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Abstract

Observations from space-borne microwave (MW) sounding instruments currently provide a very im-
portant contribution to accurate Numerical Weather Prediction (NWP) forecasts. Complementing a
continuing backbone of high-performance satellite platforms, small satellites are expected to become
a significant component of the future observing system. The future EPS-Sterna constellation will
consist of small satellites carrying MW sounding instruments. The EPS-Sterna instrument comprises
well-established frequencies in the 50 and 183 GHz bands (plus complementary window channels)
and a new set of channels around 325 GHz not seen on a space-borne platform before.

In this first phase of the project, we simulate the potential benefit of initial options for the EPS-Sterna
constellations with focus on the 50 and 183 GHz frequencies. The different scenarios are assessed
using the Ensemble of Data Assimilations (EDA) method where changes to the EDA spread (indi-
cating changes in forecast uncertainties) inform the relative benefits of different constellations. A
framework to flexibly simulate and assimilate MW sounders on small satellites within the all-sky
framework has already been developed at ECMWE. We build on this existing work here and present
a summary of the different steps and modifications required for the EPS-Sterna instrument. The
simulated EPS-Sterna data and accompanying observation errors are added to a baseline of existing
observations. Four EPS-Sterna scenarios are considered: a configuration proposed for nominal oper-
ational use consisting of six satellites in three orbital planes, two degraded options which add three
satellites in three orbital planes and four satellites in two orbital planes respectively, and an enhanced
option of eight satellites in four orbital planes. In addition to testing the different constellations, sev-
eral EDA experiments are also run which change either the number of existing MW observations or
deny entire Metop platforms relative to the same reference baseline.

The EDA analysis reveals that all four EPS-Sterna scenarios produce a significant positive impact for
a range of atmospheric variables, including temperature, geopotential, wind and relative humidity.
The impact increases with the number of satellites, and the six-satellite scenario gives just under
twice the impact of the three-satellite scenario. Impacts are largest in the southern hemisphere and
smallest in the tropics, in line with the trend for changes to real MW sounding observation numbers.
Comparison to EDA impacts from changes to real data reveals that EPS-Sterna is able to achieve
additional benefit that compares well to the magnitude of impact seen with similar numbers of exist-
ing MW sounders. Based upon EDA spread reductions across a range of variables, we would expect
the six-satellite EPS-Sterna constellation to have an impact of between one and two full Metop plat-
forms and thus provide significant additional benefits for global NWP, provided the EPS-Sterna data
quality is acceptable. However, it is noted that this constellation of small satellites cannot replace the
full, wide-reaching impacts of a high-performance, multi-sensor platform. Further sensitivity EDA
experiments explore the impact of instrument noise performance by separately inflating or reducing
the values. A degradation of 30% in instrument noise values for the six-satellite scenario equates to
the loss of between one and two satellites in the constellation in the extra-tropics. A reduction in
noise of around 60% in only the temperature sounding channels resulted in further spread reduction
exceeding the benefit from adding two more small satellites in the extra-tropics, emphasising the
importance of pursuing good noise performance especially for temperature sounding channels.

We also use the EDA method to demonstrate potential large positive impact from combining the six-
satellite EPS-Sterna constellation with a future Doppler Wind Lidar (DWL) based on EPS-Aeolus
(assessed in a separate study), the follow-on mission to Aeolus. The resulting benefit seen globally
and across the pressure levels from assimilating the two missions together arises from good com-
plementarity of the independent mission contributions to the EDA spread reduction and the largely
additive nature of the separate impacts. For example, large positive impacts on tropical wind in the
combined experiment is attributed mainly to the DWL while impacts on geopotential height in the
extra-tropics have a higher contribution from EPS-Sterna.
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1 Introduction

Microwave (MW) sounding instruments on satellites form a vital component of the observing system
used in Numerical Weather Prediction (NWP) (Bormann et al., 2019). There is clear evidence from anal-
ysis of existing instruments for significant advantages from additional MW data (Duncan et al., 2021)
beyond the CGMS 3-orbit baseline (EUMETSAT, 2019). At present, we are in a fortunate era of receiv-
ing MW temperature and humidity sounding data from several high-performance instruments on large
satellite platforms. Furthermore, the addition of MW data to this already mature system continues to be
beneficial (Duncan and Bormann, 2020). However, some of the existing satellites are already function-
ing well beyond their expected design-lifetime or will be decommissioned and with few replacements
confirmed, the constellation of these large platforms is expected to decrease.

Constellations of small satellites are increasingly being considered as a future component of the ob-
serving system which would be complementary to a reduced number of high-performance, large plat-
forms. Improvements in the ability to miniaturise technology have allowed the possibility of MW sound-
ing instruments on small satellites that still maintain a level of performance suitable for use in NWP.
While there are some compromises, such as the difficulty in accommodating lower frequencies (less than
50 GHz) or potentially poorer noise performance, the advent of these smaller platforms provides a cost-
effective way to improve the temporal sampling. In particular, enhanced temporal sampling can allow
better observation of faster evolving cloud, humidity and precipitation features as well as reducing the
random component of noise through more repetitive measurement.

A recent ESA-funded study considered the design of constellations of small satellites carrying MW
sounding instruments for global NWP. It showed that positive impact continued to increase from adding
more MW sounding observations, though for large constellations (20 small satellites) the gain in benefit
appeared to slow (Lean et al., 2022b). The study further showed that significant benefit can be achieved
with a constellation of eight small satellites added to a baseline with a reduced number of existing larger
platforms (reflecting the potential future decline in these platforms). Results also highlighted the extra
positive impact from temperature sounding observations around 50 GHz when compared to using hu-
midity sounding capabilities only, suggesting that they would be a worthwhile addition to small satellite
platforms where they can be sensibly accommodated.

