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Abstract

Over recent years there has been increasing interest from commercial companies to produce observa-
tions of the atmosphere using GNSS-RO techniques (global navigation satellite system - radio occultation).
Spire has achieved this by launching a large number of cubesats that operate in a constellation to observe
the atmosphere. Over a period of 18 months these data have been assessed in comparison to current
GNSS-RO data.

The differences between the observations and a short-range forecast (the innovations) indicate that the
data are closely comparable to currently operational GNSS-RO data below 30km. Above this height the
data are noisier than current satellites. Below 30km the data often have a smaller standard deviation than
other observations, which can be achieved by using increased vertical smoothing. Although the vertical
correlation length-scales for Spire data are larger than for the current data, they do not seem excessively
large.

Given the good performance of the innovation statistics for the Spire data impact trials were run in the
Met Office’s NWP system. Tests were run assimilating data from the current observational network, and
with no GNSS-RO data, adding data from Spire in various proportions, and replacing the data from the
Metop-C satellite with data from Spire. It was found that there is a substantial forecast benefit from as-
similating Spire data. In accordance with previous work the forecast impact of increasing the data volume
is roughly proportional to the logarithm of the total amount of GNSS-RO data assimilated. Theoretical
arguments suggest a different relationship with the number of observations, but these do not fit the results
well.



1 Introduction

Numerical weather prediction (NWP) has brought great benefit to society over many years. NWP forecasts
have been gradually improving in quality over time (Bauer et al., 2015). This is due to improved numerical
models, increased numbers of observations and improved methods for assimilating those observations.

Radio occultation (RO) observations from global navigation satellite systems (GNSSs) provide one
source of observations to the global observing system. These measurements use the time delay in re-
ceiving signals from GNSS satellites at a low-earth orbiting (LEO) satellite, caused by refraction of these
signals in the earth’s atmosphere. As the LEO orbits the earth the GNSS satellite will appear to rise above
or set below the earth’s horizon, depending on the relative motion of the satellites. Thus a sequence of
observations provides a profile through the earth’s atmosphere — each such profile is referred to as an
occulation (for more information, see for instance Kursinski et al., 1997; Anthes, 2011).

A large increase in the number of GNSS-RO observations happened when the COSMIC-1 constellation
was lauched in April 2006 (Anthes et al., 2008). Although this constellation has lasted much longer than
expected, over time the number of observations received from COSMIC-1 has slowly decreased as the
satellites have encountered operational problems. To some extent these observations have been replaced
by GNSS-RO observations from the Metop and FY-3 satellites (see Figure 1 of Gleisner, 2018). Nonethe-
less the number of occultations being assimilated operationally at the time of writing remains less than it
was soon after the launch of COSMIC-1.

The expected impact of increasing the number of GNSS-RO observations on NWP was studied by
Harnisch et al. (2013) using an ensemble of data assimilations. In that study synthetic observations were
created, and the impact of the observations were estimated by examining the change in the spread of the
ensemble. They simulated 128,000 occultations per day and the effect of using certain fractions of these
observations was considered. They found that 16,000 occultations per day gave approximately half the
reduction in the ensemble spread of using the full set of observations. Therefore they recommended that
16,000—20,000 globally distributed occultations per day be considered as a minimum requirement for the
global observing system. At the time of writing approximately 3,600 occultations are being made each
day, clearly far short of the target recommended by Harnisch et al. (2013). One should also note that the
COSMIC-2 constellation of equatorial satellites was lauched in June 2019. These will more than double the
number of occultations being received and will provide very high-quality observations. However, they are
not yet operationally available to most NWP centres in near-real time. The second part of the COSMIC-2
constellation, with polar orbiting satellites was cancelled for budgetary reasons.

The Coordination Group for Meteorological Satellites (CGMS) of the World Meteorological Organisation
(WMO) provides recommendations on the number of observations that should be made each day by the
various observation platforms. They recommend that 6,000 globally distributed occultations should be
a baseline value (Coordination Group for Meteorological Satellites, 2018), and that 20,000 occultations
should be the target (Coordination Group for Meteorological Satellites, 2017).

For various reasons commercial companies have decided to launch satellites to make GNSS-RO obser-
vations. Three such companies are known to this author: Spire, GeoOptics and PlanetlQ. Of these compa-
nies Spire have made most progress and have a constellation of small satellites in orbit that are making a
large number of GNSS-RO observations in near-real time (NRT). The assessment of those observations is
the subject of this report. Spire’s constellation is made up of small satellites (cube-sats) that are 30x10x10
cm in size. Each satellite has a forward- and rearward-pointing antenna for taking radio-occultation mea-
surements, and can receive measurements from multiple GNSS constellations. Due to its small size and
low power constraints there are limitations on the accuracy of the bending angle measurements at high
levels. More information on Spire’s satellites can be found at Masters (2019).

