
HAL Id: hal-04622248
https://hal.science/hal-04622248v1

Submitted on 22 Oct 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

A global observing-system simulation experiment for the
EPS–Sterna microwave constellation

Louis Rivoire, Robin Marty, Thomas Carrel-Billiard, Philippe Chambon, Nadia
Fourrié, Olivier Audouin, M. Martet, Camille Birman, Christophe Accadia, Jörg

Ackermann

To cite this version:
Louis Rivoire, Robin Marty, Thomas Carrel-Billiard, Philippe Chambon, Nadia Fourrié, et al.. A global
observing-system simulation experiment for the EPS–Sterna microwave constellation. Quarterly Journal of
the Royal Meteorological Society, 2024, 150 (762), pp.2991-3012. ⟨10.1002/qj.4747⟩. ⟨hal-04622248⟩

https://hal.science/hal-04622248v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


OR I G I N A L A RT I C L E
Jou rna l Se c t i on

A global Observing System Simulation Experiment
for the EPS-Sterna microwave constellation

Louis Rivoire1 | Robin Marty1 | Thomas Carrel-Billiard1

| Philippe Chambon1 | Nadia Fourrié1 | Olivier
Audouin1 | Maud Martet1 | Camille Birman1 |
Christophe Accadia2 | Jörg Ackermann2

1CNRM, Université de Toulouse,
Météo-France, CNRS, Toulouse, France
2EUMETSAT, Eumetsat Allee 1, 64295
Darmstadt, Germany
Correspondence
Philippe Chambon, CNRM, Université de
Toulouse, Météo-France, CNRS, Toulouse,
France
Email: philippe.chambon@meteo.fr
Funding information
EUMETSAT, contract number
EUM/COS/LET/21/12484

A constellation of microwave sounders named EPS-Sterna is under study at
the European Organisation for the Exploitation of Meteorological Satellites (EU-
METSAT), with the aim of complementing the backbone orbits of the global ob-
serving system in Low Earth Orbit. The satellites of this constellation would
be similar to the Arctic Weather Satellite (AWS) which is being developed by
the European Space Agency (ESA). The microwave sounder onboard AWS is
equipped with temperature sounding channels around the 50 GHz oxygen ab-
sorption band, water vapour sounding channels around the 183 GHz and 325
GHz absorption bands as well as window channels at 89 and 165 GHz. An Ob-
serving System Simulation Experiment (OSSE) has been conducted at the Centre
National de RecherchesMétéorologiques (CNRM) to evaluate the impact of this
constellation on Numerical Weather Prediction (NWP) at the global scale with
the ARPEGE (Action de Recherche Petite Echelle Grande Echelle, Bouyssel et al.
(2022)) model. Two periods ranging from August to October 2021 and Decem-
ber 2021 to February 2022 have been chosen to compute the nature run and
to run 4D-Var data assimilation experiments. As validation of the OSSE frame-
work, the impact of a Metop-B denial experiment in the OSSE is compared to
the impact of a Metop-B denial with real observations. This comparison shows
that the Metop-B denial impacts are very similar in the OSSE and with real ob-
servations, with the OSSE slightly overestimating the impact. Then, the impact
of various scenarios for the EPS-Sterna constellation are assessed by computing
forecast errors, fractions skill scores andmoist global energy norms, and compar-
ing to the results of a baseline experiment without the EPS-Sterna constellation.
Significant and positive improvements of the forecasts are found up to 96h, for
every variable tested, with an impact increasing with the number of satellites.
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1 | INTRODUCTION29

Microwave sounding instruments, usually flying on high-performance and large platforms, have proven to be a major30

source of information for Numerical Weather Prediction (NWP) by providing temperature and humidity sounding31

information in all weather conditions. With the improved usage of these data, and in particular the advent of all-sky32

assimilation (Geer et al., 2017), their impact on forecast skill drastically improved (Duncan et al., 2021). Unfortunately,33

the number of available microwave sounders will likely decay in the next few years, with several ageing platforms34

being at the very end of their life time. Yet, with the advent of the miniaturisation of the sensors, small satellites35

are envisioned to complement the CGMS (Coordination Group for Meteorological Satellites) 3-orbit baseline and to36

improve the temporal resolution of the observations. In particular, in 2024 ESA plans to launch the AWS satellite (cf37

the ESAwebsite ESA, 2023a). This small satellitewill carry a 19-channelmicrowave radiometer, providing temperature38

(near 50 Ghz) and humidity (near 183 Ghz) soundings of the atmosphere. Additionally, the AWS instrument will carry39

four sounding channels at 325 GHz, not flown before on a space-borne instrument. EUMETSAT, together with ESA, is40

currently studying the added value of launching a constellation of small satellites carrying microwave sounders, called41

the EPS-Sterna constellation, with satellites very similar to AWS.42

In order to support decision making by space agencies, evaluations of the potential benefits of envisioned future43

satellites is crucial. Differentmethodologies exist tomeasure these benefits, such as EnsembleData Assimilation (EDA)44

or Observing System Simulation Experiments (OSSE) (Bormann et al., 2023). In this article, we assess the impact of45

the EPS-Sterna constellation using the OSSE methodology, building on Météo-France’s past experience conducting46

OSSEs for other observing systems (Guedj et al., 2014; Duruisseau et al., 2017; Coopmann et al., 2023). An OSSE47

mimics a real NWP system with simulated data by providing forecasts with realistic errors compared to a known48

truth. Existing observations as well as new satellite instruments are simulated, thus deriving the impact of such new49

measurements on the quality of the forecasts and eventually comparing the utilities of competing designs. Such a50

methodology has already been developed in different institutes (Errico et al., 2013) and has already given insightful51

evaluations of the impacts of future observing systems, e.g. Stoffelen et al. (2006); Masutani et al. (2010); Privé et al.52

(2022).53

This article presents an evaluation of the potential impact of the EPS-Sterna constellation on NWP, using an OSSE54

generated with the global model ARPEGE. Various scenarios are studied, with the number of satellites ranging from55

three to eight. First of all, an overview of the OSSE framework, its construction and its calibration is given in section56

2. Then, the experimental set-up and verification methods are presented in section 3. Finally, the validation of the57

OSSE and the results of the impact study are given in section 4. Conclusions are then given in section 5.58

2 | OBSERVING SYSTEM SIMULATION EXPERIMENT FRAMEWORK59

2.1 | General framework60

AnOSSE is a replica of a real NWP system, in an entirely simulated environment. Thus, it has the capability to assimilate61

existing observation types but also envisioned ones. It can also compare the realistic forecasts to the simulated62

atmosphere, which is perfectly known. It requires several ingredients:63

• A nature run, considered as true state of the atmosphere for observation simulation and forecast verification. It64

consists of a long, uninterrupted forecast and produces a realistic evolution of the atmosphere.65