The importance of continuing and even expanding the essential role of MW sounding data is recognised
in the EUMETSAT proposal of the EPS-Sterna constellation which will consist of polar-orbiting small
satellite platforms that each carry a MW sounding instrument (e.g. https://www.eumetsat
.int/eumetsat-invests—-development-new-weather-and-climate-satelli
te-systems). The payload proposed for the EPS-Sterna constellation is the same as the Arctic
Weather Satellite (AWS), to be launched by ESA in 2024, with the design of the constellation aspects
still in review. The instrument characteristics and channel selection for the instrument on AWS and
EPS-Sterna have been derived from those of the Microwave Sounder (MWS) for the EUMETSAT Polar
System — Second Generation (EPS-SG) (MWS Science Advisory Group, 2019; EUMETSAT, 2019). The
EPS-Sterna instrument is a 19 channel cross-track scanning radiometer that includes sounding channels
around 50 and 183 GHz which sample oxygen and water vapour absorption bands respectively, together
with selected window channels at 89 and 165.5 GHz (e.g. https://www.esa.int/aws). These
frequencies are routinely used in the all-sky assimilation framework at ECMWF from a range of MW
instruments (Geer et al., 2014; Duncan et al., 2022). Additionally, the EPS-Sterna instrument will have
a novel suite of four channels centred around 325 GHz which also exploit a water vapour absorption
band. These channels have not been flown before on a space-borne instrument but are expected to
provide additional information, for example, due to scattering from smaller ice particles than at 183 GHz
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(Eriksson et al., 2020). In this EUMETSAT-funded study, we investigate potential configurations for the
EPS-Sterna constellation and estimate the added benefit of the new 325 GHz channels. Furthermore,
we explore the sensitivity to the instrument noise performance by additionally testing one scenario with
inflated and reduce noise performance.

Previous work has addressed broad questions regarding constellation design of small satellites carrying
MW instruments (Lean et al., 2022b) and we use this experience in order to now focus on probing de-
sign aspects of the potential future EPS-Sterna constellation. Complementary to earlier work, the project
examines constellations with fewer satellites, filling a gap in satellite numbers that was not explored pre-
viously (where the minimum constellation started at eight satellites). Particular aspects to be considered
during the project are:

* What is the relative benefit of each constellation ranging from degraded to more ambitious options?
* How do the estimated benefits of EPS-Sterna compare to impacts of real data?

* How much additional benefit do the channels at 325 GHz provide?

As in earlier work, the Ensemble of Data Assimilations (EDA) method is used to assess the relative ben-
efit to NWP of the different EPS-Sterna scenarios and additional impact from the new 325 GHz channel
set. The EDA method uses a Monte-Carlo approach to estimate the forecast uncertainty in data assimila-
tion. Impacts from new observations are evaluated by comparing EDA simulations with and without the
added observations, and the EDA spread is taken as the key measure of changes in the forecast uncer-
tainty. The method has in the past also been used to assess the expected impact from Aeolus observations
(Tan et al., 2007) and from increases in the number of radio occultation measurements (Harnisch et al.,
2013). The present study builds heavily on the framework developed to use the EDA technique to assess
small satellite constellations with MW sounding instruments as part of the earlier ESA study (Lean et al.,
2022b). Furthermore, we explore the sensitivity to the instrument noise performance by additionally
testing one scenario each with inflated and reduced instrument noise, respectively. Bell et al. (2010) have
demonstrated by conducting OSE experiments with AMSU observations that significant degradation in
forecast skill can be seen with increases in NEDT.

In addition to the evaluation of EPS-Sterna, a parallel EUMETSAT-funded study at ECMWEF has also
used the EDA method to consider the benefits of EPS-Aeolus, a Doppler Wind Lidar (DWL) follow-on
mission to Aeolus (“Aeolus2”). The analysis of Aeolus2 is presented in detail in a separate report (Healy
et al., 2023). The proposed EPS-Sterna and EPS-Aeolus missions are expected to significantly overlap in
lifespan so here we also consider the complementarity of EPS-Sterna and EPS-Aeolus and the additional
impact from assimilating both missions simultaneously. Note that the analysis of combining the missions
presented here is replicated in Healy et al. (2023) for convenient reference.

In this first report of the EPS-Sterna project, we present outcomes from task 1.1 which concerns the
evaluation of an initial set of constellations with frequencies at 50 and 183 GHz (plus window channels).
Developing the strategy for assimilating the 325 GHz is still ongoing and will be included in further
scenarios investigated in a subsequent project task. In this way, the results from the first constellations
evaluated here provide a comparison to better quantify the impact of the additional 325 GHz channels
but also help to inform what further constellation configurations would be desirable to test. Section 2
outlines key aspects of the EDA methodology and the experimental set up. Initial scenarios chosen to
evaluate the reduced channel set and additional experiments where changes have been made to existing
observations are discussed in section 3. Instrument noise performance details are also provided here for
use in sensitivity experiments. Section 4 reviews the framework already developed (Lean et al., 2022a),
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and any modifications, which allows the flexible simulation and assimilation of EPS-Sterna MW data.
Results of the EDA experiments are presented in section 5, including the combined experiment with an
EPS-Aeolus-like mission, and conclusions from this first part of the study discussed in section 6.

2 Use of the Ensemble of Data Assimilations to assess observation impact

In the following, we outline key aspects of the EDA methodology used to assess the impact of future
observations and present the experimental set up for evaluating the EPS-Sterna constellations. The EDA
concept was explored in detail in the earlier ESA study allowing us to use this foundation of existing
knowledge here. Therefore we present only a summary of the technique. Further details can be found
in Lean et al. (2021a,b). Note that technical explanation of the methodology and a review of differences
between the EDA and Observing System Simulation Experiments (OSSEs) have been largely reproduced
from the final ESA report (Lean et al., 2022b).

2.1 Methodology of the EDA

The EDA is used at ECMWF and elsewhere to represent random uncertainties in analyses and short-
range forecasts of large NWP systems (Isaksen et al., 2010). It uses a Monte-Carlo approach to estimate
the statistical characteristics of errors in analyses and short-range forecasts from the uncertainties in
input parameters and the forecast model. This is done by running a finite number of independent cycling
assimilation systems, in which observations and the forecast model are perturbed to generate different
inputs for each member. The following aspects are perturbed in the EDA:

* Observations: These are perturbed according to the observation error covariances assigned in the
assimilation system, assuming a Gaussian distribution with zero mean (Isaksen et al., 2010).

» Forecast model: Model error is represented by stochastic perturbations of the model physics (car-
ried out using the Stochastically Perturbed Parametrised Tendency (SPPT) scheme, (Palmer et al.,
2009)).

* Sea surface temperature (SSTs): These are perturbed according to climatological error structures.

