respectively. Therefore,
refractivity has contributions from four main sources Kursinski et al. (1997), the dry
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neutral atmosphere, water vapor, free electrons in the ionosphere and scattering by
liquid water and ice particulates.

The ionospheric contribution to N can usually be ignored for NWP applications,
because it should be removed with Eq. (1) Vorobev and Krasilnikova (1994). In
addition, one can also neglect the scattering by particulates, as for the transmitter
frequencies used and for the majority of atmospheric suspensions of water and ice,
because their contribution is small compared with other terms in the equation Kursin-
ski et al. (1997); Solheim et al. (1999). This then leaves the dry neutral atmosphere
and water vapor terms for the atmosphere typically below about 60 km. This sim-
plifies to an equation using empirically derived constants for a; and a, Bean and

Dutton (1968):

P P,
N=mn-110°= 77.6? +3.73- 105F )

We note that more sophisticated expressions for refractivity are also used in GNSS-
RO data assimilation applications Aparicio and Laroche (2011).

In the stratosphere, and other regions where the contribution of water vapor to
the refractivity is small, the refractivity is proportional to density (N =~ 77.6% x p).
Given refractivity (or density) as a function of height, the hydrostatic equation can
be integrated downwards to give pressure as function of height. The temperature can
then be derived by applying the ideal gas law. The temperature retrieved by assuming
the humidity can be neglected is often called the “dry temperature” in GNSS-RO.

More generally, when the moisture cannot be neglected — for example in the lower
troposphere—the retrieval of 7, P and g from N is an under-determined problem
and therefore a priori information (e.g., an NWP forecast state) is required to solve
the geophysical retrieval.

From a data assimilation perspective, the “dry temperature retrievals” outlined
here provide a good framework for understanding the measurement technique and
understanding assimilation options, but these retrievals are not suitable for direct
assimilation into an NWP system.

3 Assimilation Methods and Error Statistic Assumptions

The aim of data assimilation is to combine a forecast of the atmospheric state, Xy,
with new observations, y in a statistically optimal way Lorenc (1986). In variational
assimilation methods this involves minimizing a cost function of the form,

J(x) = (x—xp)" B~ (x —xp) + (y — H®)"R(y — H(x)) (6)
with respect to x, where B is the background-error covariance matrix, R is the

observation-error covariance matrix and H is the forward operator, mapping the
meteorological state information, X, to observation space. The analysis, X,, is the
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state which minimizes the cost function, and it should be consistent with both x;, and
y, to within their expected error statistics.

Given this general framework, it is clear that the assimilation requires both a
good estimate of the GNSS-RO error statistics (R), and an accurate forward operator
(H) to map the meteorological state to observation space. These two requirements
are not completely independent because the R matrix is usually assumed to include
contributions from both measurements errors, E, and forward model errors, F, so
R = E + F. The choice of forward model, H, usually represents a trade-off between
making F as small as possible, by including as much physics as possible to retreive
all of the available information, versus the computational cost and the timeliness
requirements of an operational NWP system.

In addition, it is now generally recognised in NWP that additional processing steps
tend to complicate the observation error statistics and correlations. For example, in
the context of GNSS-RO, error simulation studies show that vertical error correlations
for refractivity tend to be broader than bending angles.

The additional processing steps can also introduce a priori information less accu-
rate than the NWP forecast. For example, we do not want to assimilate information
provided by a mean state climatology into NWP system. For this reason, it is usually
preferable to assimilate variables close to the raw measurement for all observation
types. As far as we are aware, no NWP centres assimilate GNSS-RO retrievals of
temperature and humidity.

3.1 Forward Operators: H (x)

Eyre (1994) was the first to discuss the GNSS-RO assimilation options in detail. The
various processing levels discussed by Eyre are the same as those shown in Fig. 3.
At present, most of the operational centres use either the ionospherically-corrected
bending angle (Eq. 1) or refractivity (Eq.3) for data assimilation.