• Simulated observations, generated using the nature run, to which an appropriate noise is added to simulate mea-66
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F IGURE 1 Description of the framework of the OSSE, with and without the EPS-Sterna constellation.

surement errors.67

• A NWP model, used to compute the best estimates of the atmospheric state given the simulated observations68

and to produce weather forecasts.69

A simplified description of the OSSE framework is provided in figure 1. The forecasts generated by the NWP70

model for a given assimilated observing system are compared with the nature run, which is used as reference for71

verification, to obtain forecast errors. Then these errors are compared among the experimentswith different observing72

systems.73

2.2 | The nature run74

The nature run consists of a long and uninterrupted forecast. It is used to provide a realistic evolution of the atmo-75

sphere, which serves as a reality for our study. We consider that this simulated atmosphere is the true state of the76

atmosphere and we use it to simulate the observations (first row in figure 1), to initialise the assimilation (not shown77

on figure 1) and to verify the forecasts produced by the NWP model (second and third rows in figure 1).78

The nature run is generated with ARPEGE cycle 46t1 (Bouyssel et al., 2022), which is the global NWP model79

operationally used at Météo-France since June 2022. One specificity of ARPEGE is that it is characterised by a tilted80

stretched grid. Using the spectral truncation TL1798 and a stretch factor of 2.2, which is the current operational81
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setup, leads to a horizontal resolution of about 5 km over Europe and about 24 km at the antipodes. The physical82

parametrizations used within the nature run are further described in Bouyssel et al. (2022); one main difference83

with the parametrizations presented in this paper is the use of the Tiedtke convection scheme (Tiedtke, 1989) which84

has been implemented in the Integrated Forecasting System (IFS) at ECMWF for many years and is now also used85

in the operational version of ARPEGE. A daily sea surface temperature (SST) forcing has been set up using OSTIA86

analyses (Operational Sea Surface Temperature and Sea Ice Analysis Stark et al. (2007)) in order to ensure a realistic87

SST evolution over the period.88

Two four-month datasets are generated with outputs every 30 minutes, each of them having a 1-month spin-89

up period: the first from July to October 2021 (July is the spin-up month) and the second from November 2021 to90

February 2022 (November being the spin-up month).91

Several validation procedures were performed on the nature run. In particular, one verification was to check92

that the mean fields were not strongly deviating from the operational forecasts after several months of independent93

run time. Mean global differences between the nature run atmospheric fields (temperature and humidity) and the94

operational ARPEGE analyses have therefore been performed for the two periods. In the case of temperature at 90095

hPa, themean global differences do not exceed 0.5 K (0.41 K after 2months for the summer period and -0.11 K after 296

months for the winter period). Note that ARPEGE has already been used and validated for seasonal predictions (Batté97

and Déqué, 2016) and climate predictions (Roehrig et al., 2020), which includes a validation of its representation of98

clouds and precipitation against observations.99

2.3 | The data assimilation system100

In this study, two flavours of the same data assimilation (DA) framework are constructed: one with the ability to101

assimilate simulated observations, the other using real observations for validation purposes. The first is presented in102

the second and third rows of figure 1. The second uses real observations, and is created to conduct an Observing103

System Experiment (OSE), in order to validate the OSSE framework, as presented in section 4.1. The common aspects104

between the two flavours are presented as follows:105

• A 4D-Var system using 6 h cycling and 30 min time slots. The analysis performed every six hours uses a rela-106

tively long cut-off (the cut-off is the time at which the analysis computation begins), of +3 h after the end of107

the assimilation window, long enough to collect the vast majority of available measurements before starting the108

computation.109

• Everyday at 00:00 UTC, one long forecast up to +102 h is performed. This long forecast is based on an analysis110

which uses a relatively short cut-off (02:15 UTC) as ARPEGE in operations, thus collecting less measurements111

than the analysis performed with a long cut-off.112

• The forecasts are run at a lower resolution than the nature run at spectral truncation TL798 and stretch factor113

2.2, which leads to a resolution of about 10 km over Europe and about 61 km at the antipodes.114

• The radiative transfer code RTTOV-SCATT v12 (Saunders et al., 2018) is used as the forward operator for radiance115

assimilation.116

• The convection scheme used for forecasts as well as trajectories in the assimilation is the so-called Bougeault117

convection scheme (Bougeault, 1985), and was the scheme operationally used at Météo-France before switching118

to the Tiedtke convection scheme.119

However, several differences are introduced between the OSSE and OSE in order to make the OSSE numerically120
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cost effective:121

• Only the atmospheric data assimilation system is run for the OSSEs and not the surface data assimilation. In the122

OSSE experiments, the surface fields are down-scaled from the nature run.123

• background errors are used for all OSSE experiments, compared to the flow-dependent background errors which124

are used in operations (Berre and Desroziers, 2010; Berre et al., 2015).125

• No bias correction scheme is used in the OSSE framework. The bias of first-guess departure distributions was126

indeed checked for several observation types and sensor kinds and was considered negligible.127

One pitfall that needs to be avoided when building an OSSE framework is the so-called “identical twin” problem128

(presented in Stoffelen et al. (2006) or Masutani et al. (2010)). If the exact same model is used for the nature run129

and data assimilation and forecasting system then the simulated observations effectively match the forecasts, which130

spuriously under-represents model error leading to erroneous impact assessments. In order to avoid this problem,131

several differences were designed between the nature run and the data assimilation system. This type of framework,132

consisting of the same model ARPEGE but with various differences, is called a "fraternal twin" OSSE. The nature run is133

configured at the higher TL1798 resolution with Tiedke convection compared to the data assimilation and forecasting134

system at the lower TL798 resolution with Bougeault convection, enabling an appropriately larger model error growth135

in the forecasting system. The forecast error growth obtained with this setup will be compared to a reference error136

growth in section 4.1.137

2.4 | Simulation and calibration of a synthetic observing system138

Numerous observations are simulated in the OSSE in order to represent a real distribution of observations as being139

used by the real NWP model. A list of the observing systems considered in the control experiment is given in table 1.140

Of all the observations being operationally assimilated in ARPEGE in 2021, several instruments have been removed141

from this baseline in order to mimic the observing system foreseen for 2030, when the EPS-Sterna constellation could142

be at the start of its deployment.143

Among the discarded instruments, the Doppler Wind Lidar AEOLUS and some microwave sounding instruments144

have been removed and are thus not simulated. A follow-on mission to the Doppler Wind Lidar is currently being145

considered, similarly to the EPS-Sterna program, therefore AEOLUS has been removed in order to focus on discerning146

the actual contributions coming from EPS-Sterna. Similarly, at the beginning of this study, no satellite was planned147

for 2030 at the local time of ascending node for the following instruments: MWHS2 onboard FY-3C, SSMIS onboard148

DMSP-F18, AMSU-A and MHS onboard NOAA-19. Thus, these instruments have not been included in the baseline149

observing system in order to measure the impact of the EPS-Sterna constellation. As can be seen in table 1, the150

baseline includes the equivalent of 7 microwave sounding platforms with both temperature and humidity channels:151

