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Abstract

The addition of Spire and COSMIC-2 data is a large increase in the GNSS-RO data being assimi-
lated at ECMWF and Met Office NWP systems. Both institutions have investigated the effect of Spire
and COSMIC-2 data running Observing System Experiments in their state-of-the-art NWP systems.
They found that the addition of COSMIC-2 and Spire observations is beneficial, with adding Spire
on top of COSMIC-2 showing further improvements for temperature, humidity and wind. In conclu-
sion, Met Office and ECMWF would assimilate the Spire data operationally if it becomes available.
Additionally, ECMWEF have compared the impact of how the Spire data is processed, by compar-
ing bending angles provided directly by Spire with Spire bending angles produced at EUMETSAT.
Furthermore, this extensive GNSS-RO dataset also provides the opportunity to investigate how the
impact of GNSS-RO data scales with observation number. For this reason, we have performed a set
Ensembles of Data Assimilation (EDA) experiments. We have found that increasing the number of
GNSS-RO data reduces the ensemble spread, especially at 100 hPa and higher and in the Tropics.
In this region, we also found a linear relationship between EDA spread and variance in first guess
departures of radiosonde temperature observations. For the Northern and Southern Hemisphere the
decrease in EDA spread was less strong when more GNSS-RO data has been added, which might be
linked inter alia to the heterogeneously distributed GNSS-RO data in the outer-tropics.

1 Introduction

This is the final report for ESA Contract No. 4000131086/20/NL/FF/an. It complements new analysis
but also the work which was presented in previous technical reports. Sections 2 and 4 were part of TN3,
but are complemented with some figures from TN2 and new ones. In section 3 the various experiments
have been introduced, which were part of TN1. In TN1, the thinking behind the EDA experiments
was introduced as well, which is now covered in section 7, where new analysis on the Ensembles of
Data Assimilation experiments is summarised. Additional analysis on observing system experiments
excluding Spire in the Tropics, as well as adding Spire in the absence of aircraft data are added in section
5. Furthermore, a study on re-processed Spire data by EUMETSAT and its assessment with the ECMWF
data assimilation system has been added as section 6.

Background on the GNSS Radio Occultation measuring technique

The Radio Occultation technique uses radio signals passing through the atmosphere in a limb-sounding
geometry to sense atmospheric properties. The GNSS-RO measurement geometry is illustrated in Figure
1. The GNSS-RO instruments in LEO orbits receive radio frequency (L-band) signals of opportunity
transmitted from GNSS satellites, such as GPS and Galileo.

The history of GNSS Radio Occultation for Atmospheric Sounding started with the GPS/MET research
mission in the mid 1990s (Kursinski et al. [1996], Rocken et al. [1997]). The GPS Receiver for Atmo-
spheric Sounding (GRAS) instrument, developed by ESA starting in the late-nineties, has been flying on
the MetOP-A satellite since October 2006, MetOP-B since September 2012 and MetOP-C since Novem-
ber 2018. GRAS is being operated by EUMETSAT. The US/Taiwanese collaboration led to the Constel-
lation Observing System for Meteorology, lonosphere, and Climate (COSMIC) constellation which is
an operational demonstration mission [Anthes et al., 2008]. Building upon the success of the COSMIC
program, COSMIC-2 was launched in 2019 and is a network of six remote-sensing microsatellites.

GNSS-RO has a significant impact in NWP (Healy and Thépaut [2006],Cucurull et al. [2007], Aparicio
and Deblonde [2008],Poli et al. [2009], Rennie [2010]) because it complements the information provided
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Occultation point

Centre of Curvature

Figure 1. The geometry of the GNSS-RO measurement technique. A GNSS navigation signal is received
on a low earth orbiting satellite. The ray-path is bent by refractive index gradients. The figure illustrates
the bending angle, a, and impact parameter value, a. T is the angle between the local radius vector and
the tangent to the ray-path, and q is the angular position within the 2D plane.

by satellite radiance measurements. This is because it can be assimilated without bias correction, and
it has very good vertical resolution. The GNSS-RO technique relies on post-processing of the GNSS
carrier phase measurements (level-0 data), from which it is possible to retrieve atmospheric bending
angles (level-1 data) and with Abel inversion techniques refractivity profiles (level-2 data) and the related
temperature, pressure and humidity profiles [e.g. Kursinski et al., 1997a].