Mathematically, the errors from the perturbed realisation of 4D-Var evolve with the same equations as the
errors of the unperturbed version (see Lean et al. (2021a) which provides a summary of the mathematical
details). A crucial measure of the EDA is the ensemble spread, i.e. the standard deviation of the ensemble
members around the ensemble mean as given in the following equation:

1 D

s=\pL

d=1

1 N
N Z<Xn—x>2] 0
n=1 d
Where s is the spread, D is the required time period e.g. the number of model cycles, N is the size of the
ensemble (10 members for this study), x; is the model state from a single ensemble member and X is the
ensemble mean. If the characteristics of the perturbations in the ensemble members correctly represent
the true errors, the spread of the ensemble will reflect the errors in analyses and forecasts.

At ECMWEF, the EDA method has been operationally used since June 2010 (Isaksen et al., 2010; Bonavita
et al., 2011) to fulfil two key requirements:

Future EPS-Sterna Constellation Study Task 1.1 5



S ECMWF Task 1.1 Final report: Future EPS-Sterna constellations with 50 and 183 GHz

* Specification of background error statistics: The EDA is used to provide climatological as well
as flow-dependent estimates of the statistical properties of the errors in the short-range forecasts
(background) used in the high-resolution deterministic assimilation system. To capture flow-
dependent aspects, an EDA is run alongside the high-resolution deterministic forecast system.

* Initialisation of the ensemble prediction system: Perturbations from the EDA are used together
with Singular-Vector methods to initialise ECMWEF’s ensemble prediction system which provides
probabilistic medium-range forecasts.

Operationally, 50 EDA members are currently used at ECMWF. The number of members used in the en-
semble is a trade-off between computational affordability and reducing sampling noise in the background
error estimates. For research-purposes EDAs with 10 members have been found to provide adequate es-
timates, at least for background error variances on larger scales.

2.2 Application of the EDA to simulate impact of future observations

By evaluating changes in EDA spread, the EDA approach provides estimates of the impact of potential
future observations on analysis and short-range forecast error statistics. The spread will be affected by
the addition or modification of simulated (or real) observations to the EDA. Positive impact is associated
with reductions in EDA spread, i.e. indicating a reduction in the uncertainties and therefore improved
analysis/forecast error statistics. To assess the impact of potential EPS-Sterna constellations, we choose
a baseline observing system of real observations (detailed in section 3) and add simulated MW observa-
tions based on different proposed scenarios. These simulated data can be produced, for example, from
high resolution NWP analyses. An accurate estimate of the observation errors associated with the sim-
ulated data is also critical as they form the basis of realistic perturbations applied to the observations
within the EDA.

The approach has been applied to other observation types having been first developed to investigate the
expected impact of wind profile observations from Aeolus (Tan et al., 2007). It was later used to estimate
the impact of increasing the number of Global Navigation Satellite System (GNSS) Radio Occultation
(RO) observations with a view to provide guidance for future constellation design aspirations (Harnisch
et al., 2013). Subsequently, the advent of new satellites has allowed verification of this assessment by
testing with real data. Lonitz et al. (2021) showed that the relative benefits predicted while using simu-
lated data are in line with the impacts obtained from adding real data. Most recently, the EDA technique
has been applied to investigating broad questions around the design of a potential future constellation of
small satellites carrying MW instruments (Lean et al., 2022b), which forms the basis of the present work.

The EDA method has similar aims as the more traditional OSSEs (Arnold and Dey, 1986; Masutani
et al., 2010). In these, simulated observations are generated from a “truth” - the “nature run” - and
subsequently assimilated in an alternative forecast system (e.g. Masutani et al. (2007)). To achieve
this, all the observations from both the existing and proposed new sources need be simulated, including
their full error characteristics. This means that OSSEs can be problematic if errors are not adequately
modelled for all observations. OSSEs are also computationally expensive, as long periods are required to
establish statistically robust results. Meanwhile Tan et al. (2007), Harnisch et al. (2013) and Lean et al.
(2021a) consistently show that relatively short EDA experimentation periods, of the order of one month,
are sufficient which was motivated by relatively stable characteristics of the EDA spread. OSSEs and the
EDA method are seen as complementary (Harnisch et al., 2013).

The EDA method can also be thought of as a 4D-Var theoretical error covariance/-information content
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Task 1.1 Final report: Future EPS-Sterna constellations with 50 and 183 GHz L ECMWF

study. Computing 4D covariance matrices directly is not practical due to the very large matrix dimensions
required. However, the spread in the ensemble members provides an estimate of analysis/forecast error
statistics of the 4D atmospheric state which includes the impact of a complex observing system and
forecast model. Therefore, one of the key differences in the metrics available from OSSEs and the EDA
method is that the former evaluates one specific realisation of forecast error, evaluated against the “truth”
from the nature run, while the latter aims to evaluate directly the statistical characteristics of the forecast
error.

The EDA method is of course also not free from limitations either. Firstly, the method assumes that
the perturbations applied in the EDA reflect the true error characteristics, but in practice these are both
subject to their own uncertainties. Secondly, the EDA is a Monte Carlo method so the true values are
only found in the limit of an infinite ensemble. This results in sampling errors from a finite ensemble
size (Bonavita et al., 2011) and systematic errors can arise from incorrectly estimated error covariances
(e.g. Cardinali et al. (2014)). By averaging over larger areas, such as hemispheric scales, small scale
sampling errors can be reduced while keeping the large-scale changes in the EDA spread. Harnisch et al.
(2013) also note that systematic short-comings are likely to be similar across a set of experiments run
with consistent settings and therefore the magnitudes of relative changes are unaffected. Finally, for
both the EDA and OSSE methods, both can only assess the impact reflecting the current treatment of
the observations. Neither system can account for the impact of unknown future developments that could
potentially change the priorities in MW sounder design, or similarly for investigating impacts of other
observation types.

To further confidence in the EDA method, links have been established between impact as measured by
changes in EDA spread and more traditional measures of forecast impact given by Observing System
Experiments (OSEs) (Lonitz et al., 2021; Lean et al., 2021b, 2022b). The calculation of forecast error
focused on using radiosondes as a reference measurement against which the short-range forecast could
be compared. Analysis was carried out using sets of experiments where changes were made to existing
observations — varying the number of GNSS-RO and MW sounding observations in separate studies. The
results were consistent and demonstrated clear evidence of a relationship that relative changes in EDA
spread compare well with results from OSEs. However, while this confirmed that the EDA is a useful
indicator of changes in short-range forecast skill, a simple one-to-one relationship is not applicable. The
difficulty in deriving a quantitative link highlighted the under-dispersive nature of the EDA (i.e. that
the forecast impact measured by the radiosondes is larger than estimated by the EDA spread reduction)
which is a known characteristic of the EDA (Bonavita et al., 2012).