Refractivity Assimilation

When considering assimilation of refractivity, one can use the formulation in Eq (5)
as the forward operator to compute the atmospheric refractivity from the model state
(T, P, and g) as a function of geopotential height. This is a common approach which
was an option taken by many data assimilation systems, e.g., the Gridpoint Statistical
Interpolation (GSI) system Cucurull et al. (2007) and the Weather Research and Fore-
cast model Data Assimilation (WRFDA) system. It is relatively straightforward to
account for “tangent point drift” in the horizontal plane when assimilating refractivity
Cucurull et al. (2007). However, the forward model simulates the refractivity at the
horizontal location of the tangent point, while the retrieved refractivity will be related
to a quantity which is horizontally averaged in the occultation plane. There are “non-
local”(two-dimensional) refractivity and phase operators Syndergaard et al. (2005);
Sokolovskiy et al. (2005); Shao et al. (2009) that try account for this by simulating
horizontally averaged refractivity values in the two-dimensional occultation plane,
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but these are not currently adopted by global operational NWP centres. However,
they have been tested in limited-area models Chen et al. (2009).

When considering refractivity assimilation, it is also worth noting the “statistical
opimization” step to smooth and extrapolate the bending angles prior performing the
Abel transform, Eq.(3). This introduces a priori information and for that reason it is
advisable not to assimilate the refractivity values above 40 km.

Bending Angle Assimilation

There are several ways to assimilate the GNSS-RO bending angle profiles with
varying degrees of complexity. The simplest is a one-dimensional (1D) approach
that computes the bending angle integral, Eq (2), at a single representative location
Healy (20006), ignoring the actual two-dimensional geometry. Similar to refractivity
assimilation, it is straightforward to introduce tangent point drift Poli et al. (2009);
Cucurull (2012). The 1D bending angle assimilation technique is an approach broadly
adopted by the operational and research communities, given its simplicity and com-
putational efficiency to implement. Rennie (2010) and Cucurull et al. (2013) have
both presented experiments comparing such an operator with a refractivity operator
in their systems, before switching to the bending angle approach for operational use.
The most complex and accurate GO approach for bending angle assimilation is
to simulate bending angle via a ray-tracing method using three-dimensional (3D)
refractivity information provided by the NWP forecast. It solves a ray-trajectory
equation, which governs the behavior of the radio signal wave under the influence
of a refractivity field. The bending angle can be computed by following the ray path.
When expressed in a Cartesian coordinate, the general ray-path equation is written
as Kravtsov and Orlov (1990):
d’r
752 =nVn (7)

where r is the position vector pointing from the Earth’s center to the ray trajectory in
the Cartesian coordinate, s is defined by ds = dI/n, where [ is the length of the ray

path and ds is the differential displacement along the ray path. A commonly used
form of the ray equation is a set of first-order differential equations:

dr

=t 8

ds ®)
dt

where t defines the direction of the ray. The ray-trajectory equation can be numeri-
cally solved for any given 3D field of n, once either initial conditions (initial posi-
tion and direction) or boundary conditions (two end point positions) of the ray are
prescribed. The boundary problem may require a ray-shooting method, which is
expensive computationally and is subject to multiple solutions due to multi-path
propagations Zou et al. (1999). Therefore, it is typically solved as an initial value
problem. Over the past 20years, variants of bending angle ray-tracing operators
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have been proposed (e.g. Zou et al. (2002); Wee et al. (2010)) but they are not used
operationally at the moment.

The 3D ray-tracing method can be simplified by solving the equation in multiple
2D “occultation planes”, defined geometrically by the positions of the GNSS and
LEO satellites and the local curvature center. Such a bending angle operator is often
denoted as a 2D bending angle operator. For a two-dimensional approximation in
polar coordinates, ignoring refractive index gradients perpendicular to the GNSS-RO
occultation plane, the ray-path equations can be written as Rodgers (2000):

dr 10
I cos¢ (10)
do  sing
ds — r (b
d@ + ¢) _ —sing <8_n) n cos¢ (8_n> (12)
ds n ar /, nr \9d6/,

where r and ¢ are the radius and the polar angle at an arbitrary point on the ray path,
respectively, 6 is the local zenith angle of the ray path.