2 Spire and COSMIC-2 Data

The radio occultation data from Spire is collected using their constellation of 3U cubesats, with the
nominal lifetime of these satellites being 2+ years. Regularly new satellites are launched with an up-
dated hardware [Masters et al., 2019]. For example, newer satellites have larger solar panels and two
occultation antennas allowing the simultaneous collection of both rising and setting occultations. Spire
develops the satellites and the GNSS receiver themselves, and also operates a network of 30+ ground
stations which provide support e.g. for data downlinks.

COSMIC-2 (Constellation Observing System for Meteorology, lonosphere & Climate — 2) is a follow
up mission from COSMIC-1, which was was very successful. The cluster of six satellites were launched
on June 25, 2019 and spreads along different low-inclination orbits. The main aim of this mission is
to obtain temperature and humidity information as well as having a substantial contribution to space
weather.

For this study we received more than 5,000 radio occultation (RO) profiles from Spire per day, globally,
and for COSMIC-2 around 4,000 RO profiles per day, in a latitude band between + 40 degrees. Fig.
2 show the geographical distribution of the data density and Fig. 3 displays how many occultations
per 12 hours from Spire and COSMIC-2 have been assimilated. From those figures it can be seen that
COSMIC-2 provides almost twice as much data in the Tropics than Spire.

4 ESA GNSS-RO Study
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Figure 2: Total number of occultations for a) Spire and b) COSMIC-2 between January and March 2020,
regridded to a 2.5 x 2.5 latitude/longitude grid.

Data Acquisition

Spire have made available their GNSS-RO data from 1 January to 31 March 2020 for the purposes of
this study. The Met Office and ECMWEF both assimilate bending angles, and the level-1B bending angle
data in BUFR format have been downloaded from Spire independently by both centres. The Met Office
identified approximately 7 hours of missing data on 4 February 2020. These Spire data were available
in the Spire near real time (NRT) data set which is routinely monitored at the Met Office. The missing
data were quickly identified and subsequently supplied without issue. The complete data set has been
analysed in this study by ECMWF and the Met Office. Additionally, the level-1b bending angle Spire
data processed by EUMETSAT have been made available in May 2021.

At ECMWEF and the Met Office, the Spire bending angle profiles have been processed and archived in six
hour batches required for assimilation. For example, an archived file valid at time 12:00 on a given day,
will contain Spire GNSS-RO profiles from 09:00 to 14:59 from that day. The Met Office and ECMWF
have also downloaded COSMIC-2 data provided by UCAR prior to the data being available in NRT.

ESA GNSS-RO Study 5
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Figure 3: Number of occultations per 12 hour cycle for Spire and COSMIC-2 between January and
March 2020 at 5km to 6 km height. Black refers to global numbers, blue to tropical (20 S to 20 N)
and red to the remaining ones. The numbers on the top left, are averages of number of occultations per
12 hour assimilation cycle.

These data have also been processed into 6 hour batches required for assimilation purposes.

EUMETSAT processed raw Spire data to level-1b bending angles in BUFR format for the purposes of
this study. This has been a considerable undertaking, and EUMETSAT and Spire have been working
together through various minor issues in order to achieve it. More details will follow in section 6.

6 ESA GNSS-RO Study
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3 Set of experiments

We have run various experiments at ECMWF and Met Office testing the additional assimilation of Spire
and COSMIC-2 data into our four-dimensional (4D-Var) assimilation systems. The ECMWF experi-
ments use the model cycle 47R1, whereas the Met Office uses the setup from parallel suite 43 (operational
on 4 Dec 2019). The experiments have run from 1 January to 31 March 2020 using level-1b bending
angle data. The chosen horizontal resolution for the ECMWF experiments is about 25 km (TC0399) and
for the Met Office experiments about 40 km in the mid-latitudes (N320, 640x480 points on a regular
latitude-longitude grid).

The ECMWEF experiments are built on top of a CONTROL one, which assimilates all observations
as used operationally for the experimental period. This includes the GNSS-RO data available before
COSMIC-2 and Spire. The experiments are:

« CONTROL.: This experiment assimilates all observations used operationally for the experimental
period. This includes the GNSS-RO data available before COSMIC-2 and Spire.