ATMS (temperature and humidity) on board SNPP andNOAA-20, the combination of AMSU-A (temperature) on board152

NOAA-15 and SSMIS (humidity) on board DMSP-F17, AMSU-A (temperature) and MHS (humidity) on board NOAA-153

18, Metop-B anc Metop-C, and MWHS-2 (temperature and humidity) on board FY-3D.154

In the version of ARPEGE used in this study, MHS, GMI, AMSR2 and MWHS-2 are assimilated in all-sky condi-155

tions (as presented in table 1), following the ECMWF methodology (Geer et al., 2017). The microwave radiometers156

assimilated use the default hydrometeor optical properties from RTTOV-SCATT v13.0 (Geer et al., 2021).157

To simulate the observations, we follow this procedure: (i) we use the geographical and temporal location of real158

observations for the geographical location of simulated observations, in order to ensure a realistic sampling of the159
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Measurement type Instrument
Surface Surface stations, ships and buoys

Wind profilers
Altitude Radiosondes

Aircraft measurements
Satellite Atmospheric Motion Vectors (AMVs) from Meteosat, GOES, Himawari

Clear-sky radiances from Meteosat, GOES, Himawari
Clear-sky microwave sounding data from ATMS (onboard NOAA-20 and SNPP),

AMSU-A (onboard NOAA-15, NOAA-18, Metop-B and Metop-C), SSMIS (onboard DMSP-F17)
All-sky microwave sounding data from MHS (onboard NOAA-18, Metop-B and Metop-C),

GMI (onboard GPM), AMSR2 (onboard GCOM-W), MWHS-2 (onboard FY-3D)
Hyperspectral infrared data from IASI (onboard Metop-B and Metop-C), CrIS (onboard NOAA-20)

Scatterometer winds
GNSS radio occultation data

TABLE 1 Description of the various observing systems simulated and assimilated in the control experiment.

atmosphere, except for the Atmospheric Motion Vectors (AMVs) for which the geographical locations do not match160

the clouds in the OSSE but the real clouds as in operationally used data, (ii) we apply the observation operators from161

the ARPEGE operational code to the nature run, (iii) we add Gaussian noise to the simulated observations in order162

to account for instrumental errors. The noise is assumed to be uncorrelated for most observations, except for the163

hyperspectral infrared instruments for which correlated noise is considered.164

Using the observation location of real observations ensures a realistic geographical distribution of the datawithout165

the use of an orbital simulator for each satellite, or the use of a flight simulator for aircraft data, etc. It also only takes166

into account the observations which have been received in time for being assimilated within the operational ARPEGE167

system. It ensures that all observing systems have their time of dissemination taken into account, with the time of168

dissemination being the latency between measurement and availability in the model.169

A calibration of the noise added to the simulated observations is performed in order to have a weight in the170

assimilation similar to that of real observations. The calibration procedure applied is similar to the one adopted for171

the previous OSSEs conducted at Météo-France (Guedj et al., 2014; Duruisseau et al., 2017; Coopmann et al., 2023).172

The calibration is performed by tuning the magnitude of perturbations added to the simulated observation. This is an173

iterative process, which aims at having no statistically significant differences at the 99% confidence level between the174

first-guess departures statistics of real and simulated observations. The calibration ensures that each observing system175

will have impacts in the OSSE similar to the impacts of a real NWP system. Indeed, if the simulated observations are176

not perturbed enough, they will then be characterized by too low first-guess departures statistics. This means that177

the simulated observations will be too accurate, the analysis and forecasts will be overly constrained and thus be178

much more difficult to improve. On the other hand, if the perturbations assigned to simulated observations are too179

high (thus giving large first-guess departure statistics), the observations will not be accurate enough. In this case the180

analysis and forecasts will not be constrained enough, thus adding a new observing system will have an impact larger181

than what it would have in reality. Note that ideally, the instrumental noise of each observing system should be used182

as noise for the simulated errors, however they are not necessarily accessible for all the observation kinds.183

The calibration process is iterative as mentioned above and follows the procedure presented hereafter: (i) we184

simulate an initial set of observations, using specific perturbations for each observation, (ii) we run a 15-day data185



Rivoire et al. 7

assimilation experiment, using the initial set of simulated observations and the assimilation framework presented in186

section 2.3, (iii) we compute the standard deviation of first-guess departures over the 15 days and we compare them187

with real first-guess departures from real observations, (iv) we derive new perturbations and a new set of simulated188

observations.189

This process has been repeated seven times. As an example, for MHS channel 5 in the OSSE, the noise applied190

after the seven iterations is characterised by a standard deviation of 0.23 K; this number can be compared to the Noise191

Equivalent Delta Temperature (Ne∆T) of MHS channel 5 onboard Metop-B and C around 0.15 K when a superobbing192

is taken into account. In this particular case, the noise derived from the calibration is therefore higher than the Ne∆T193

of real observations. This comparison has been performed on a number of cases (not shown) and the noises derived194

from the calibration are sometimes very close to the instrumental noise, and sometimes lower or higher than the195

instrumental noise but always of the same order of magnitude. These differences between real instrumental noise196

and simulated instrumental noise give evidence that the differences between the nature run and the OSSE do not197

fully match the differences between a real NWP system and reality as will be evaluated in section 4.1.198

With this calibration, the first-guess departure statistics presented in figure 2 are obtained. In this figure, positive199

values indicate larger first-guess departure standard deviations for the simulated data than for real data. Most of200

the blue error bars (after calibration) presented on this figure cross the zero line, which indicates that the calibration201

procedure has reached the point that there are no more statistically significant differences between first-guess depar-202

ture standard deviations, for conventional and satellite observations. Note that in some cases, first-guess departure203

standard deviations of simulated data are still slightly above or below those of real observations. This means that the204

noise amplitudes may be further tuned by other rounds of calibration. However, one of the most important aspects205

that the calibration should result in is to obtain realistic impacts of observations, and in particular at forecast ranges206

longer than 6 h.207

Two aspects will therefore be checked: the first one is the forecast error growth of the control experiment and208

the second one is the impact of a denial of one observing system. This validation will be performed by comparing209

the results from the OSSE, which uses simulated observations, and the OSE, which uses real observations. These two210

aspects will be described in section 4.1.211

2.5 | Simulation of the EPS-Sterna constellation212

The EPS-Sterna constellation consists of small satellites orbiting at 595 km of altitude, each of them carrying an213

instrument with microwave sounding capability further described below. Five different scenarios for the EPS-Sterna214

constellation have been considered. They are named using the following syntax: OPn-mSAT,with “n” being the number215

of orbital planes on which the satellites are distributed and “m” being the total number of satellites in the scenario.216