In addition to providing accurate observations of the atmosphere, GNSS-RO performs a secondary role
as an anchor to the data assimilation scheme (Eyre, 2016). The bias in the observations is very small, and



therefore they are assimilated without bias correction by the data assimilation system. In turn this means
that the bias correction applied to other observations cannot drift too far, thus helping to anchor the data
assimilation system.

One factor that affects the number of observations used is the time taken for the observations to be
produced and transmitted to the Met Office. For global NWP the Met Office runs the data assimilation twice
every six hours. The main run is used to produce the forecasts that are presented to customers and is
run at approximately 2:42 after the main data time. An update run is performed at 6:19 after the main data
time, and is run to include any observations that may have missed the main run cut-off. It provides the
background forecast for the subsequent main and update runs.

Taking the 1200 UTC cycle as an example, the main and update runs will seek to assimilate any obser-
vations that are taken between 0900 and 1500 UTC. The main run is made at approximately 1442 UTC, so
will not use any observations taken after this time. Therefore, observations made between 1442 and 1500
UTC cannot be included in this run. In practice very few observations made after 1400 UTC will arrive in
time to be used. The update run is performed at approximately 1819 UTC. Therefore an observation made
at 1459 UTC will be included if it arrives within 3:20, but an observation made at 0901 UTC can arrive after
9:17 and will still be used in the update run. This variation in the amount of delay that is acceptable to
the system means that the utility of an observation is approximately proportional to the speed with which
it arrives. In order to compare the number of observations across the different tests the average of the
number of observations assimilated by both the main and update runs will be used, since both types of run
influence the forecast quality.

This report is intended to assess the quality of data from Spire against the Met Office NWP system, and
to investigate the benefit of assimilating many more GNSS-RO observations than are currently operational.
No comment is made on whether these observations should be purchased by the global weather commu-
nity, or the relative benefits of publically or privately funded missions. Those are controversial questions
that will need to be discussed by international bodies, such as the WMO.

2 Assessment of innovation statistics

The most straightfoward way to assess any new source of observations is to calculate the innovation statis-
tics for the observations. The innovation is defined as

dy =y — H (x) (1)

where y is a vector of the observed values, x; is the short-range forecast from the most recent analysis of
the atmospheric state and H is the observation operator. For this assessment the update run of the Met
Office’s operational global NWP system is used to provide the short-range forecast. The mean and standard
deviation of the innovations, normalised by the value of the pseudo-observation from the background, is
often used as a measure of observation quality for RO.

The observation operator H used at the Met Office is a 1-dimensional model that calculates refractivities
and bending angles from a vertical column extracted from the NWP model (Healy and Thepaut, 2006;
Buontempo et al., 2008; Rennie, 2010). A set of intermediate pseudo-levels (Burrows et al., 2014) is used
to reduce the biases that can be caused by interpolation between model levels. The motion of the satellites
is accounted for by considering the drift of the tangent point when extracting the model data (Burrows,
2014).

The figures are typically accumulated after quality-control (QC) has been applied. The principal QC
steps are the flagging that is made by the data provider, a check on the difference between the background
field and the observed value, and whether a 1-dimensional retrieval to calculate an analysis profile con-
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Figure 1: Number of observations, and mean and standard deviation of the bending angle normalised
innovations for the Metop satellites, FY-3C and Spire.

verges sufficiently quickly (see Rennie (2010) for more details). The graphs shown are based on data
between 0300 UTC on 8" September 2019 and 2100 UTC on 8" December 2019. On 20th September
2019 there were issues with the archive at the Met Office, so observations between 2100 UTC on 19™
September and 0300 UTC on 20" September are not used in these plots.

Figure 1 shows the number of observations, the mean and standard deviation of the bending angle
innovations normalised by the background bending angle, after QC has been applied. There are many more
observations from Spire than from either the three Metop satellites or from FY-3C. Above 10km the mean
innovation from the three data sources is very similar. There are subtle differences in the mean innovation
between 10km and 40km, with Spire generally having slightly higher values of the mean innovation than FY-
3C or the Metop satellites. At least in part these appear to be due to differences in latitudinal sampling of the
observations, since the data from Metop and Spire is similar when examining similar graphs for restricted
latitude ranges. Below 10km the data from FY-3C and Spire are relatively similar, and a substantial bias in
the data from Metop is evident.