Implementation of a 2D bending angle operator in an NWP system is more chal-
lenging than the 1D operators, since it requires information from multiple horizontal
locations of the NWP model state along the specific ray path for each bending angle
computation. One such 2D bending angle operator is described by Healy et al. (2007).
It is also critical for operational implementation to develop an efficient parallel com-
puting scheme for computational efficiency Healy (2014). Currently, the use of 2D
bending angle operators by operational NWP centres is limited Healy (2014). With
the advance of computational resources and techniques, 2D or even 3D bending angle
assimilation—or other advanced approaches — will be more feasible for operational
implementation and research studies.

3.2 Error Statistic Assumptions

As noted above, understanding the measurement errors statistics and using a realistic
R matrix when assimilating the GNSS-RO measurements is also a key requirement
for successfully exploiting these data.

Due to the high precision of the clocks used within the GNSS satellites it is possible
for the raw measurements within GNSS-RO to be very precise. Therefore, many of
the errors and uncertainties associated with GNSS-RO observations are related to the
processing of the measurements and their forward modelling in NWP. These were
dealt with in considerable detail in Kursinski et al. (1997) so a brief description will
be given here.
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At the very highest levels in the neutral atmosphere, the bending induced by the
ionosphere can play an important role. The techniques for removing these effects,
described above, are not perfect and the residual errors will affect the measured
bending angle at upper levels. In the troposphere many of the errors and uncertainties
are connected with the variation of water vapour. The calculation of a bending angle
from the raw measurement made by the satellite entail an assumption of spherical
symmetry (Sect.2.1). This situation is compounded by many observation operators
being one-dimensional which also requires the assumption of spherical symmetry.
Although this assumption is reasonable in the stratosphere, it is a poor assumption in
the troposphere, since water vapour often varies strongly on short horizontal scales.

These are just two of the main issues which affect GNSS-RO data. Since they
affect data at high- and low-levels, GNSS-RO data generally have most impact in the
low- to mid-stratosphere. That being said, the observations still play an important
role at the other levels.

A commonly used method to estimate the uncertainties in observations is the
method of Desroziers et al. (2005). With this method one calculates the cross-product
between the innovations and the residuals as

E(d(d)") = Rey (13)

where d is a vector of the differences between the observations and the NWP back-
ground forecast (known as the innovations) and di is a vector of the differences
between the observations and the analysis (known as the residuals). This cross-
product provides an estimate of the observation-error covariance matrix. If the data
assimilation method used in the analysis is perfect (i.e. is provided with the correct
error-covariance matrices and finds the globally optimal solution) then this estimate
will correspond to the true observation-error covariance matrix. Thus this method
was developed as a consistency check on the inputs provided to the data assimilation.
There are other methods to estimate the observation uncertainties Hollingsworth and
Lonnberg (1986); Scherllin-Pirscher (2011); Anthes and Rieckh (2018) which may
be preferable in certain situations.

Examination of estimated observation uncertainties (the square root of the diag-
onal elements of R.y) diagnosed using the method of Desroziers indicates that they
principally vary with a small number of different quantities Bowler (2020). The key
quantities with which the uncertainties vary are the height of the observation, the
receiving satellite and the latitude of the tangent point.

The variation of the estimated uncertainty with latitude for Metop-B is shown
in Fig.4. In this (and following figures) the estimated uncertainty has been nor-
malised by the background forecast of the bending angle. This normalisation is cho-
sen because the bending angle can vary by many orders of magnitude with height. In
the troposphere the estimated uncertainties are much larger than elsewhere. The rea-
son for this variation is well understood. The tropical troposphere has a high specific
humidity. Since water vapour is often not well modelled by NWP systems, in part due
to the small-scale variations that it displays, then there are large differences between
the observation and the background forecast. In addition the one-dimensional for-
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Fig. 4 Diagnosed uncertainties, normalised by the background bending angle, with results binned
using a range of latitudes for Metop-B. Each latitude gives the centre of a 20 degree bin, and if the
tangent-point of the observation falls within that bin, then the observation is assigned to the given
latitude. The statistics for Figs.4, 5 and 6 are calculated using assimilation statistics from the Met
Office’s NWP system from the month of January 2020

ward models that are often used (including in the calculation of Fig.4) make strong
assumptions about the spherical symmetry of the atmosphere. These background
and forward-modelling errors lead to the observation being ascribed as having large
uncertainties.