2.3 EDA experimental set up

All the EDA experiments run in this study and the parallel EPS-Aeolus study employ a standard exper-
iment configuration used routinely at ECMWF for operational development testing and previously used
in testing future observing systems. It comprises one control member and 10 perturbed members and
employs a T¢,399 (25km) resolution grid with 137 vertical levels and three inner loops at a resolution
of T 95/T 159/T 255 (210/125/80 km). Experiments are run over a four-week period spanning 1 — 28
July 2019. This time period was chosen as key MW instruments as well as other significant components
of the observing system are stable and performing well. Additionally, good quality re-processed Aeolus
data are available at this time which permits use of a common test period to conduct the parallel future
DWL study and allow combined experiments with the EPS-Sterna constellations. Previous experience
has shown that, after discarding the first week of statistics while the EDA develops representative levels
of spread, the remaining three weeks are sufficient to provide robust estimates of EDA spread changes
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(Lean et al., 2021a). EDA spread changes are calculated at a resolution of Ty 255 (80 km, the highest
resolution inner loop of the experiment) and at T+12 hours, as short lead times are expected to exhibit the
most robust signals. As the forecast length increases, model uncertainties increase, reducing the clarity
of signals introduced by observation changes (Harnisch et al., 2013).

3 Potential EPS-Sterna constellations (50 and 183 GHz)

In this first task of the project, the focus has been on assessing an initial set of constellations that con-
sider the well-established 50 and 183 GHz channels (plus complementary window channels). Results
from these early scenarios will inform which constellations to test with the additional 325 GHz. The set
of scenarios is chosen to probe how the impact varies with the number of available satellites and orbital
planes, with a maximum number of four orbital planes covered. For each scenario, the EPS-Sterna ob-
servations are simulated and added to a Baseline observing system of real observations for assimilation
in an EDA experiment. This Baseline utilizes the full observing system in operational use in July 2019
but with a reduced number of MW sounding instruments to reflect a future where the number of current
larger platforms will be depleted. The real MW sounders used in this Baseline are constructed from two
pairs of Advanced Microwave Sounding Unit — A/Microwave Humidity Sounder (AMSU-A/MHS) on
Metop-B/C, two Advanced Technology Microwave Sounder (ATMS) instruments on SNPP/NOAA-20,
AMSU-A on NOAA-15 and 183 GHz channels on the Special Sensor Microwave Imager/Sounder (SS-
MIS) on the F-17 platform. These reflect the early morning, mid-morning and afternoon orbital planes
defined as high priority to maintain (Coordination Group for Meteorological Satellites, 2022). Further to
these polar-orbiting platforms, the Global Precipitation Measurement (GPM) Microwave Imager (GMI)
is included in the Baseline which carries 183 GHz channels and flies in a mid-inclination orbit of 65°, ob-
serving the tropics and mid-latitudes. Note that Aeolus observations are not assimilated in the Baseline;
the same Baseline is used in the experimentation for the future Doppler Wind Lidar.

To provide context to the results from adding the simulated data, further EDA experiments have been
run in which the existing observing system used has been changed compared to the Baseline (table 1).
Adding or denying MW sounding observations allows points of reference to gauge the impact of the
simulated data. It also provides a means to verify whether the results for the simulated future observa-
tions are consistent with findings with real data (consistent with previous findings (Lean et al., 2022b)).
Whole multi-sensor satellite platforms (Metop-C alone or both Metop-B and -C) have also been denied
in further experiments i.e. not just removing MW sounding data. This is to provide links in NWP impact
to socio-economic studies conducted previously, e.g. for the Metop platforms (Hallegatte et al., 2014).
In the EDA experiments here, the following types of data are assimilated from Metop-B/-C: hyper-
spectral infrared sounding (Infrared Atmospheric Sounding Interferometer (IASI)), GNSS-RO (GNSS
Receiver for Atmospheric Sounding (GRAS)), surface winds (Advanced Scatterometer (ASCAT)) and
tropospheric winds (Atmospheric Motion Vectors (AMVs) derived from the Advanced Very High Res-
olution Radiometer / 3 (AVHRR/3)). Note that additional Metop products such as ozone and nitrogen
dioxide products from Global Ozone Monitoring Experiment — 2 (GOME-2) are not included in the EDA
here but are used by ECMWF within atmospheric composition services.

Initially, four potential future EPS-Sterna constellations carrying MW instruments are considered (table
2). These have been devised by EUMETSAT and feature the scenario proposed as the nominally oper-
ational configuration consisting of three orbital planes with two satellites in each plane (“OP3-6SAT”).
Two smaller constellations with smaller numbers of satellites represent degradation from this preferred
six-satellite scenario either with a reduced number of orbital planes (“OP2-4SAT”) or fewer satellites in
each plane (“OP3-3SAT”). A further scenario adds two satellites to the nominally operational configura-
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Table 1: Combinations of existing MW sounders on sun synchronous platforms used in EDA experiments
containing only real data evaluated using the EDA method. Note that in all cases apart from R1, GMI is
also assimilated. R1-R4 concern adding/denying polar orbiting MW sounding instruments where R2 is
the reference baseline to which all simulated EPS-Sterna data are added. RS and R6 involve the denial
of all assimilated instruments on the satellite platforms. LECT = Local Equator Crossing Time.