As expected the observations from Spire have larger standard deviations above approximately 30km.
The Metop satellites have particularly low standard deviations in this region. Between 10km and 25km the
Spire observations have the smallest standard deviation of the three data sets. Below 10km FY-3C has a
similar standard deviation to the Spire data, which is lower than that from the Metop satellites.

Below 30km the differences in standard deviation between the data sets is partially explained by differ-
ences in the amount of vertical smoothing that is applied to the bending angle observations. Using greater
vertical smoothing decreases the standard deviation of the innovations, but this comes at the expense of
increasing vertical correlation in the innovation statistics. A vertical profile which has substantial vertical
correlations will contain less information than one whose errors are uncorrelated. Figure 2 shows the ver-
tical correlations of the bending angle innovations. Ideally this would be close to a diagonal matrix, with
vertical correlations only deriving from the background-error covariances. Figure 2 shows that both the
Metop and Spire systems have relatively clean vertical correlations, without large correlations away from
the diagonal. The core of positive correlations near the diagonal is wider for Spire than for Metop, which is
consistent with the smaller standard deviations being due to greater smoothing. There is a weak pattern of
positive and negative bands above 35km in the Spire data — it is not clear what causes this. The Metop
data has a band of off-diagonal positive correlations above 40km — this is also poorly understood.

There are some oscillations in the vertical correlations for Spire at around 16—20km impact height. The
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Figure 2: Vertical correlations of bending angle innovations for all Metop observations (left) and Spire
observations (right).

separation of the maxima in these oscillations is approximately the same as the separation of the vertical
levels in the Met Office model. Therefore they might be related to the interpolation of data between model
levels. It is not clear why these oscillations are peculiar to data from Spire. Spire provides its bending angle
observations on a regular vertical grid, with 200m separation between each level. By contrast EUMETSAT
and the Chinese Meteorological Administration (CMA) provide observations on a vertical grid whose levels
are closely spaced near the surface and further apart at higher altitudes. On the other hand UCAR use an
approximately regular grid, similar to Spire.

Figure 3 shows the global bending angle innovation statistics from Spire, separated by GNSS classifi-
cation. The largest fraction of the data comes from the GPS network, followed by GLONASS and Galileo.
QZSS provides the least data, since this is a regional system with few satellites. There are subtle differ-
ences in the mean behaviour; these are largely due to the different latitudinal sampling with the different
GNSS constellations (see Figure 4). GLONASS provides many more observations in the tropical region,
whereas GPS and Galileo provide more observations in the extra-tropical regions. The most notable differ-
ence is that the data from Galileo have a slightly larger mean innovation in the tropical troposphere than for
the other GNSS constellations, see Figure 5. This bias has been a subject of active research for Spire, and
was substantially reduced by a change made in late September (D Masters, personal communication) but
has not yet been reduced to zero. It is also apparent that some of the older satellites in the constellation
have larger biases in the tropical troposphere than the newer satellites (not shown). Whether the evolution
of the observing constellation is viewed as a positive or negative feature may depend on the particular user
in question. Typically users in NWP applications value regular improvements in the quality of an observa-
tion source as it can lead to forecast improvements. On the other hand, users studying the climate typically
value stability in order to understand trends in the data.

The differences in the standard deviation are also affected by latitudinal sampling, but there are also
notable differences between the constellations. Observations using GPS and QZSS generally have the
smallest innovation standard deviation at high levels of the GNSS constellations, and Galileo is the largest.
Processing Galileo signals has proved challenging due to the higher chip-rate (the speed of the data en-
coding) used by these satellites (D Masters, personal communication). In the core region for GNSS-RO
observations (10km to 30km) the difference in standard deviation between the GNSS constellations is small
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Figure 3: Global bending angle innovation statistics from Spire, separated by GNSS classification.
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Figure 5: Bending angle innovation statistics from Spire in the tropical region, separated by GNSS classifi-
cation.
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Figure 6: (left) Time taken between an FY-3C observation being made and it being available in the Met
Office data-base. (right) Time between an observation being made and the data being available on Spire
AWS servers, for the first processing of the observations. Data calculated for the month of November 2019.

and it is difficult to conclude that one observation group is better than any other. In the troposhere QZSS
has smaller innovation standard deviations than the other constellations. In part this is due to QZSS pro-
viding fewer observations in the tropics than the other platforms, but also due to the innovation standard
deviations being smaller in the northern-hemisphere extra-tropics (not shown).

Assessing the time taken for an observation to be available is more difficult for Spire data than for the
operational data sources. The precise orbit information for each satellite can be updated after a given
observation is made. When this occurs Spire reprocess the occultation using the updated orbit information.
The updated occultation replaces the original occultation on the Amazon Web Services (AWS) servers,
which increases the apparent delay in creating the observations. Figure 6 shows the time taken between
the observation being made and being available for FY-3C and for the first processing of each occultation
from Spire. Since the times given for Spire are based on the time-stamp of the file on the AWS servers,
one should add the time taken to retrieve the observations to the Met Office, which is typically between 7
and 21 minutes, depending on the amount of data that is being extracted.