* Spire: This is the CONTROL experiment plus Spire data.

e COSMIC2: This is the CONTROL experiment plus COSMIC-2 data.

e Spire+COSMIC2: This is the CONTROL experiment plus both Spire and COSMIC-2 data.
* NoRO: This is the CONTROL experiment but all GNSS-RO has been removed.

» Only-GRAS: This is the NORO experiment but the three Metop GRAS instruments are assimi-
lated.

* Only-KOMPS5: This is the NoRO experiment but KOMPSAT-5 measurements made with an
IGOR receiver are assimilated.

« Only-Spire: This is the NoRO experiment but Spire data is assimilated.

» Spire-EUM: This is the CONTROL experiment plus Spire data processed at EUMETSAT is
assimilated.

The Met Office reproduced the COSMIC2 and Spire+COSMIC2 experiments in their system, to inves-
tigate the impact of Spire data when COSMIC-2 is assimilated.

ECMWEF has run “10 member” Ensembles of Data Assimilation (EDA) for each experiment listed above.
For clarity, recall that an EDA experiment runs a number of 4D-Var computations in parallel [e.g. Har-
nisch et al., 2013] . Each 4D-Var run is “perturbed”, where noise has been added to the observations and
some model parameters, in order to produce a set or “ensemble” of analyses and short-range forecasts.
The number of perturbed 4D-Var calculations run in parallel in the EDA is usually called the number of
“ensemble members”. We will only run the EDA experiments for around 5 weeks because Harnisch et al.
[2013] showed that the spread values averaged over the tropics and the northern and southern extratropics
are stable after about 1 week.

In addition to the experiments listed above we also investigate the ability of Spire data to mitigate the
loss of all aircraft observations for the experimental period. This leads to two additional experiments:

ESA GNSS-RO Study 7
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noair: This is the CONTROL experiment but with all aircraft data removed.
Spire, noair: This is Spire minus all aircraft observations.
Spire+COSMIC2, noair: This is Spire+COSMIC2 minus all aircraft observations.

Spire+COSMIC2, no T air:This is Spire+COSMIC2 minus all temperature aircraft observa-
tions.

4 Verification of ECMWF and Met Office results from Observing System

Experiments

In this part of the study the following selection of experiments (listed in section 3) are analysed:

Both

CONTROL: This experiment assimilates all observations used operationally for the experimental
period. This includes the GNSS-RO data available before COSMIC-2 and Spire.

COSMIC: This is the CONTROL experiment plus COSMIC-2 data.

Spire: This is the CONTROL experiment plus Spire data (only performed by ECMWF).
Spire+COSMIC: This is the CONTROL experiment plus both Spire and COSMIC-2 data.
NoRO: This is the CONTROL experiment but all GNSS-RO has been removed.

, the Met Office and ECMWF NWP systems can be considered state of the art but they have differ-

ences and, hence, we expect some variations in the overall impact when assimilating the GNSS-RO data.
Some of the principal differences are:

The forecasting models are formulated differently. The ECMWF model is based on spherical
harmonics, whereas the Met Office model uses a finite difference scheme [Walters et al., 2017,
Davies et al., 2005] on a regular latitude-longitude grid.

The resolution of the modeling systems is different, with more than a factor of two in the horizontal
resolution.

There are large differences in the data assimilation systems. The ECMWF system uses a 12h
assimilation window, whereas the Met Office system [Rawlins et al., 2007, Clayton et al., 2013]
uses a 6h window.

The forward operator used to model bending angles [Rennie, 2010]. ECMWF runs a 2D bending
angle operator and Met Office a 1D version.

The weight given to GNSS-RO observations [Bowler, 2020].

Given these substantial differences one will expect to see differences as well as common features in the
impact of RO observations on the NWP systems. These similarities and differences will be highlighted
in the following analysis.

ESA GNSS-RO Study
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4.1 \Verification of medium-range forecasts against ECMWF operational analysis

Here, we compare the forecast error statistics in the experiments (Spire, COSMIC-2 and Spire+COSMIC-
2) with the corresponding statistics in noRO or CONTROL, e.g. for temperature, humidity and wind.
For this reason we take the standard deviation of the forecast errors in the experiments, Sexp(z), and
compare it with the standard deviation of NnoORO or CONTROL, S;0ro(2) or SconTroL(2), respectively.
Hence, if the experiments have a positive impact (Sexp(Z)  Snoro(2))=Snoro(2) Or

(Sexp(@)  SconTroL(2))=SconTroL(Z) should be negative.