Index Experiment name | MW sounder platform LECT of MW sounders
R1 No MW sounding | None -
R2 Baseline Metop-B/C AMSU-A/MHS, | 2x09:30, 2x01:30, 1x07:00,

SNPP ATMS, NOAA-20 | 1x06:30
ATMS, NOAA-15 AMSU-
A, F-17 SSMIS

R3 3 MW Sounders Metop-B AMSU-A/MHS, | 1x09:30, 1x01:30, 1x06:30,
NOAA-20 ATMS, NOAA- | 1x07:00

15 AMSU-A, F-17 SSMIS

R4 7 MW Sounders R2 + NOAA-18/-19 AMSU- | 2x09:30, 2x01:30, 1x07:00,
A/MHS 1x06:30, 1x08:30, 1x04:30
RS Metop-C denial R2 with denial of Metop-C | 1x09:30, 2x01:30, 1x06:30,
platform 1x07:00
R6 Metop-B/-C  de- | R2 with denial of Metop-B/- | 2x01:30, 1x06:30, 1x07:00
nial C platforms

tion to create an “enhanced” option of four orbital planes with two satellites in each plane (“OP4-8SAT”).
Figure 1 illustrates a typical example of the coverage of the individual subsatellite points for each of the
constellations. In each case, the LECTs and phasing of multiple satellites within each orbital plane have
been optimised while accounting for the existing MW sounders in the Baseline system. The satellite
positioning in the nominally operational and degraded options have been tuned by EUMETSAT (pers.
comm. J. Ackermann) to minimise the time to achieve global coverage while also distributing the satel-
lites to minimise overlap of the swaths. The latter of these criteria helps to reduce large geographical
gaps in coverage over shorter periods of time and also mitigates against losing a higher proportion of
data that sample the same area during spatial thinning processes (discussed later in section 4.2). In the
eight-satellite “enhanced” scenario the fourth plane is added to OP3-6SAT without any adjustment to the
sampling of satellites already optimised for three planes.

The current study uses the EPS-Sterna instrument specifications (e.g. https://www.esa.int/aws,
Lagaune et al. (2021)), with the exception of the instrument noise for which realistic estimates based on
pre-launch testing of AWS are used. The instrument is a cross-scanning radiometer comprising 115
fields of view (FOV) with a maximum scanning angle from nadir of 54.4293° and is expected to be
flown at an altitude of 600km. The instrument mass is expected to be around 120kg which allows a
good compromise between drawbacks from miniaturisation, such as the loss of the low frequencies,
while retaining performance comparable to the existing MW instruments for common frequencies. A
summary of the EPS-Sterna instrument frequencies and their key characteristics, including the noise
performance (latest estimates after pre-launch instrument testing at the time of EDA experimentation,
pers. comm., S. Di Michelle) is given in table 3. Note that the table provides values of the sample (or
raw) NEDT which accounts for the integration time for one FOV on the instrument. This differs from the
NEDT definition used in the EPS-Sterna instrument user requirements which instead gives values based
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Table 2: Potential future EPS-Sterna constellations comprising small satellites in sun synchronous orbits
carrying MW sounders evaluated using the EDA method. Constellations include a six-satellite sce-
nario favoured for future operational implementation and further scenarios representing degradations or
enhancement to this nominally operational configuration. Each of the constellations are added to the
reference Baseline (R2, table 1) and are run with temperature and humidity sounding channels only at
50 and 183 GHz respectively (plus complementary window channels). LECT = Local Equator Crossing
Time.

Scenario no. Experiment LECT No. of planes | No. of satel- | Total no. of
name lites per plane | satellites
1 OP3-6SAT 2x03:30, 3 2 6
“nominally 2x07:30,
operational” 2x11:30
2 OP3-3SAT 1x03:30, 3 1 3
“degraded 17 | 1x07:30,
1x11:30
3 OP2-4SAT 2x03:30, 2 2 4
“degraded 2” | 2x11:30
4 OP4-8SAT 2x03:30, 4 2 8
“enhanced” 2x05:30,
2x07:30,
2x11:30

on the time for the antenna to cover an angle equal to the 3dB beam width (e.g., Atkinson (2015)), which
are typically smaller.

To test the sensitivity to the noise performance of the instrument two further EDA experiment using
only the OP3-6SAT scenario are run where the NEDT values of all channels are inflated by 30% and
secondly the noise on temperature sounding channels only is reduced by around 55-60% (table 4). By
inflating values by 30% some of the temperature sounding channels have NEDT higher than the instru-
ment specifications. Stringent requirements are placed on the noise performance of MW instruments,
particularly for the temperature sounding channels in the 50 GHz band, in order to significantly benefit
NWP where tropospheric temperature errors are already small (Bell et al., 2008). For the set of reduced
NEDT values, only the temperature sounding channels in the 50 GHz band have been changed as the
benefit from these channels is expected to be most sensitive to the noise performance. The chosen values
are significantly lower than current estimates of realistic sample NEDT. They are inadvertently based
on pre-launch measurements of the 3dB NEDT, but without the 1.73 scaling factor to obtain the sample
NEDT. It is hence likely that such performance is not achievable from a small satellite. The results are
nevertheless included here as a hypothetical scenario, to illustrate the potential benefit of better noise
performance irrespective of whether engineering solutions can be found to achieve such performance in
the future, either on small or larger platforms.
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Figure 1: Maps showing an example of the typical subsatellite point coverage for each of the satellites
in the four initial EPS-Sterna constellations (clockwise from top left: OP3-6SAT (nominally operational
configuration), OP3-3SAT, OP2-4SAT and OP4-8SAT scenarios). Data are for a six-hour period, 03:00
—09:00 2 July 2019. Colours are only used to differentiate the individual satellites within each constel-
lation.

4 Framework for simulating and assimilating EPS-Sterna MW data

In the present study we adapt the framework previously developed in an ESA-study used to assess the
potential for a range of future constellations with MW sounding observations. While a brief summary of
the steps are presented in the following section, full details of the system design can be found in (Lean
et al., 2022a). In this first task, the 325 GHz channels are not considered and therefore at this stage,
it is possible to exploit the existing infrastructure already in place for the well-established frequencies
around 50 and 183 GHz. Methods to treat the new high frequency channels will be developed and
presented in a subsequent report. Note that EPS-Sterna instrument channel 3 (53.246 GHz) has also not
been assimilated before at ECMWE. However, this new frequency lies between the frequencies of two
well-established channels in a well understood part of the frequency spectrum. Therefore, we can have
confidence in the quality of simulated observations without need for special treatment and can draw on
the examples of the neighbouring channels to apply very similar approaches during assimilation.