Figure 7 shows the delay histogram for the final time that each occultation is processed. As can be
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Source | Main | Update
Metop | 71% | 100%
FY-3C | 52% 95%
Spire | 56% 92%

Table 1: Estimates of the fraction of observations are available in time for the main and update runs of the
Met Office NWP system.

seen, the additional delay created for reprocessing the observations can be substantial. Validation of the
first and final processing of each occultation against Met Office short-range forecasts (not shown) indicates
that the benefit from the reprocessing is small, and limited to altitudes above 35km.

Another way to assess the timeliness of the data is what fraction of the observations meet the cut-off
times for the main and update runs. Table 1 provides an estimate of the fraction of observations that make
cut-off for the Met Office’s main and update runs. Data from the Metop satellites arrive very quickly and
hence the percentages for these satellites are very high. Data from FY-3C take longer to arrive, and just
over 50% arrives in time for the main run. The arrival times from Spire are more diverse, which means that
much of the data arrives very quickly, but some of the data fail to arrive in time for the update run.

This analysis has shown that the mean and standard deviation of the innovations for Spire observations
is similar to that of other satellites below 35km. Above this height the observations from Spire are noisier
than the operational platforms. The observations using different GNSS constellations sample different
regions of the globe, and are of different quality due to differences in the transmitted signals. The timeliness
of the data received is similar to that from FY-3C, although the distribution of times is somewhat different.
Spire’s reprocessing of the observations makes the timeliness assessment more complicated, but this is a
minor detail since the quality of the data is only marginally affected by this reprocessing.

3 Assimilation experiments

An important incentive for gathering more GNSS-RO data is to improve numerical weather prediction
(NWP). Data assimilation systems for NWP ingest large numbers of observations in order to calculate
an accurate estimate of the current state of the atmosphere. The Met Office uses a hybrid four-dimensional
variational method (4D-Var) to perform the data assimilation Rawlins et al. (2007); Clayton et al. (2013);
Bowler et al. (2017).

Observations are assimilated from a wide variety of sources, including radiosondes, surface weather
stations, aircraft and many satellite platforms. To mimic the data cut-off used by operational systems



observations from Spire were extracted three times every six hours from the AWS servers. The first two
extractions were started at 2:42 and 6:19 after the central time in the data assimilation window, to mimic
the main and update runs. The final extraction was run at 24h after the central time, with a view to receiving
all the GNSS-RO observations that were made. At various times during the experimental period there
were problems that led to the data not being extracted at the given time. All the issues were related to
the experiment being run in a non-operational configuration. Fortunately staff at Spire were able to provide
the observations that would have been extracted by the main and update runs had the problems not been
encountered.

To test the impact of data from Spire in the NWP assimilation system a number of experiments were
run between 8" September and 8" December 2019. These used a low-resolution system that aims to
mimic the operational NWP system as closely as possible. The forecast model was run at N320 resolution
(640x480 grid-points on a latitude-longitude grid) and the data assimilation was run at N108 (216x162 grid-
points) and N216 resolution (432x324 grid-points). A hybrid 4D-Var data assimilation scheme was used,
as described by Clayton et al. (2013). The NWP model is the GA6 / GL8 configuration as described by
Walters et al. (2017). The first week of data was removed from the verification to avoid transient effects at
the start of the period. The “control” against which all other experiments will be judged is a run of the NWP
system with all currently operational observational data. This also includes GNSS-RO observations from
FY-3D and KOMPSAT-5 as they began to be used operationally on 10th December 2019. It also includes
the revised observation errors that were developed in Bowler (2019).

3.1 Removing all GNSS-RO data

The first experiment is to remove all the GNSS-RO observations, to understand the impact that the existing
observation network has. Figure 8 demonstrates that the existing RO network has a very large impact on
the quality of the forecast. The area of the triangles shows the size of the change relative to the control of
the the root mean square difference (RMSD) between the forecast and ECMWEF analyses. If the triangle fills
the box in which it sits, then this corresponds to a 20% change in the RMSD (or greater). The verification is
performed against ECMWF analyses, as this covers the globe evenly and is independent of the Met Office
modelling system. Verification against observations shows a similar pattern, but with smaller impacts overall
— one example scorecard is shown in section 3.4. If a change in the RMSD is judged to be statistically
significant by a two-sided Wilcoxon signed-rank test at the 5% level, then the area surrounding the triangle
is shaded. It is based on the difference in RMSD for each forecast cycle (12h apart) which are treated
as independent data points. The largest degradations in forecast quality are for temperature at 100hPa
and 50hPa, as might be expected. There are a few quantities where the forecast appears to be improved
by removing all RO data. Temperature at 250hPa in the tropics appears improved due to a reduction in
forecast bias. The bias is also improved by the introduction of Spire data (see below). Screen temperature
in the northern-hemisphere extra-tropics is also degraded, in terms of bias and standard deviation. It is not
clear why this is.