The variation with receiving satellite is illustrated in Fig.5. These statistics are
calculated from observations within 10 degrees of the equator, so that different lat-
itudinal sampling does not complicate the graph. The statistics from the different
satellites are often very similar, despite large differences in the hardware and pro-
cessing software used. At high altitudes the observation uncertainty estimated for
the Metop satellites is much smaller than for the other satellites. This is due to the
receiver exhibiting a very low thermal noise and the use of an ultra-stable oscillator in
the instrument (C Marquardt, Radio occultation team leader, EUMETSAT, personal
communication, 2019).

It is also noticeable that the standard deviation estimated for FY-3C/D is large
between around 20-25 altitude. 25km is the height at which the data processing
switches from geometric optics to wave optics. For all GNSS-RO data a smoothing
is applied to the data within a vertical profile in order to reduce the noise in the data
(see Sect.2.1). The amount of smoothing that is required differs between geometric
and wave optics processing. This increase in the standard deviations occurs because
the level of smoothing has not been well-matched between the types of processing.
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Fig. 5 Diagnosed observation uncertainties, normalised by the background bending angle, with
results binned for different satellites. Statistics calculated observations within 10 degrees of the
equator

The Metop satellites have the largest standard deviations between around 25-35.
This is due to less vertical smoothing being used generally for these satellites.

From the above examples it can be noted that both the hardware used to receive
the signals, as well as the software used to process those signals, plays a role in the
quality of the observations.

One can also note that the estimated observation uncertainties vary with the season.
Figure 6 shows a comparison between the estimated uncertainties in the Northern
Hemisphere summer and winter for data from Metop-B. Larger uncertainties are
diagnosed in the summer troposphere than in the winter troposphere. This is likely
due to the warmer atmosphere containing more water vapour. However, above 25 km
altitude the winter atmosphere has larger diagnosed uncertainties. Near the winter
pole the average bending angle at high altitudes can become very small. Since the
uncertainties are normalised by the background bending angle, this can lead to a
larger relative error.

4 GNSS-RO Impact in NWP Systems

In this section we briefly summarise the current impact of GNSS-RO measurements
in the ECMWEF NWP system. These should be representative of the impact at other
NWP centres. The experiments span a 3month period from January 1 to March
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Fig. 6 Diagnosed observation uncertainties, normalised by the background bending angle for
Metop-B. Results are shown for different seasons and latitudes in the Northern Hemisphere Extra-
Tropics summer (16 June 2018 to 16 July 2018) and winter (January 2020)

31, 2020. They use the ECMWEF Integrated Forecast System (IFS) cycle 47R1 in
incremental 4D-Var mode, with a 12h assimilation window. The forecast model is
run at Tco399, which is an effective grid spacing of 25 km.

The GNSS-RO data are assimilated with a 2D bending operator. A global bending
angle uncertainty model is used, and the assumed uncertainty is only a function of
impact height (impact parameter minus radius of curvature). The percentage uncer-
tainty is assumed to fall linearly in impact height from 20 % at Okm to 1.25 % at
10km. Above 10km we assume a constant value of 1.25 % until this reaches a lower
limit of 3 x107° rad.

The three experiments shown here are:

1. CONTROL (CTL): Uses the GNSS-RO available operationally at the beginning of
2020, including Metop (A+B+C) GRAS, FY-3C GNOS, TerraSAR-X, Tandem-X
and KOMPSAT-5.

COSMIC-2 (C2): CTL experiment plus the COSMIC-2 measurements

NoRO: CTL minus ALL GNSS-RO measurements

2.
3.

All other observation types used operationally during this period are assimilated in
these experiments.

Figure 7 shows the standard deviation of differences between short-range fore-
casts and globally-distributed radiosonde temperature profiles when the GNSS-RO
measurements are assimilated, divided by the standard deviation from the NoRO
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experiment. Values less than 100 % indicate that the GNSS-RO are improving the
short-range forecasts. The GNSS-RO measurements have a clear positive impact
throughout the vertical column, but the largest impact is above 200 hPa, where the
percentage improvements exceed 2 % when the COSMIC-2 data are assimilated.