4.1 Simulating EPS-Sterna MW brightness temperatures

The simulation of the data uses a tailored version of the Integrated Forecast System (IFS) to take high
resolution NWP model fields, interpolate to the observation locations and convert them to brightness
temperatures (BTs) with application of a radiative transfer model. For the EPS-Sterna constellations,
simulated BTs are produced using a version of the IFS based on cycle 47R3.4 (operational at that time)
but with adaptations to include the latest package of MW improvements that will be used at the next IFS
cycle upgrade. High resolution ((T¢,1279, ~9km, 137 vertical levels) ECMWEF analyses are used as a
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Table 3: Specifications for channels used in the small satellite simulation for all scenarios in table 2.
Note that the values of instrument noise correspond to the sample NEDT which are scaled values of the
3dB Field of View (FOV) NEDT, accounting for the sampling interval of the instrument rather than using
the time for the antenna to cover an angle equal to the 3dB beam width.

Centre  fre- | MW  instru- | AMSU-A/MHS Bandwidth | Footprint size | Sample
quency (GHz) | ment channel | channel (MHz) at nadir (km) | NEDT (K)
50.3 1 AMSU-A 3 180 40 0.987
52.8 2 AMSU-A 4 400 40 0.641
53.246 3 - 300 40 0.641
53.596 4 AMSU-A 5 400 40 0.658
544 5 AMSU-A 6 400 40 0.606
54.94 6 AMSU-A 7 400 40 0.606
55.5 7 AMSU-A 8 330 40 0.641
57.290344 8 AMSU-A 9 330 40 0.658
89 9 AMSU-A 4000 20 0.269
15/MHS 1
165.5 10 MHS 2 (157GHz) | 2800 10 0.53
176.311 11 MHS 5 2000 10 0.53
178.811 12 - 2000 10 0.53
180.311 13 MHS 4 1000 10 0.74
181.511 14 - 1000 10 0.74
182.311 15 MHS 3 500 10 1.04
325.15+1.2 16 - 800 10 1.42
325.15+2.4 17 - 1200 10 1.16
325.15+4.1 18 - 1800 10 0.95
325.15+6.6 19 - 2800 10 0.76

proxy for the truth. Spatial/temporal sampling information to interpolate the model fields to observation
locations is given by orbital parameter files provided by EUMETSAT. The radiative transfer modelling
is performed using RTTOV-SCATT! (version 13) which accounts for scattering from hydrometeors at
MW frequencies and therefore allows use of the MW data in the all-sky framework (Saunders et al.,
2020; Geer et al., 2021). RTTOV-SCATT coefficient files were provided by the NWP SAF (https:
//nwp-saf.eumetsat.int/site/software/rttov/download/coefficients/coef
ficient-download/) and they are used throughout this study.

The process is very similar for simulating the EPS-Sterna MW data as for generating model equivalent
BTs for real data however there is one exception related to emissivity calculation over land, snow and
sea-ice surfaces. For real MW data over these surfaces, emissivity used for deriving the equivalent
BTs of surface sensitive sounding channels is obtained through a dynamic emissivity retrieval from
window channels (Karbou et al., 2006). During the simulation process, this is replaced by use of an
emissivity atlas over land and a relatively crude approximation over snow and sea-ice surfaces, whereas
during the subsequent assimilation the dynamic retrieval approach is used. As a result of using these
simplistic values as initial input for the emissivity, the simulation of the impact of EPS-Sterna is likely

IRTTOV = Radiative Transfer for TOVS, TOVS = TIROS Operational Vertical Sounder, TIROS = Television Infrared
Observation Satellite
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Table 4: NEDT values for sensitivity experiments which compare the original NEDT used in all four
EPS-Sterna scenarios (reproduced from table 3) alongside all values inflated by 30%, values in the
50 GHz band reduced by 55-60% and, for reference only, maximum values given by the instrument
requirements. Values for the 325 GHz are not included here as they are not assimilated in these EDA
experiments.

Centre MW instru- | Original Inflated Reduced NEDT  re-
frequency ment channel | sample NEDT (K) NEDT (K) quirements
(GHz) NEDT (K) (K)

50.3 1 0.99 1.28 0.37 1.04

52.8 2 0.64 0.83 0.25 0.69
53.246 3 0.64 0.83 0.28 0.69
53.596 4 0.66 0.86 0.25 0.69

544 5 0.61 0.79 0.25 0.69

54.94 6 0.61 0.79 0.24 0.69

55.5 7 0.64 0.83 0.28 0.87
57.290344 8 0.66 0.86 0.31 1.04

89 9 0.269 0.35 0.27 0.42

165.5 10 0.53 0.69 0.53 0.60
176.311 11 0.53 0.69 0.53 0.70
178.811 12 0.53 0.69 0.53 0.70
180.311 13 0.74 0.96 0.74 1.00
181.511 14 0.74 0.96 0.74 1.00
182.311 15 1.04 1.35 1.04 1.30

to be optimistic over snow and sea-ice surfaces. For results in the northern hemisphere, this is mitigated
by choosing a northern hemisphere summer period for the experimentation performed in this study.
Further details can be found in Lean et al. (2022a). Note that improved forward-modelling for passive
MW observations affected by surface snow and sea-ice is an area of active research, and simulation and
assimilation of EPS-Sterna and AWS data will benefit from any advances in this area.

4.2 Sampling and thinning

For global NWP, the noise performance of the assimilated observations is critical for the temperature-
sounding channels, for which errors in NWP are small (within the order of tenths of a kelvin (Bell et al.,
2008)). When the noise of individual observations is comparatively high, averaging (or “super-obbing”)
is often applied, in order to reduce the effective noise in the assimilated data. This is for instance done
for ATMS, for which a 3x3 averaging technique is applied, taking advantage of the spatial oversampling
of the observations (Bormann et al., 2013). For humidity-sounding channels, such super-obbing can also
reduce spatial representativeness errors, that is mismatches in the scales represented in the observations
and the model fields. Analysis of different choices for the number of FOVs to average found that 3x3
was also an appropriate choice for an EPS-Sterna-like instrument, where there is spatial oversampling.
The choice of 3x3 averaging brings the effective noise characteristics of the temperature-channels down
to levels more comparable to that of existing MW observation use (Lean et al., 2022b). Therefore, the
same strategy is used here. In practice though, for simplicity, we chose not to perform explicit averaging
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Figure 2: Map showing an example of the typical coverage of simulated MW observation locations for
the nominally operational, OP3-6SAT constellation after both sampling to mimic 3x3 averaging and
thinning all satellites together. Data are for a 30-minute time slot (09:30 to 10.00) on 1 July 2019.
Colours are used only to differentiate the individual satellites.

for the observation simulation. Instead, we sub-sample to mimic the effect of the 3x3 averaging, and only
take the effect of averaging into account when specifying the effective noise of the resulting observations
(see section 4.3). That is, we select every third scan position on every third scanline (with an exception
near nadir) i.e. we only use scan positions at 2, 5, 8...50, 53, 57, 60... 108, 111, 114. This method of
selection rather than averaging contributes to simulating spatial representation errors, originating from
differences in the spatial scales that are represented in the observations and the model fields, and it was
found to perform well in previous work.