As will be shown below, the degradation caused by removing existing observations is much larger
than the benefit from adding additional observations. Harnisch et al. (2013) found that the increase in
ensemble spread caused by removing all GNSS-RO observations was approximately the same as the
decrease in ensemble spread from increasing the total number of occultations to 8000 per day in the
northern hemisphere and tropics, and to between 16,000 and 32,000 per day in the southern hemisphere.
The results below indicate that degradation in the Met Office’s system for losing all GNSS-RO observations
is larger than any reductions in RMSD seen from adding observations from Spire. The role of GNSS-RO in
anchoring the data assimilation was not tested by Harnisch et al. (2013), and this may be the cause of the
increased impact seen here. It is also likely that verification against ECMWF analyses overestimates the
impact of the denial of GNSS-RO observations in the short range, since the same observations are used
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in creating the ECMWF analyses. This only applies to observations before the verification time, so the
effect would diminish rapidly with increasing forecast lead time. However, the conclusion that the existing
observations provide a much larger benefit than supplementing the observation network remains when
performing the verification against observations (not shown).

3.2 Adding data from Spire

When assimilating Spire observations, observation uncertainties from the COSMIC-1 satellites were used.
The COSMIC-1 constellation performed well, and the innovation statistics from Spire are reasonably close
to these data. In addition the minimum error for a bending angle observation was raised from 3 urad to
6 urad, since we noted in Figure 1 that the observations from Spire have a larger standard deviation than
other satellites above 30km.

Figure 9 shows the impact from assimilating the observations from Spire that were available in near-
real time (that is, by the time that the main and update runs usually occur) in addition to all the data that
were used in the control. The prevalence of green upward-pointing triangles on this graph demonstrates
that there is a substantial benefit from the use of these observations. The main negative element in this
verification is screen temperature in the northern hemisphere extra-tropics at shorter lead times. Given that
this quantity was improved by removing all GNSS-RO observations this result does not seem to be specific
to Spire data.

Figure 10 shows a further experiment that uses 50% of the near-real-time observations from Spire to
test whether we see 50% of the benefit when using 50% of the data. The 50% of observations to use were
randomly selected from the available observations each cycle. Therefore they have similar data coverage
to the full set used in Figure 9, and this is not the same as using the observations from half of the satellites,
which would have a less regular data coverage. The overall pattern of the verification is very similar to that
seen for Figure 9 with positive impact for most variables. The negative impacts are also seen in very similar
locations. The overall impact is slightly larger than 50% of the impact from the full NRT set of observations,
as might be expected since the second 50% of the observations are added to an already well-observed
system. This conclusion may be affected by the metric used in the verification, as shown by Eyre and
Weston (2014).

Figure 11 shows the impact from assimilating all the Spire observations that were available after a delay
of 24h. This experiment demonstrates the impact that would be seen if all the observations were delivered
in time for the main run (including those for times that are after the main run cutoff). Thus the main and
update runs use the same number of observations from Spire, and this number is larger than the number of
observations seen by the update run in the NRT experiments. All the other observations use the standard
data cut-offs. The impact in this experiment is approximately 30% larger than the experiment assimilating
NRT observations.

Another way to assess the impact of assimilating new data is to consider the change in the RMS innova-
tion for other observation types. Figure 12 shows the change in the RMS innovation for the CrlIS instrument
on JPSS0 (NPP) and the IASI instrument on Metop-B. These are both hyper-spectral IR sounders, but their
results give a representative picture of the overall changes. As seen for the CrlS instrument, the general
pattern is that the standard deviation of the innovations have been reduced by the introduction of the extra
data. This is to be expected since the forecasts at short lead times have been improved. For the IASI
instrument, however, there is a group of channels where the standard deviation of the innovation has been
increased.

The channels where degradation in the innovations are seen are channels that are sensitive to tempera-
ture in the stratosphere and upper troposphere. None of the verification results (against radiosondes) have
degradations in the short-range temperature verification (not shown). So it is not clear why this degradation
is apparent for IASI, and mostly absent for CrlS, which is a very similar instrument.