4.1.1 Met Office

Overall, the assimilation of RO observations within the Met Office system is highly beneficial. The
forecast errors are greatly reduced by the addition of this data for many variables and at various lead
times. The benefits are largest in the short range, since errors in the forecast model have greater influence
in the medium range. Additionally assimilating Spire observations further reduces the forecast errors
across almost all variables. The following section summarises key results that illustrate this overall
assessment.

Temperature

In order to examine the performance of the forecasting system we plot the standard deviation of the
forecast error for temperature at 100 hPa, as measured against ECMWF operational analyses. Figure 4
shows the change in the standard deviation of forecast error, calculated as a percentage change against
the no-RO experiment. For all regions the addition of RO observations greatly reduces the forecast-error
standard deviation, especially in the short-range.

In the northern-hemisphere extra-tropics the reduction in the standard deviation from assimilating RO ob-
servations reduces from approximately 16% to approximately 2% as the forecast lead time increases. The
additional benefit from Spire observations reduces from approximately 4% to 1% with increasing fore-
cast lead time. In the tropics there is a similar reduction in the standard deviation due to the assimilation
of RO observations, but the additional benefit from Spire data is smaller, and reduces to approximately
zero in the medium range. In the southern-hemisphere extra-tropics the effect of assimilating RO ob-
servations is much larger, reducing the standard deviation by approximately 34% in the short range and
around 2% in the medium range. However, the additional benefit for assimilating Spire RO is relatively
modest in this region, reducing from approximately 2% to around zero as the lead time increases. It is
surprising that the impact of Spire observations should be small in the southern-hemisphere extra-tropics
since this region depends heavily on satellite observations, and benefits were largest there in a previous
study by Bowler [2020].

Relative humidity

The verification of relative humidity forecasts is more difficult than temperature, since this field is less
well-observed and model biases can play an important role. Therefore, these results are calculated against
radiosonde observations rather than against ECMWF analyses.

Figure 5 shows the change in the standard deviation of the forecast error for relative humidity at 100 hPa
from assimilating RO observations. This does not show the same smooth reduction in benefit with
increasing lead time that was seen for temperature. The figures are also somewhat noisy, due to the small
number of observations. The northern-hemisphere extra-tropics is the only region for which the addition
of Spire observations appears to reduce the standard deviation of forecast error. For the other regions the

ESA GNSS-RO Study 9
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Figure 4: Percentage change in standard deviation of forecast error for temperature at 100 hPa, as mea-
sured against ECMWF operational analyses. The change is measured relative to the experiment with no
RO observations. The x-axis shows the forecast lead time in hours.
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Figure 5: Percentage change in standard deviation of forecast error for relative humidity at 100 hPa, as
measured against radiosonde observations. The change is measured relative to the experiment with no
RO observations. The x-axis shows the forecast lead time in hours.

benefit is unclear.

412 ECMWF

Here, the medium-range forecast scores for ECMWF are shown for temperature, humidity and wind, as
measured against ECMWF operational analyses consistent with the Met Office.

Temperature

In Fig. 6 we show how the normalised standard deviation for temperature changes compared to CON-
TROL (dashed line around 0) for selected pressure levels and regions (Tropics, Southern Hemisphere
and Northern Hemisphere). When adding the new GNSS-RO dataset from Spire and COSMIC-2 a re-
duction in normalised standard deviation could be seen for all pressure levels (10 hPa, 50 hPa, 100 hPa,
200 hPa, 500 hPa, 850 hPa) and regions (not shown for 50 hPa, 200 hPa and 500 hPa) for forcast day 2
and longer. However, when removing all (existing) GNN-RO we see an increas. In other words, the
temperature forecast scores have improved for Spire, COSMIC2 and Spire+COSMIC2 compared to
CONTROL throughout the atmosphere, whereas noRO shows a degradation. As expected from the sen-
sitivity of radio occultation data the biggest improvements happen for 200 hPa and higher. For example,
Spire+COSMIC2 shows a reduction of about 6% for forecast day 3 at 10 hPa in the Tropics compared
to CONTROL (Fig. 6a). It also can be seen that the reduction in normalised standard deviation is largest