Spatial/temporal thinning is also applied prior to assimilation which is used for real MW data to mitigate
against the presence of spatially correlated errors that are not accounted for in the observation error.
These spatially correlated errors primarily arise from representation errors which can also include, for
example, radiative transfer errors. Following similar strategies to existing MW instruments, prior to
being ingested into the IFS, all the satellites in the EPS-Sterna constellation are thinned together and
the same parameters are used for all frequencies. The data are first divided into 30 minute time slots
and then spatial thinning is applied where only the observation closest to a Ty 255 reduced Gaussian
grid point is chosen. The result of the coverage of the data for one 30-minute time slot after this step
(combined with the earlier 3x3 selection process) is illustrated for the nominally operational, six-satellite
scenario in figure 2. Finally, within the IFS, alternate grid points are selected in the meridional direction.
This all culminates in a minimum separation distance of around 110km within each half-hour interval.
The phasing of the satellites within each EPS-Sterna constellation is optimised with achieving global
coverage as quickly as possible but also to simultaneously minimise the overlap of satellite coverage.
This fits well with the thinning strategy applied here where a higher proportion of data will be lost when
different satellite coverage overlaps within the 30-minute thinning windows. Figure 2 also provides a
snapshot of typical spatial coverage in the 30 minutes that arise from these optimisation criteria.

4.3 Adding noise to EPS-Sterna simulated BTs

Perturbations based on the sample NEDT (as detailed in table 3) divided by three (due to mimicking a
3x3 averaging step) are added to the EPS-Sterna simulated observation prior to assimilation. This step
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simulates the instrument noise, assuming no correlation between different samples. For each observation,
arandom number is drawn from a Gaussian distribution with mean of zero and standard deviation of one.
This is multiplied by sample NEDT/3 of the associated channel to give the final perturbation. For the two
experiments exploring the impact of changing the NEDT values, the corresponding inflated or reduced
values are used in place of the original estimates (table 4). Sensitivity tests performed during the ESA
study showed that in fact these perturbations have little impact on the eventual EDA spread changes. The
perturbations applied within the EDA, based on the observation error assigned during the assimilation,
are larger than the NEDT values and appear to be the dominant factor over these initial perturbations in
affecting the spread of the EDA.

4.4 Observation error

The observation error assigned to the EPS-Sterna data during the assimilation follows the established
all-sky error model, where the assigned observation error increases in the presence of cloudy signals in
either the observations or the model. The all-sky error model has been successfully used for many years
at ECMWF and continues to be employed for the latest MW instruments (Geer et al., 2010, 2017). In all-
sky use, representation error dominates the observation error in cloudy conditions, arising from different
representativeness of clouds in the observations and model fields. To address this, a suitable indicator
of the presence of cloud is chosen in order to assign larger errors in situations where a greater amount
of cloud is detected in either the observations or model fields (Geer and Bauer, 2011). Inter-channel
and spatial error correlations are not explicitly accounted for. While the spatial thinning discussed ear-
lier helps to mitigate against this, the assumed observation errors are also slightly inflated (similar to
treatment of e.g. AMSU-A and MHS).

Temperature sounding channels on existing MW instruments use cloud indicators that are constructed
with use of lower frequency channels that are unavailable on the EPS-Sterna instrument. Over land
a scattering index (23.8-89 GHz) exploits differences in scattering properties of frozen hydrometeors
(Bennartz et al., 2002) while over ocean the liquid water path is derived from a combination of 23.8 and
31.4 GHz (Grody et al., 2001). By estimating the cloudy signals in either the observations or model, these
indicators control the rate at which the observation error increases from a minimum clear-sky value up to
a maximum saturated cloudy value. For existing MW data, these minimum and maximum observation
error values are tuned empirically for each frequency and for each satellite. The strategy for defining
the key parameters of an adapted version of the observation error model particular for the EPS-Sterna
instrument follows the method developed in the ESA small satellite study (further details in Lean et al.
(2021b, 2022b)). The maximum assigned observation error in cloudy regions is the same as used for
existing real data, as these are dominated by representation error which is expected to be comparable
for the EPS-Sterna observations. The observation error assigned in clear-sky regions instead reflects
the sample NEDT in combination with smaller representation error contributions. To assign clear-sky
observation errors as a function of NEDT we used the same empirical formula as in Lean et al. (2022b),
derived from NEDT estimates and assigned observation errors for real data. The cloud indicator adopted
for temperature sounding channels on the EPS-Sterna instrument is based on an estimate of the cloud
effect in the 52.8 GHz channel, both in the observations and the model background, estimated from
comparisons with clear-sky simulations. The same 52.8 GHz indicator is used over both ocean and
land surfaces. This has previously been found to be an adequate replacement for the cloud indicators
using the lower frequency channels (23.8 and 31.4 GHz) for the AMSU-A or ATMS instrument (Lean
et al., 2021b). Note that for the humidity sounding channels, the same cloud indicator used for real MW
observations is also applied to the EPS-Sterna instrument where 89 and 165.5 GHz are used to construct
a scattering index (Geer et al., 2014).
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For the additional sensitivity experiments with inflated or reduced NEDT values, the same empirical
formula is applied to obtain the minimum clear-sky observation errors. New maximum errors, cloudypeyy,
are also correspondingly increased or reduced by the following equation:

cloudype,, = \/ cl oudylzm. -~ cl earsky%rig + clearsky?,,, 2)

Where the cloudy,,;, is the original maximum value derived using the unchanged NEDT estimates and
clearsky,ig and clearsky,,, are the original and new clear-sky observation errors respectively. In prac-
tice, the observation errors of the temperature sounding channels are most affected due to the large
component from the NEDT levels. Meanwhile for the humidity sounding channels where minimum
clear sky errors are significantly larger than the NEDT due to the more dominant representation error,
observation error values are essentially unchanged despite the 30% increase in NEDT.