Results qualitatively similar to this have been produced at many NWP centres
(e.g., Healy (2006); Cucurull et al. (2007); Aparicio and Deblonde (2008); Rennie
(2010)), and they are broadly consistent with earlier GNSS-RO information content
studies Collard and Healy (2003), so this is a well established result. In contrast, it has
been more difficult to demonstrate a clear impact of GNSS-RO on the humidity fields.
However, recent results assimilating COSMIC-2 measurements have now suggested
that GNSS-RO are also improving the short-range humidity forecasts. Figure 8 shows
the globally averaged short-range forecast departure statistics for ATMS radiances.
Channels 6-15 are sensitive to temperature, but channels 18-22 are sensitive to tro-
pospheric humidity. There is a clear improvement in the humidity sensitive channels,
of around 1 % when the COSMIC-2 measurements are assimilated. This signal is
also reproduced in most other satellite and in situ data types sensitive to tropospheric
humidity, and it is an important recent result for GNSS-RO.

Figure 9 shows the combined impact of the GNSS-RO measurements on the
medium range forecast error statistics in the COSMIC-2 experiment. This is the frac-
tional change in the zonally averaged standard deviation of the geopotential forecast
errors. The forecast errors are calculated using the difference between the forecast
and the analysis for each of the experiments (with and without GNSS-RO observa-
tions). Values less than O (blue) indicate that the forecast errors are being reduced by
the GNSS-RO measurements, and hatching indicates statistical significance at the 95
% level. At forecast ranges between T+24h and T+120h there are reductions in the
forecast error at most heights and latitudes, demonstrating the broad positive impact
of these observations.

5 Future Directions for the Observation and Methods

In the previous sections we outlined some of the general principles applied for use
of GNSS-RO in numerical weather prediction in the troposphere and stratosphere.
The application described uses transmitters in medium earth orbit and receivers in
LEO orbit. However, there are future directions which could expand this network to
enhance sampling in areas deemed undersampled, or where it is assumed additional
coverage could provide the greatest benefit.

There are two concepts which could help to expand the current GNSS-RO observ-
ing network. One of these would be to use a constellation of LEO satellites where
one would act as a transmitter and another as a receiver. One such concept uses
a wave optics-based retrieval chain Benzon and Hoeg (2016), along with XK and
KM bands to probe the atmosphere, allowing for correction of water vapor content,
and the potential to explore ozone content Benzon and Hoeg (2016). A network of
LEO-LEO satellites could significantly enhance the GNSS-RO network supplying
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Instrument(s): TEMP — T Area(s): N.Hemis S.Hemis Tropics
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Fig.7 The normalised standard deviation of short-range forecast departures from radiosonde tem-
peratures on pressure levels, for the C2 (black line) and CTL (red line) experiments. These have
been divided by the NoRO standard deviation values, and so values less than 100 % indicate that
the GNSS-RO measurements are improving the short-range forecasts

some unique information in addition to current techniques at the L band frequency.
A second way to augment the current GNSS-RO network is already being employed
which is the implementation on aircraft. This greatly increases the GNSS-RO obser-
vation density and has been used for field campaigns. Similar to space-bourne RO,
airborne radio occultation (ARO) airborne radio occultation (ARO) measures signal
propagation delay from rising and setting GNSS satellites below the local horizon
that sample the atmosphere in a region to either side of the aircraft Xie et al. (2008).
The application of these ARO could be expanded in the future, a fleet of drones
could be deployed to supplement the current GNSS-RO observing network or could
be directed for targeted work such as severe weather outbreaks, or extreme weather
events.

Another further enhancement of the GNSS-RO observing network could be the
use of small and even cube satellites. Since a cube-sat is much cheaper to develop and
launch than larger satellites a constellation of cube-sats has the prospect of providing
many more observations for a given cost. Various private companies are developing
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Instrument(s): NOAA-20; NPP — ATMS - TB
Area(s): N.Hemis S.Hemis Tropics
From 00Z 1-Jan-2020 to 12Z 31-Mar-2020
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Fig.8 The normalised standard deviation of short-range forecast departures from ATMS radiances
as a function of channel number, for the C2 (black line) and CTL (red line) experiments. These
have been divided by the NoRO standard deviation values, and so values less than 100 % indicate
that the GNSS-RO measurements are improving the short-range forecasts