A detailed description of the scenarios explored can be found in table 2. Note that in the selected baseline, the217

remaining microwave sounders are characterised by planes with local times at descending node (LTDNs) of 01:30 (FY-218

3D, NOAA-20, SNPP, so called afternoon orbits), 06:30 and 07:00 (DMSP-F17, NOAA-15, so called early morning219

orbits) and 09:30 (NOAA-18, Metop-B, Metop-C, so called mid morning orbits) (CGMS, 2022). The LTDNs of EPS-220

Sterna planes (03:30, 05:30, 07:30 and 11:30) therefore complement the baseline well.221

Unlike for the other simulated observations, the geographical locations and times of observation have been de-222

rived from an orbital simulator for each scenario.223

With 19 channels centred around 50 GHz, 183 GHz and 325 GHz (plus complementary window channels), the in-224

strument on board these satellites has both a temperature and a humidity sounding capability, combining the strength225

of AMSU-A and MHS sensors onboard Metop. Details on the channels of the instrument of EPS-Sterna, including226
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F IGURE 2 Relative first-guess departure standard deviations computed over the globe during 18 days from
14/08/2021 to 31/08/2021, for various observing systems after quality control. The zero line corresponds to
first-guess departure standard deviation of real observations. Error bars indicate statistical significant results at the
99% confidence level; in the grey shaded areas, points are at a distance from the reference lower than 10%.
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Scenario name Nb of satellites Planes Repartition of the satellites over planes
OP3-3SAT 3 P1, P2 and P3 1 satellite per plane
OP2-4SAT 4 P1 and P2 2 satellites per plane
OP3-4SAT 4 P1, P2 and P3 2 satellites on P1, 1 satellite on P2, 1 satellite on P3
OP3-6SAT 6 P1, P2 and P3 2 satellites per plane
OP4-8SAT 8 P1, P2, P3 and P4 2 satellites per plane

TABLE 2 Description of the various scenarios used for the EPS-Sterna constellation in terms of orbits. The Local
Time of Descending Node of the planes are the following: 03:30 LTDN for plane 1 (P1), 11:30 LTDN for plane 2 (P2),
07:30 LTDN for plane 3 (P3) and 05:30 LTDN for plane 4 (P4). When two satellites are on the same plane, the
relative phasing between them is 180 degrees. The relative phasing between satellites on different planes is also
optimised : e.g. the relative phasing is shifted by 90 degrees between the satellites on P1 and P2 in the OP2-4SAT
scenario.

the individual Ne∆T values, can be found in table 3 and more characteristics can be found on the ESA website (ESA,227

2023b). The EPS-Sterna observations are simulated using the same process as described in section 2.4. The simulated228

observations are perturbed using the listed Ne∆T divided by a factor of three, to account for a 3x3 superobbing of229

the observations (raw Ne∆T corresponding to a sampling time of 0.0025 s). This superobbing has been applied to230

EPS-Sterna observations the same way it is applied to the observations of other microwave instruments assimilated231

within ARPEGE. Compared to the other observing systems, EPS-Sterna observations are therefore the only one to232

have their real instrumental noise taken into account, as there is no point of comparison with real observations. This233

adds an uncertainty onto the evaluation of EPS-Sterna impact within the OSSE framework.234

Channel 1 (50.3 GHz), channel 2 (52.8 GHz), channel 3 (53.246 GHz), channel 9 (89 GHz) and channel 10 (165.5235

GHz) have not been actively assimilated in this study as a first approach to focus on the impact of the upper tropo-236

spheric channels, insensitive to the surface. Channels 16 to 19 (325 GHz) have also been discarded from the assim-237

ilation and will be the subject of a future study dedicated to sub-millimetric frequencies. In terms of quality control,238

a horizontal thinning of 100 km is applied to the simulated orbits to avoid horizontal observation error correlation,239

and observations with a brightness temperature lower than 243 K are not assimilated in order to avoid cold surfaces.240

Observations over lakes and coastal areas are also avoided. Low-peaking channels are not assimilated over high moun-241

tains, depending on their weighting functions. Figure 3 shows OP3-6SAT observations for channel 11 (176.311 GHz)242

during a 6 h cycle, and which passed the various quality controls. Channels 4 to 8 and 11 to 15 are assimilated using243

the all-sky route developed at ECMWF. In order to do so, observation error models (Geer and Bauer, 2011) have been244

tuned for each channel of the instrument, choosing as initial implementation the same scattering index (difference245

between channels 9 and 10) for all channels and all surface type. Note that this cloud predictor has been well used for246

humidity channels but is likely sub-optimal for temperature channels (Duncan et al., 2022); this could be improved in247

a future assessment of EPS-Sterna as it will be mentioned in section 5. Various observation error model parameters248

have been tested (not shown) and the set of observation errors providing the best compromise have been retained249

for this study. The clear-sky observation errors used over oceans and land are presented in table 3. Note that the250

clear-sky errors for humidity channels are relatively high in order to minimize a degradation in the short range in the251

Tropics, which will be further described below.252

For the production cycle centered at 00:00 UTC each day (which is used to compute the +102 h forecasts), only253

the Sterna observations between 21:00 UTC the day before and 00:45 UTC are used, in order to replicate the ARPEGE254

operational NWP context. Indeed at Météo-France, the ARPEGE operational run has to be launched at 02:15 local255
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Channel nb Frequency (GHz) Used Ne∆T (K) Clear-sky obs. error on ocean (K) Clear-sky obs. error on land (K)
1 50.3 0.33
2 52.8 0.21
3 53.246 0.21
4 53.596 0.22 0.48 0.55
5 54.4 0.20 0.48 0.5
6 54.94 0.20 0.6 0.61
7 55.5 0.21 0.72 0.73
8 57.290344 0.22 1.2 1.24
9 89 0.10
10 165.5 0.18
11 176.311 0.18 3.88 4.47
12 178.811 0.18 4.22 4.62
13 180.311 0.25 3.52 4.01
14 181.511 0.25 3.67 3.96
15 182.311 0.35 3.71 3.91
16 325.15 ± 1.2 0.47
17 325.15 ± 2.4 0.39
18 325.15 ± 4.1 0.32
19 325.15 ± 6.6 0.25

TABLE 3 Description of the frequencies onboard the instrument of the EPS-Sterna satellites, the Ne∆T used to
simulate the observations (corresponding to the raw Ne∆T divided by a factor three) and the clear-sky observation
errors used over oceans and land to assimilate the observations. Channels 1 to 8 are temperature sounding
channels, channels 9 and 10 are window channels, channels 11 to 15 are humidity sounding channels and channels
16 to 19 are humidity and ice-cloud sounding channels.
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F IGURE 3 Simulated observation values of EPS-Sterna OP3-6SAT scenario for band 11 (176.311 GHz) between
17/08/2021 21:00 UTC and 18/08/2021 03:00 UTC. Flagged data are not shown.
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Name Description
CONTROL OSSE Simulated observations assimilated

as presented in table 1
NO METOP-B OSSE CONTROL OSSE - METOP-B

OP3-3SAT CONTROL OSSE + OP3-3SAT
OP2-4SAT CONTROL OSSE + OP2-4SAT
OP3-4SAT CONTROL OSSE + OP3-4SAT
OP3-6SAT CONTROL OSSE + OP3-6SAT
OP4-8SAT CONTROL OSSE + OP4-8SAT