ESA GNSS-RO Study 11
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in the Southern Hemisphere for all experiments (left panel in Fig. 6) compared to noRO. For Spire the
decrease at 100 hPa is about 6% in the Southern Hemisphere, 3% in the Tropics and 4% in the North-
ern Hemisphere compared to noRO. In the Tropics, the improvement of temperature forecast scores is
statistically larger for COSMIC2 and Spire+COSMIC2 than for Spire at 100 hPa and higher (Fig. 6b,
Fig. 6a) compared to CONTROL. In the Northern and Southern Hemisphere and at lower altitudes the
differences are not significant (not shown).

For most height levels, the reduction in temperature forecast error is decreasing with forecast time. This
is expected as the assimilation of additional GNSS-RO data only improves initial conditions, and not the
forecast model. That means, the imperfect forecast model (with assumptions about physical processes,
parameterisations, coarser resolution than real life, etc.) will dominate the change in forecast scores for
longer forecast ranges. The decrease in reduction of forecast errors can be seen in Fig. 7 at 100 hPa for
Spire+COSMIC2 compared to noRO. For T+24h reductions in temperature forecast errors of more than
20% can be seen in many areas, especially in the Southern Hemisphere. At day 4 (T+96h) of the forecast
range these reductions decrease to around 8-12%.

For short-range forecast scores (T+12, T+24) an increase in normalised difference in standard deviation
can be seen, e.g. at 10 hPa in the Extratropics for Spire+COSMIC2 and Spire compared to CONTROL
(see Fig. 6a). This is often not a real degradation and can occur when observations are added in data-poor
areas [Geer et al., 2010, section 4.2.4]. Through this additional data the analysis is perturbed relative to
the forecast and it looks like that the forecast is worse, when verified against analysis than if the additional
observations would not been added at all. Already Bouttier and Kelly [2001] noted this behaviour when
using own analysis as a verification basis. In fact, when plotting normalised differences in standard
deviations of temperature verified against own analysis a strong increase can be seen for the short-range
forecast (not shown).

In other words, the short-range verification at lead times of T+12 or T+24 using analyses as a reference
can be problematic. Here, errors in the analysis and forecast have similar magnitudes and can be corre-
lated [Bormann et al., 2019]. When e.g. Spire data is added in the Extratropics correlations are reduced
with a comparable smaller reduction in forecast errors leading to apparent degradations in the short-range
forecast at 10 hPa. Hence, for the evaluation of short-range forecasts, fits to independent observations are
usually checked. One exception seems to be in the Northern Hemisphere at 850 hPa, where the reduction
of forecast errors is still big enough to show an improvement of 1% for T+12h.

Relative humidity

For relative humidity (Fig. 8) we can see similar features as for temperature (Fig. 6). with e.g. the largest
reduction in normalised standard deviation of forecast errors at higher altitudes (see changes in scales)
when the additional GSS-RO data is added compared to CONTROL. This is probably less surprising
as signals in relative humidity at high altitudes (especially for 100 hPa and higher) are mostly temper-
ature signals. In the Tropics, COSMIC2 and Spire+COSMIC2 show significantly larger reduction for
humidity than Spire, especially at 100 hPa and higher (middle panel in Fig 8b). Here, also the reduction
at forecast day 2 is higher for COSMIC2 and Spire+COSMIC2 than for Spire compared to CON-
TROL. We believe this is due to a better signal-to-noise ratio (SNR) for COSMIC-2 data, as a study
by Shu-peng Ho from NOAA/STAR presented at IROWG-8 showed that COSMIC-2 higher SNR mea-
surements provide better water vapour retrievals [Ho and Zhou, 2021]. Small apparent degradations for
T+12h and T+24h can be found e.qg. in the Tropics at 850 hPa which can be explained by the fact that an
analysis is used as a reference (discussed earlier for temperature). Interestingly, in the Southern Hemi-
sphere a larger reduction in humidity is visible for Spire and Spire+COSMIC2 compared to COSMIC2
at 850 hPa, which is mostly likely influenced by the higher number of Spire occultations (compared to
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