11



Add Spire NRT

NH_W50 VN VN PV R anl
NH_W100 AlAiA alalaia sl anl
NH_W250 Alaiaiaiaialaial | anl
NH_W500 Alaiaiaiaiaiaiaf anl
NH_W850 sialaiaiaiaiaiaia anl
NH_W10m ciaiaiaiaiaiaiaiaiai. anl

NH_T50 siaiaiaiaiaiaiaia | anl

NHTI00| A A A A A a4aaassa|anl

NH_T250 A AA aaiaiais o ioialfoanl

NHT500| 4 s a aa s oa o o . | an

NH_T850 ninlolaioiolalololn anl
NH_T_2m VIV V VIV vivi)y anl

NH_Z50 A'AAAAAA A A A & af anl

NH_Z100 AAAAAA’A AAiAis i anl

NH_Z250 A A A A Aalaia] : ~| anl

NHZ500| 4 a a a s a s s - . - | an

NH_Z850 v sialaialad anl

TR_W50 AA A Alslals anl
TR_WlOO AAA A A A A als alaa| anl
TR_W250 A Alalaiaiais anl
TR_W500 A aiaiaa o wiuiuiaia s oanl
TR_W850 LR L DR LS R B anl
TR_W10m N anl

TRT50] AAAAAAAAA A A a| anl

TR_TlOO A A AIA A s s anl

TR_T250 AA A A A A A A A s a a| anl

TR_T500 AA A A Alala anl

TR_T850 R S RS S e -1l
TRT2m| | i S anl

SH_W50 A A A A A A aaiaialala]l anl
SH_W].OO A A A A AA AIA AA A Al anl
SH_W250 A A A A A A A A A & a 4| anl
SH_W500 A AA A A A & aia aa sl anl
SH_W850 aiaiaiaiaiaiaiaiaiaiaiafoanl
SHWIOM|.+ & a a a'a a a a a a . a| anl

SH_T50 AAAAAAAA A A A A| anl

SH_T100 A A A A A A A A A a2 4| anl

SH_T250 A A A A A als s anl

SH_TSOO AA A A A A A A A A A 2| anl

SH_T850 . aiaiaiaiaiaia| anl

SHT2m| -~ . . .s 4 s s a s anl

SHZ50| AAAAAAAAA A .+ anl

SH_Z100 AAAA A A A & 4 +is 4| anl

SH_Z250 AAAA A A A A A A A A| anl

SH_Z500 A'AAA A A A A A A A A| anl

SH_Z850 A A A A A A A A A A A A| anl

'_
e e s

Figure 9: Forecast verification scorecard using real-time observations from Spire in addition to the current
observation network. Figure format as Figure 8.
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Add 50% Spire NRT
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Figure 10: Forecast verification scorecard using 50% of the near-real-time data from Spire in addition to
the current observation network. Figure format as Figure 8.
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Add all Spire
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Figure 11: Forecast verification scorecard using all the observations from Spire in addition to the current
observation network. Figure format as Figure 8.

Figure 12: Change in the RMS innovation between the experiment assimilating all the observations from
Spire and the control. The innovations are calculated over the period for the CrIS instrument on JPSS0
(NPP) (top) and the IASI instrument on Metop-B (bottom).
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The experiments assimilating varying amounts of data from Spire have shown substantial positive im-
pacts across many variables. The tests using varying numbers of observations have indicated that greater
benefit is seen with a greater number of observations. There are negative impacts in screen temperature in
the northern-hemisphere extra-tropics. This mirrors an improvement seen in this quantity when removing all
GNSS-RO data. This negative impact is also seen in the short range when verifying against observations
(see section 4).

3.3 Comparison with Metop-C

By launching a large number of small satellites Spire is aiming to provide a very large number of observa-
tions. These observations are expected to be of lower quality than those from larger satellites. The GRAS
instrument on Metop, for instance, uses an ultra-stable oscillator and the receiver exhibits very low thermal
noise (C Marquardt, personal communication) which means that its observations are particularly accurate
at high levels. The ultra-stable oscillator has relatively high power consumption, which means it is not suit-
able for use on a small satellite. The low noise from Metop can be seen in the standard deviations above
30km in Figure 1. However, for NWP the performance at lower levels is more important than at higher
levels. Therefore it is interesting to compare the benefit seen in NWP between observations from Metop
with those from Spire.

Figure 13 shows the impact from the removal of observations from Metop-C. The forecast scores are
widely worse without these data, as shown by the blue downward-pointing triangles across the scorecard.