CONTROL REAL Real observations assimilated
as presented in table 1

NO METOP-B REAL CONTROL REAL - METOP-B
TABLE 4 Description of the various data assimilation experiment runs. A detailed presentation of the
observations used is presented in section 2.4.

time and we estimate that the time of dissemination of Sterna data would be of one hour and a half on average.256

3 | EXPERIMENTAL SET-UP AND VERIFICATION METHODS257

3.1 | Experimental set-up258

The framework presented in section 2 is used to run various experiments, which are presented in table 4. First of259

all, a control experiment is run with the reference observing system and without any EPS-Sterna observations. Then,260

a Metop-B denial experiment (denial of the scatterometer, AMSU-A, MHS, IASI, GNSS-RO bending angles onboard261

Metop-B) is run, and used to validate the OSSE framework. Finally, five experiments are run with the reference262

observing system, on top of which the different EPS-Sterna scenarios are added (see section 2.5).263

All these experiments are conducted during the two periods, but the Metop-B denial experiment, which is con-264

ducted only during the December to February period. The exact duration of the periods are: between the 14 August265

2021 and the 30 October 2021, and between the 5 December 2021 and the 28 February 2022.266

In addition, the control experiment as well as the Metop-B denial experiments are also run with the assimilation267

framework using real observations presented in section 2.3. This will allow the inter-comparison of the forecast error268

growth of the control experiments and of the impacts of Metop-B on forecast errors (see section 4.1).269

3.2 | Verification methods270

In order to (i) validate the OSSE framework by comparing the impact of a Metop-B denial experiment computed using271

this framework and real observations, and (ii) measure the impact of the various EPS-Sterna scenarios compared to272

the control experiment, various metrics were set up and are described in sections 3.2.1, 3.2.2 and 3.2.3 below. For all273

these metrics, the forecasts produced by the experiments presented in table 4 are compared to the nature run, which274

provides the real state of the simulated atmosphere. The different metrics are computed over different geographical275

areas, such as the globe (all grid points are used), theNorthernHemisphere (between latitudes 20° and 90°), the Tropics276

(between latitudes -20° and 20°) or the Southern Hemisphere (between latitudes -90° and -20°). These metrics are277
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computed using either one or both of the periods combined. When the two periods are used, results are computed278

using 164 forecasts up to +102 h forecast lead time.279

3.2.1 | Standard deviation of the forecast error280

The standard deviation of forecast error is a traditional metric in NWP and enables a comparison of the forecast281

skill of different experiments regarding temperature, wind speed, humidity and geopotential height. For each +102 h282

forecast at 00:00 UTC, the differences between the forecasts of each experiment and the nature run are computed.283

There is one forecast error value per grid point for all vertical levels (between 1000 hPa and 100 hPa) and all forecast284

lead times. From the distribution of error values, a forecast error standard deviation is computed using all the grid285

points over a given geographical area. This produces a forecast error standard deviation as a function of the vertical286

level and the forecast lead time for various geophysical variables: temperature, wind speed, relative humidity and287

geopotential height, as shown in figure 4. This forecast error standard deviation is then compared between a given288

EPS-Sterna experiment and the control experiment: the results are then represented as relative forecast error standard289

deviations, in percent, as shown in figures 6 or 8. These results are computed using data interpolated over a regular290

grid of 0.25 degrees of resolution. Statistical significance is computed using a bootstrap test at the 99% confidence291

level (Efron, 1992).292

3.2.2 | FSOI-like metric293

This FSOI-like metric enables the production of an integrated score, which sums up forecast error in an energy norm294

expressed in J kg−1 m−2. This norm is based on the same norm as the one used in Forecast Sensitivity to Observations295

Indices (FSOi), which is widely used amongmeteorological centers (Eyre, 2021), with adaptations to use the nature run296

as the reference instead of an analysis. It is computed using the energy norm proposed by Ehrendorfer et al. (1999) and297

has already been used with the ARPEGE model, as presented in Chambon et al. (2023). This norm is computed using298

the difference between the forecast of the experiments and the truth of the nature run, and by summing this forecast299

error for four different variables: surface pressure, temperature, wind speed and relative humidity, with normalisation300

factors specific to each variable. It is evaluated using all the grid points, all vertical levels between 1000 hPa and 1301

hPa and for various forecast lead times. The results are then compared between each EPS-Sterna experiment and302

the control OSSE experiment, and thus the relative energy norm results, in percent, are presented. These results are303

computed using raw data, over the native ARPEGE tilted stretched grid, thus a weighting of the data depending on the304

location of the grid point has been set up. Error bars correspond to an uncertainty of the mean at the 99% confidence305

level. An example of the output of such a metric can be found in figure 11.a.306

3.2.3 | Precipitation scores307

Precipitation is not taken into account in the two previously presented metrics. Yet, the assimilation of microwave308

sounders can have a significant impact on precipitation forecast skill of a model, as presented in Geer et al. (2017).309

Thus, Fractions Skill Scores (FSS) have been computed, using the methodology developed by Roberts and Lean (2008).310

With this metric, one computes the difference between the daily precipitation forecasts and the nature run reality but311

taking into account a neighbourhood to avoid the double penalty issue associated with misplaced rainy systems. A312

neighbourhood of size of 5×5 pixels (0.5 degrees per 0.5 degrees) is used, associated with an accumulation threshold313

of 3 mm. Relative difference between the FSS of the OP3-6SAT experiment and the control OSSE experiment are314
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computed: the results presented are relative FSS, in percent. These results are computed using data interpolated315

over a regular grid of 0.1 degree resolution. Statistical significance is computed using the bootstrap test at the 99%316

confidence level. An example of the output of such a metric can be found in figure 14.317

4 | RESULTS318

4.1 | Validation of the OSSE framework319

Using the two frameworks presented above (the OSSE framework with simulated observations and the OSE frame-320

work with real observations), we conducted two comparisons: a comparison of forecast error growths in the two321

control runs as well as a comparison of forecast degradations from the denial of Metop-B.322