such constellations with the hope of selling the observations to government agen-
cies. Preliminary results Bowler (2020); NOAA / NESDIS (2020) indicate that the
observations are of sufficient quality for use in NWP. Further, the Met Office and
ECMWEF assimilated Spire observations operationally in 2020 to help mitigate the
loss of aircraft measurements as a result of the COVID-19 pandemic. Figure 10 is
the time series of the adjoint based forecast sensitivity to observation impact (FSOI)
diagnostic Langland and Baker (2004); Cardinali (2009) in 2020 for the ECMWF
operational system. There are two clear jumps in the GNSS-RO (GPSRO) contri-
bution, when COSMIC-2 was assimilated on March 25, 2020 and when Spire data
became operational on May 13, 2020. In late March 2020 the contribution from
aircraft rapidly decreased as restrictions on air travel greatly reduced the number of
observations available.
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Change in std. dev. of error in Z (C2-NoRO)

1-Jan-2020 to 31-Mar-2020 from 162 to 181 samples. Verified against own-analysis.
Cross—-hatching indicates 95% confidence with Sidak correction for 20 independent tests.
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errors shown as a function of forecast range. The results are comparing the C2 and NoRO exper-
iments, and the verification is against own analysis. The hatching indicates statistical significance
at the 95 % level. T+nnn in the figure titles refers to the forecast lead time in hours
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Fig. 10 The timeseries of relative FSOI values for the major observing systems in the ECMWF
NWP system. The results are smoothed over 4 d. COSMIC-2 was assimilated from March 25, 2020,
and Spire data were used from May 13, 2020

Overall, with the possible exception of 2020, there has been a relatively slow
increase in the availability of GNSS-RO measurements since 2006. If some of the
concepts described above are adopted routinely, this could increase the density of
the observing network. However, an understanding of what constitutes the optimal
spatio-temporal sampling is still lacking, and should be devised. An attempt to do just
this was done by Harnisch et al. (2013). They examined the reduction in spread of an
ensemble of data assimilations when assimilating a number of simulated GNSS-RO
observations. They found that the impact did not saturate even when using 128,000
per day. As of 2020, the number of observations routinely available for all opera-
tional weather centres is approximately 8000 occultations per day. In the Harnisch
et al. (2013) study, it was found that using approxmiately 16 000 profiles accounted
for roughly 50% of the benefit of 128 000 occultations, which led the authors to
recommend 16,000 - 20,000 occultation profiles per day as a minimum target for
future observing networks.

Another new direction being taken in GNSS-RO measurement technique is the
use of space-bourne polarametric missions such as the Radio-Occultation and Heavy
Precipitation aboard PAZ (ROHP-PAZ) Cardellach et al. (2018). The PAZ spacecraft
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has the GNSS payload enhanced to include a dual-polarization RO antenna. The
dual-polarization used by the ROHP-PAZ receiver is sensitive to heavy precipitation
events and other depolarizing atmospheric effects (e.g. cloud ice). A mission such as
this can help to quantify the intense precipitation events, which are known to account
for much of the global precipitation totals, but undersampled by the current Earth
observing system. Launched on 22 February 2018, the ROHP-PAZ data are being
evaluated and disseminated, with standard GNSS-RO profiles being used at many
operational weather centers.

Lastly, the enhanced use of the GNSS-RO, whether they are from traditional
LEO or LEO-LEO space-based, airborne, and include polarametric information need
proper characterization of the uncertainties of the observation themselves. In contrast
toradiometers, the degradation of the sensor over time due to changes in the antenna is
not present, but stability of the clocks and transmission source of the occulting signal
are key parameters which can be used to characterize the differences between the
occultations. The satellite systems of the future are likely to be more numerous, but
potentially more intermittent and with shorter lifetimes. This will require accurate and
voluminous meta-data on the measurements being taken. Having such information
can be used for improved analysis and understanding of the different behavoirs and
perceived accuracies. To make better use of the GNSS-RO measurements, a more
dynamic quality control procedure and observation error assignment could go a long
way to delivering the greater potential of these systems.
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