Figure 14 shows the impact of removing the observations from Metop-C and including an equivalent
number of observations from Spire. The number of observations added has been chosen to give an approx-
imately equal amount of data assimilated. The difference in the assimilated data volume is approximately
0.16%. The change in performance for replacing the data source is mixed, with some small decreases
and increases in RMSD for some variables. Most of the changes in the forecast skill are not statistically
significant. Therefore although we see that observations from Spire and Metop-C are of similar benefit to
the forecast scores, it is not possible to conclude which are more beneficial.

The Met Office uses quality control (QC) flags generated by the Danish Meteorological Institute (DMI)
that remove around 30% of the data from Metop. Therefore a greater amount of raw data from Metop is
used in this comparison. This is likely to change in the coming year due to processing changes expected
by EUMETSAT. The observations from Spire have been selected by making a random selection from the
full set of observations. Therefore the data from Spire are coming from a large number of satellites, but
observations from Metop-C are taken from a single satellite. Many of the Spire satellites are in a very
similar orbit, meaning that it is not clear how important this factor is.

We have seen that removing the observations from Metop-C brings a clear degradation to the over-
all forecast performance. Replacing that with an equivalent amount of data from Spire gives equivalent
performance for NWP.

3.4 Extrapolation of impact

The scorecards shown in this report summarise the change in the NWP forecast performance across a
range of variables. It is common practice to summarise the change in performance into a single number by
finding the average percentage change in RMSD across all the variables and lead times. Here we consider
how this overall impact varies with the number of GNSS-RO observations assimilated. Figure 15 shows
the overall impact (measured as the percentage reduction in RMSD across a range of variables against
ECMWEF analyses and observations) as a function of the total number of observations. A linear best-fit
for observations and ECMWF analysis is also shown on the graph, including the equation that defines this
line. Looking back at the results of Harnisch et al. (2013) it appears that these results also fit closely to a
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Figure 13: Forecast verification scorecard using the current observation network, minus the observations
from Metop-C. Figure format as Figure 8.
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Replace Metop-C with Spire
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Figure 14: Forecast verification scorecard using the current observation network, minus Metop-C and
adding an equivalent amount of Spire data. Figure format as Figure 8.
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Figure 15: Overall impact of assimilating various numbers of GNSS-RO observations compared with the
control. A linear fit against the logarithm of the number of occultations per day is shown. The control against
which changes are measured is at x = 11.07, with points to the left of this representing the experiment
removing Metop-C observations.

logarithmic dependence. Therefore it seems that the results here are somewhat consistent with those of
Harnisch et al. (2013).

Harnisch et al. (2013) used a simple fitting function based on the square root of the number of observa-
tions to approximate the ensemble spread for 128,000 profiles, based on the results for 32,000 and 64,000
profiles. Eyre and Weston (2014) showed that the analysis “accuracy” (the inverse of the analysis-error
covariance) should scale with the inverse of the number of observations, although note that this is the total
analysis “accuracy” not the change in RMSE shown here. Therefore we note that the logarithmic fit given in
Figure 15 is an empirical relationship and is not supported by a theoretical understanding. Various attempts
have been made to fit the change in the RMSD with a power of the number of occultations, but these were
unsucessful.

The linear best-fit allows us to estimate the expected impact from introducing additional observations.
From these we would expect that a doubling of the total number of GNSS-RO observations would lead to
a 0.71% reduction in the RMSD as measured against ECMWF analysis and a 0.38% reduction against
observations. Obviously, such numbers are purely estimates and should be treated with a healthy degree
of skepticism. Given that the reduction in the RMSD for adding observations to the NWP system decreases
with the number of observations that are present, it may be the case that estimates of the impact per
observation (such as FSOI (Cardinali, 2009)) need to consider this effect.

4 Verification against observations and with standard deviation

So far the verification has focused on comparisons with ECMWF analyses, since these are highly accurate
and evenly distributed around the globe. Impacts against observations are generally similar, but smaller
in magnitude. Figure 16 shows the scorecard for assimilating all Spire observations that are available in
NRT verified against observations. Comparing this with Figure 9 shows that the pattern of the change in
RMSD is very similar, but smaller in magnitude. Two possible reasons for the difference in magnitude of
impact between the two verifications are as follows. Firstly, that GNSS-RO observations are likely to have
greater impact over the oceans, since there are fewer conventional observations and their benefit in bias
correcting satellite radiance observations will also be concentrated over regions where radiances are used
more. Secondly the noise in a radiosonde observation is typically larger than that in the ECMWF analyses,
and this reduces the apparent improvement from an increase in the forecast skill.
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Add Spire NRT, observations
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Figure 16: Forecast verification scorecard using real-time observations from Spire in addition to the current
observation network. Figure format as Figure 8, but verification against observations.
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Add Spire NRT, standard deviation
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Figure 17: Forecast verification scorecard using real-time observations from Spire in addition to the current
observation network. Figure format as Figure 8, but verification using the standard deviation instead of the
RMSE.