Figures 4 and 5 show the comparison between the two control experiments using the forecast error standard323

deviation metric presented in section 3.2.1. One can see that the trends and structures of error growth are similar for324

wind (Figures 4.b vs 4.f and Figures 5.b vs 5.f) and geopotential height (Figures 4.d vs 4.h and Figures 5.d vs 5.h), over325

the two hemispheres. Some differences can be noticed for temperature (Figures 4.a vs 4.e and Figures 5.a vs 5.e) and326

relative humidity (Figures 4.c vs 4.g and Figures 5.c vs 5.g) for which the error growth is lower, especially near the327

surface. In general the forecast error standard deviations for the CONTROL REAL experiment are higher. This can328

be explained by at least two factors. First, the CONTROL REAL experiment is validated with the ECMWF analysis329

which has its own errors. This can inflate the standard deviation compared to the one of the CONTROL OSSE which330

is compared to the "truth". Secondly, the simplification of the OSSE framework related to the surface data assimilation331

might explain the smaller error growth which can be seen close to the surface, in particular for temperature forecasts332

(Figures 4.a vs 4.e and 5.a vs 5.e). The underestimation of forecast error growth in the lower layers has implications333

on the final results of calibration of observations shown in section 2.4, leading for instance to an optimistic match of334

MHS first-guess departure standard deviation channels 4 and 5 but could be improved in a future study as will be335

discussed in section 5.336

Figures 6 and 7 show the relative degradations of forecast error standard deviation from the denial of one Metop337

satellite, for the Northern and Southern Hemispheres and for three different key variables: wind speed at 250 hPa,338

geopotential height at 500 hPa and temperature at 850 hPa. redNote that the calibration result already validates the339

impact of observing systems in the short range (+6 h), therefore, this complementary validation focuses on longer340

ranges starting from +24 h.341

Figures 6 and 7 show that for the two geographical zones, and the three variables, the denial of one Metop342

degrades the forecasts by about 2% up to a 4-day range. For most of the forecast lead times and three variables, one343

can also see a good agreement in the magnitude of impact of the denial of one Metop between the OSSE and the344

experiment with real observations. The degradation of forecast errors is, in some cases, slightly larger in the OSSE345

than the degradation induced in the real observations framework. TheOSSE framework seems to slightly overestimate346

the impact of the observations, in particular in the short range, which could partly be the result of some observations347

being incorrectly calibrated. However, the overall trends on each of these three key variables are highly similar. It348

strengthens the confidence in the OSSE framework, and its capability to reproduce the impacts of a real observing349

system, with maybe a small overestimation of the impacts.350
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F IGURE 4 Absolute forecast error standard deviation of the CONTROL OSSE experiment (left column) with the
Nature Run as reference and of the CONTROL REAL experiment (right column) with the ECMWF analysis as
reference. The first row shows statistics for temperature, the second row for winds, the third row for relative
humidity and the fourth row for geopotential height. Each score is presented as a function of forecast range in hours
on the x-axis and as a function of vertical level in hPa on the y-axis. The statistics have been computed for the
Northern Hemisphere, on a period ranging from 5 December 2021 to 28 February 2022.
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ARPEGE OSSE forecast error
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F IGURE 5 Same as figure 4, but over the Southern Hemisphere.
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F IGURE 6 Intercomparison of impacts of a Metop-B denial within the OSSE framework (nature run as reference)
and within a data assimilation experiment with real observations (ECMWF analyses as reference), over the Northern
Hemisphere and the period ranging from 5 December 2021 to 28 February 2022. For each framework, the relative
standard deviation of the Metop-B denial experiment is compared to the CONTROL experiment, and results are
displayed in percent. The scores are displayed as a function of forecast range in hours, for one given vertical level:
250 hPa for wind speed (top), 500 hPa for geopotential height (middle) and 850 hPa for temperature (bottom). The
error bars correspond to uncertainty in the mean at the 99% confidence level.
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F IGURE 7 Same as figure 6, showing an intercomparison of impacts of a Metop-B denial within the OSSE
framework and within a data assimilation experiment with real observations, but over the Southern Hemisphere.
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4.2 | Impact of EPS-Sterna on standard deviation of the forecast error351

The scenarios OP2-4SAT, OP3-6SAT and OP4-8SAT presented in section 3.1 are compared to the nature run using352

the standard deviation of the forecast error presented in section 3.2.1.353

Figure 8 presents the results for the OP3-6SAT scenario, over three different geographical zones: the Northern354

Hemisphere, the Tropics and the Southern Hemisphere. Figure 10 presents the results for the globe for three different355

scenarios: OP2-4SAT, OP3-6SAT and OP4-8SAT.356

Figures 8.i, 8.j, 8.k and 8.l show a positive and significant reduction of forecast error for the theOP3-6SAT scenario357

in the Southern Hemisphere, for the four variables (temperature, wind speed, relative humidity and geopotential358

height), at all vertical levels up to +96 h. The error reduction goes up to 6% for geopotential height at short range359

around 300 hPa. Figures 8.a, 8.b, 8.c and 8.d present a smaller but still positive and significant impact of the OP3-6SAT360

scenario in the Northern Hemisphere, for the four variables, at all vertical levels up to 48h. The impact goes up to361

3.5% on relative humidity at short range around 400 hPa. In the Tropics (figures 8.e, 8.f, 8.g and 8.h), the impact is362

positive, significant and can go up to 96h at some levels. A degradation can also be noticed on humidity (figure 8.g) in363

the short range around 500 hPa. This negative signal might come from several sources but is likely related to tropical364

convection and theway the EPS-Sterna observations are assimilatedwithin thesemeteorological scenes. Several tests365

have been performed (e.g. denial of different channels, alignment of convection schemes between the assimilation366

and the nature run). The main conclusion which was drawn is that this degradation comes from the usage of the367

humidity channels and further investigations will be needed to prevent this effect from occurring when using this368

kind of observations. Note that this negative signal has already been observed in the literature with real observations369

when assessing the impact of the SAPHIR humidity sounder onboard the Megha-Tropiques satellite in the ECMWF370

model, as presented in Chambon and Geer (2017).371

Figures 9 and 10 allow the comparison of the impact of the number of satellites and orbital planes of the EPS-372

Sterna scenarios at the global scale. In figure 9, results for the globe are overlaid for the short range (+12 h) and on373

figure 10, impacts up to +96 h are presented for the globe.374

At +12 h forecast lead time in figure 9, one can see that the forecast errors are reduced for the four variables,375

by 1% to 4%. For temperature, the incremental improvements derived by adding additional satellites can be clearly376

seen from 150 hPa down to 700 hPa. A similar conclusion can be drawn for winds and geopotential heights with an377

enhanced impact when adding satellites (the importance of well distributed satellites will be further discussed later in378

section 4.3). In the case of humidity, the improvements are less homogeneous in the vertical at the global scale and are379

the result of the combination of the impact on different geographical areas, as previously shown, with improvements380

in the Northern and Southern Hemisphere and degradations between 400 hPa and 700 hPa in the Tropics.381

In the longer range, figure 10 shows that the differences between scenarios persist in time at the global scale.382

As for the OP3-6SAT scenario, the two others have positive and significant impacts for all vertical levels up to +96 h,383

for all variables presented. For all variables, the impact increases when a new pair of satellites is added (Temperature384

: figures 10.a, 10.e, 10.i ; Winds: figures 10.b, 10.f, 10.j ; Relative humidity : figures 10.c, 10.g, 10.k ; Geopotential385

height: figures 10.d, 10.h, 10.l). For instance, the temperature forecast error reduction goes up to 0.8% at +48 h386

forecast lead time for the OP2-4SAT scenario (figure 10.a), 1.0% for the OP3-6SAT scenario (figure 10.e) and 1.3%387

for the OP4-8SAT scenario (figure 10.i).388
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F IGURE 8 Relative difference of standard deviation of the forecast error for the OP3-6SAT scenario compared
to the CONTROL scenario, in percent. Results are presented for three different geographical zones (Northern
Hemisphere, Tropics and Southern Hemisphere) and four different variables (temperature, wind speed, relative
humidity and geopotential height), using 164 forecasts. Each score is presented as a function of forecast range in
hours on the x-axis and as a function of vertical level in hPa on the y-axis. The reference used to compute the
forecast error is the nature run. Hatched areas indicate statistical significance at the 99% confidence level computed
with the bootstrap method.
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F IGURE 9 Relative difference of standard deviation of the forecast error for the OP2-4SAT, OP3-6SAT and
OP4-8SAT scenarios compared to the CONTROL scenario, in percent, for the +12 h forecast lead time. Results are
presented for the globe for four different variables (temperature, wind speed, relative humidity and geopotential
height), using 164 forecasts. Each score is presented with the relative difference in percent on the x-axis and the
vertical levels in hPa on the y-axis. The reference used to compute the forecast error is the nature run. The error
bars correspond to uncertainty in the mean at the 99% confidence level.
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F IGURE 10 Relative difference of standard deviation of the forecast error for the OP2-4SAT, OP3-6SAT and
OP4-8SAT scenarios compared to the CONTROL scenario, in percent. Results are presented for the globe for four
different variables (temperature, wind speed, relative humidity and geopotential height), using 164 forecasts. Each
score is presented as a function of forecast range in hours on the x-axis and as a function of vertical level in hPa on
the y-axis. The reference used to compute the forecast error is the nature run. Hatched areas indicate statistical
significance of the differences of scores at the 99% confidence level computed with the bootstrap method.
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F IGURE 11 Relative difference of energy norm of the forecast error for the OP3-3SAT, OP2-4SAT, OP3-4SAT,
OP3-6SAT, OP4-8SAT and NO METOP-B OSSE scenarios compared to the CONTROL scenario, in percent. The left
figure (a) represents energy norm for each scenario and the right figure (b) represents the absolute value of the ratio
between the relative difference of energy norm derived from adding EPS-Sterna and denying Metop-B. Results are
presented as a function of forecast range in hour, over the Southern Hemisphere, using 164 forecasts. The reference
used to compute the forecast error is the nature run. The error bars correspond to uncertainty on the mean at the
99% confidence level.

4.3 | Impact of EPS-Sterna on FSOI-like metric389

The scenarios OP3-3SAT, OP2-4SAT, OP3-4SAT, OP3-6SAT and OP4-8SAT presented in section 3.1 are compared to390

the nature run using the FSOI-like metric presented in section 3.2.2.391

Figure 11.a shows the impact of the scenarios presented in 3.1 over the Southern Hemisphere. It can be noticed392

that the impacts of the EPS-Sterna scenarios are positive and significant up to +96 h: the decrease of energy norm393

representing the fact that the forecast error has decreased as shown in the previous section. No saturation can be394

observed, as the more satellites, the larger the impact, at least in the short range. The impact of a Metop-B denial is of395

the same order of magnitude compared to the impact of some EPS-Sterna scenarios. To get a precise understanding of396

the differences and similarities between these two impacts, the relative differences of energy norm of the EPS-Sterna397

scenarios presented in figure 11.a are divided by the relative difference of energy norm of the NO METOP-B OSSE398

experiment presented in the same figure. In figure 11.b, one can note that the impact of the OP2-4SAT scenario in399

the short range is about 1.2 times the impact of a Metop-B satellite, 1.5 for the OP3-6SAT scenario and 1.7 for the400

OP4-8SAT scenario. Note that this comparison should be taken with caution as it focuses on one specific application401

of Metop (NWP) among other ones (e.g. sea surface wind speed, atmospheric composition, air quality monitoring,402

etc.).403

Figure 12.a shows the impact of the scenarios presented in 3.1 over the Northern Hemisphere. It is noticeable404

that the impact of the EPS-Sterna OP3-6SAT scenario is lower than over the Southern Hemisphere, yet still positive405

and significant up to +48 h. Such a difference of impact could be explained by the smaller number of conventional406

observations in the Southern Hemisphere, which tend to less constrain the atmospheric analysis compared to that of407

theNorthernHemisphere. This difference of impact between the SouthernHemisphere and theNorthernHemisphere408

has already been observed with operationally assimilated microwave sounding observations in Duncan et al. (2021),409

with a ratio of impact between the two hemispheres similar to the one found between figures 11 and 12. Figure 12.b410
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F IGURE 12 Same as figure 11, showing relative difference of energy norm of the forecast error, but in the
Northern Hemisphere.

presents the ratios of relative difference of energy norm between the EPS-Sterna scenarios and the NO METOP-B411

OSSE experiment. One can evaluate the ratio of impact: in the Northern Hemisphere, the impact of the OP2-4SAT412

scenario in the short range is about 0.5 times that of aMetop-B satellite, theOP3-6SAT is about 0.7 times and theOP4-413

8SAT is about 0.8 times. The differences of impact ratios (EPS-Sterna / Metop) between the Northern Hemisphere414

and the Southern Hemisphere indicates that the magnitude of improvement is decreasing faster in the Northern415

Hemisphere when adding new observations, likely due to the higher density of other observation kinds.416

In order to measure the impact of the distribution of the satellites in the orbital planes, two scenarios have been417

compared. The energy norm of the forecast error for the OP2-4SAT scenario and the OP3-4SAT have been computed,418

then the relative difference is taken between these two scenarios, with the OP2-4SAT being the reference. This419

produces figure 13, which shows whether the addition of an orbital plane, with the total number of satellites being420

held constant, has a significant impact on forecast error. One can observe that theOP3-4SAT scenario has a significant421

and positive impact at short range compared to the OP2-4SAT scenario. Thus, a better distribution of observations422

acquired from a given number of satellites over more orbital planes has a significant impact on forecast error reduction423

at short range.424

4.4 | Impact of EPS-Sterna on precipitation425

Figure 14 presents a comparison of the Fractions Skill Score for the OP3-6SAT experiment and the CONTROL ex-426

periment, as presented in section 3.2.3. The impact of the OP3-6SAT scenario is positive and significant up to +96427

h over the Southern Hemisphere, and less important but still positive and significant up to +48 h over the Northern428