The improvement in RMSD can be a result of changes in the forecast bias as well as reducing the
random errors of the forecast. In order to help separate these factors Figure 17 shows the change in the
forecast standard deviation when adding near-real-time observations from Spire. This should be compared
with Figure 9. The overall pattern of improvement is rather similar, although many of the impacts are smaller
with the use of standard deviation. Since GNSS-RO data generally reduces the forecast biases it should
be expected that the change in RMSD is benefitting from the reduction in the biases.

Earlier in this paper it was noted that the RMSD of forecasts of 250 hPa temeprature in the tropics was
reduced when removing all GNSS-RO observations from the assimilation (Figure 8). Figure 18 shows the
standard deviation and bias of forecasts of this quantity as a function of lead time. This shows that removing
all GNSS-RO observations reduces the bias of the forecasts, and this leads to the reduction in the RMSD
measured against ECMWF analyses. Similar behaviour is seen against radiosondes. At the same time
removing these observations increases the standard deviation, but it is the bias change that is dominant
in the RMSD calculation. Interestingly, adding the near-real-time observations from Spire also reduces the
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Figure 18: Standard deviation and bias of forecasts of 250 hPa temperature measured against ECMWF
analyses as a function of lead time.

bias as well as reducing the standard deviation. Thus, both removing and adding GNSS-RO observations
improves the forecast bias — this is not well understood. Given that ECMWF analyses and radiosonde
observations may have biases there may be interactions between these data sources.

5 Conclusion

GNSS-RO observations have been produced by Spire, and its quality has been evaluated. The amount of
data provided more than doubles the number of observations compared to that which is currently used op-
erationally, although noting that the COSMIC-2 constellation will also do this, and will soon be operationally
available in NRT. The statistics of the innovations are similar to those from established satellites. The mean
innovation is very similar, with hardly any difference between Spire and FY-3C. Above 30km the standard
deviation of Spire innovations is larger than other satellites. Below 30km the standard deviation is similar
to, or smaller than other satellites. This is due to differences in the vertical smoothing of the observations,
as seen in the vertical correlation of the innovations. The vertical correlations for Spire data are larger than
other satellites, but not excessively so.

Observations from the different GNSS constellations perform in a broadly similar manner. Many of the
differences that are seen are due to different latitundinal sampling of the observations. In addition to this
it appears that observations from GLONASS and Galileo have slightly larger standard deviations above
30km, and observations from Galileo have larger biases in the tropical troposphere. This bias has been
reduced, and some of the remaining problems are due to the presence of some of the older satellites in the
Spire constellation.

The time taken to receive data from Spire is similar to that from operational satellites, this assessment
is complicated by Spire’s reprocessing of the observations. Although much of the data is quick to arrive,
some observations take much longer to progress to the AWS servers. Improving the timeliness of the data
supply is an ongoing development by Spire (D Masters, personal communication). A similar percentage of
data makes the Met Office’s cut-off for the main and update runs to that for data for the FY-3C satellite.

Tests with the Met Office’s NWP system demonstrate the substantial benefits to forecast quality that
GNSS-RO data brings. Assimilating observations from Spire in addition to the current operational network
brings substantial benefits to forecast performance. These benefits are seen for almost all forecast variables
and lead times. However, the reductions in the RMSD are much smaller than the detriments seen from
removing all operational GNSS-RO observations, despite this being a smaller number of observations.
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Removing data from Metop-C and at the same time including an equivalent number of observations
from Spire leaves the system approximately unchanged. Therefore we conclude that the two data sources
are of similar quality. There are factors which make direct comparison of quality difficult. The Met Office
uses aggressive quality control on observations from the Metop satellites meaning that more raw data
from Metop-C is used in this comparison. In addition the sub-selection of Spire observations was random,
leading to an even distribution of observations across the globe.

The reduction in the RMSD when assimilating additional GNSS-RO observations is seen to be ap-
proximately proportional to the logarithm of the total number of observations assimilated. Although not
supported by theoretical arguments, this is consistent with the results of Harnisch et al. (2013). The impact
of GNSS-RO data is seen to be larger when measured against ECMWF analyses than when measured
against observations. Doubling the total number of observations assimilated decreases the RMSD by ap-
proximately 0.71% (ECMWF analyses) or 0.38% (observations).

These results have looked at the performance of GNSS-RO observations from one commercial com-
pany (Spire) when using one NWP system (the Met Office’s). It would be beneficial to extend this study
to compare multiple sources of additional observations using multiple NWP systems to improve the confi-
dence in these conclusions.
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