Hemisphere. In the Tropics, one can observe a significant degradation of the forecast skill of the model at short range429

(which matches with the degradation of the humidity field in the short range mentioned before), and a significant430

improvement at longer range. When averaging statistics over the globe, the impact of the OP3-6SAT scenario is pos-431

itive and significant up to +96 h. These scores are overall quite consistent compared to the scores shown before on432

humidity forecasts. The same scores have been computed for the other EPS-Sterna scenarios (not shown). Overall,433

the impacts of these scenarios on precipitation forecasts over the Northern Hemisphere, the Tropics and the Southern434

Hemisphere are very similar. The differences among the scenarios are not statistically significant. This reflects the fact435



24 Rivoire et al.

6 12 18 24 48 72 96
Forecast time (hour)

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00

D
if
fe

re
n
ce

 (
%

)

OP3-4SAT

F IGURE 13 Relative energy norm of the forecast error for the OP3-4SAT scenario compared to the OP2-4SAT
scenario, in percent. Results are presented as a function of forecast lead time in hours, for the globe, using 164
forecasts. The reference used to compute the forecast error is the nature run. The error bars correspond to
uncertainty of the mean at the 99% confidence level.

that while microwave data definitely have an impact on precipitation forecasts (Geer et al., 2017), this geophysical436

variable remains harder to improve than others.437

5 | CONCLUSIONS438

The objective of this study is to provide an overview of the potential benefits of a constellation of microwave sounders,439

named EPS-Sterna, which would be similar to the AWS satellite planned to be launched in 2024. For that purpose, an440

OSSE framework has been set up, following the steps presented as follows:441

• A nature run has been computed over two four-months periods.442

• Synthetic observations have been produced, and the perturbations added to these simulated observations have443

been tuned to match first-guess departure statistics of real observations.444

• A data assimilation framework for these simulated observations has been set up and validated by comparing the445

forecasts produced to real forecasts, through a Metop denial experiment. In particular, the selected setup avoids446

the "identical twin problem".447

• Metrics have been set up to measure the impact of the EPS-Sterna scenarios on various variables, at different448

forecast ranges, vertical levels and for different geographical zones.449

The main findings of this study are presented below:450

• A validation of the OSSE framework constructed in this study was performed. The Metop-B denial experiments451

conducted with simulated observations and with real observations produce similar results on key meteorological452
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F IGURE 14 Relative Fractions Skill Score (FSS) of 24h accumulated precipitation for the OP3-6SAT scenario
compared to the CONTROL experiment, in percent. Results are presented as a function of forecast range in hour, for
various geographical zones, using 164 forecasts. The reference used to compute the forecast error is the nature run.
Dotted areas indicate statistical significance at the 99% confidence level computed with the bootstrap method.

variables, with a small overestimation of the impact of the observations at some forecast ranges.453

• Every EPS-Sterna scenario tested has a positive and significant impact on temperature, wind speed, relative hu-454

midity, geopotential height and precipitation forecasts.455

• For all metrics used, the impact of the EPS-Sterna scenarios is larger in the Southern Hemisphere than in the456

Northern Hemisphere, yet always positive. In the Tropics, the impact can be slightly negative in the short range457

for humidity, but positive at a longer range.458

• An enhanced impact of EPS-Sterna has been demonstrated when more satellites are added to the constellation.459

• No saturation of the forecast error reduction when increasing the number of microwave sounders has been ob-460

served.461

• The OP3-6SAT scenario is comparable to 1.7 Metop-B in the Southern Hemisphere and 0.7 in the Northern462

Hemisphere.463

• In the short range, a positive impact was detected when adding an orbital plane with a constant number of464

satellites, thus demonstrating the value of a better distribution of the satellites among orbital planes.465

It is important to point out that the comparison between the impacts of a Metop satellite and the EPS-Sterna466

constellation made in this study only covers the improvements of weather forecasts in the troposphere. It certainly467

does not cover the full range of applications that can benefit from Metop observations and should by no means be468

understood as proposing that one observing system can replace the other.469

Overall, one of the main conclusions that can be drawn from this study is that launching the EPS-Sterna constel-470

lation can greatly and significantly improve forecasts up to +96 h in the troposphere. In a future study, it will also be471

interesting to document the impacts of EPS-Sterna in the stratosphere.472

As a perspective, the framework presented could be improved on several aspects in future studies:473



26 Rivoire et al.

• The fraternal twin aspect of theOSSE framework could be avoided by using an alternative nature run from another474

global model. One possibility would be for instance to use the 9 km ECMWF Cubic Octahedral (O1280) grid475

Nature Run (Hoffman et al., 2018). This may indeed increase the realism of forecast error growth. However, this476

nature run is available every 3 hours compared to the one tailored for this study, available every 30minutes. Using477

this alternative nature run would therefore affect the realism of simulated observations by using the same state of478

the atmosphere for observations within 3-hour time slots. By not taking advantage of consecutive observations479

with time differences shorter than 3 hours, the realism of the impact assessment of the EPS-Sterna constellation480

may be changed. Therefore the cumulative effect of improving the realism of forecast error growth but degrading481

the realism of the EPS-Sterna constellation simulation would be interesting to assess in a future study.482

• The surface data assimilation system could be calibrated and run in addition to the atmospheric one. This would483

increase the realism of the OSSE system, thus improving the realism of the EPS-Sterna simulations. This would484

be important for assessing the impact of future observations characterised by an information content closer to485

the surface than in the EPS-Sterna concept.486

• The simulation of several observation types could be improved, in particular the simulation of AtmosphericMotion487

Vectors which have been simulated in the OSSE from the nature run winds but their consistency with the nature488

run meteorological conditions could be improved (Errico and Prive, 2018; Errico et al., 2020).489

• Climatological background errors have been computed and remain unchanged across the different scenarios490

which are sub-optimal compared to the usage of daily computed background errors as in operations.491

• The reference observing system was defined to mimic the observing system of 2030 by removing existing satel-492

lites for which replacements are not foreseen. However, the exact list of missions which will provide valuable data493

for NWP is hard to predict, in particular due to the emergence of the private sector in the domain of Earth obser-494

vation. Some planned missions were also not taken into account in the baseline, like the infrared hyperspectral495

sounders onboard geostationary satellites (e.g. the future InfraRed Sounder onboard Meteosat Third Generation-496

S). Therefore, it would be interesting to revisit these results of EPS-Sterna impact with a more up-to-date baseline497

observing system.498

• More validation of the OSSE framework in the Tropics would be needed to improve the understanding of the499

short range forecast degradations found with the EPS-Sterna constellation.500

• Regarding the assimilation of the EPS-Sterna satellites, optimisations could be performed, such as having specific501

cloud predictors for temperature channels (Duncan et al., 2022) instead of using the same one for both humidity502

and temperature observations, or such as actively using the 325 GHz channels either as cloud predictors or for503

data assimilation.504
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