An important characteristic of the all-sky framework is that the standard deviation of the observation
— model background (short-range forecast generated by the previous model cycle) should increase in
the presence of cloud in the observations or model, as estimated by the appropriate cloud indicators.
The earlier ESA study showed that the simulated data were able to replicate this behaviour. Further
checks on the simulated EPS-Sterna data re-confirmed the pattern in the departure statistics including
for the new 53.246 GHz channel not previously assimilated at ECMWF (not shown). Note that for later
experimentation using the 325 GHz channel set, construction of the observation error will be revisited
in the second task of this project. An appropriate model for assimilation of the 325 GHz channels will
need to be developed but there will also be consideration as to whether these new channels can improve
on the existing cloud indicators for the 183 GHz e.g. as suggested in Eriksson et al. (2020).

4.5 Assimilation

Once the simulated BTs have been thinned and perturbed, they can be assimilated in the EDA experi-
ments where the EPS-Sterna instrument channels follow the same processing as equivalent channels on
existing MW instruments. Screening and quality control choices follow the example of real MW data
with the exception of channel 3 at 53.246 GHz which has not been used before at ECMWE. This falls
between the equivalent of AMSU-A 4 and 5 which have different screening choices due to increased sur-
face sensitivity at the slightly lower frequency. As the instrument channel selection is greatly motivated
by the MWS instrument (MWS Science Advisory Group, 2019; EUMETSAT, 2019) this new channel
has also been adopted for EPS-Sterna. It is desirable to exploit this new information from the EPS-Sterna
instrument but given that there is less experience with real data specifically at this frequency, we take
a more cautious approach with limiting the assimilation of the channel to ocean surfaces in the tropical
and mid-latitudes. In the future, investigation with real data e.g. from the recently launched MicroWave
Temperature Sounder — 3 (MWTS-3) on the Feng-Yun-3E satellite or the future EPS-SG MWS may lead
to a more aggressive approach. Some of the key quality control and processing choices are listed in table
5 while more complete details of the all-sky treatment of temperature and humidity sounding instruments
in assimilation can be found in Duncan et al. (2022) and Geer et al. (2022) respectively.

During the simulation process, there is no specific addition of systematic errors arising, for example,
from errors in the calibration. Nevertheless, the variational bias correction (VarBC) scheme (Auligné
et al., 2007) is activated during the assimilation in order that the assimilation system does not treat the
EPS-Sterna data as anchor observations i.e. that it would inform the bias correction of other observations.
A separate bias correction is applied to each channel on the EPS-Sterna instrument, consistent with the
treatment of real MW data. Corrections were confirmed in the earlier ESA study to be small and stable for
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Table 5: Summary of key quality control and processing choices made in the assimilation of MW radi-
ances on both the EPS-Sterna instrument and existing MW sounders

Assimilation choice

Application to all-sky MW

Radiative transfer

model

RTTOV-SCATT v13 (Saunders et al., 2020; Geer, 2021)

Ocean emissivity

FASTEM-6 (Kazumori and English, 2015)

Land/sea ice emissiv-
ity

Dynamic retrieval using 50.3GHz for temperature sounding, 165.5GHz for
humidity sounding (Karbou et al., 2006; Baordo and Geer, 2016)

Tropics (<30° N/S)
orography rejection

53.246 and 53.596 GHz height < 1000m, 54.4GHz height < 2000m

Extratropics
phy rejection

orogra-

53.246 and 53.596 GHz height < 500m, 54.4GHz height < 1500m

Polar regions (>60°
N/S)

53.246, 18347 and 18344.5 GHz rejected over all surfaces, 53.596 GHz
rejected over land/sea ice in Antarctic region only

Coast

53.246, 53.596, 54.4, 18347 and 183+4.5 GHz rejected

Snow/sea-ice

53.246, 183+7 and 183+4.5 GHz rejected

Surface sensitive chan-
nel rejection

50.3, 52.8, 89, 165.5 GHz not directly assimilated (but used e.g. in emis-
sivity and observation error calculation)

the simulated small satellite data, as required. The approach taken to bias modelling is justified provided
biases in the EPS-Sterna data are in line with those experienced in existing MW sounding observations.
Observations from high-specification instruments such as those on the Metop or JPSS series of satellites
may be necessary to achieve this, for instance, through inter-calibration exercises or other enhanced
instrument characterisation.

S EDA spread results of initial constellations

We begin by discussing some of the key outcomes from analysis of the EDA spread changes which
are summarised in figure 3, showing results from EDA experiments with different numbers of real MW
sounders as well as the simulated EPS-Sterna scenarios. The respective reduction in EDA spread for each
experiment is plotted against the number of assimilated MW sounding locations - this is a total repre-
senting the number of locations where one or more channels were used in the assimilation. Geopotential
height in the extra-tropics at 500 hPa is shown here as it is a key performance indicator in forecast impact
assessment. While all the results are relative to an experiment without MW sounding observations, the
reference Baseline to which all the simulated or real data are added/removed is marked with a dotted line
(R1 and R2 respectively as detailed in table 1). Figure 3 illustrates the following features which are more
generally representative of other variables and pressures:

* All four initial EPS-Sterna constellations result in relatively large spread reductions compared to
the Baseline, indicating significant additional benefit. The impact is largest for the constellation
with the largest number of satellites (OP4-8SAT) and spread reduction for the four-satellite de-
graded scenario is larger than the three-satellite scenario. The nominally operational, OP3-6SAT
scenario is able to achieve an EDA spread reduction relative to the Baseline that is able to repli-
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Figure 3: Percentage EDA spread reductions with increasing observation numbers for geopotential height
at 500 hPa relative to a No MW Sounding experiment for all EPS-Sterna constellation options and ex-
periments changing the number of MW sounding instruments (R2-R4, table 1). The x-axis denotes the
number of observation locations for which one or more channels are assimilated. Different symbols de-
note the different simulated data scenarios (black) or the use of real MW data (red). The point picked
out on the dotted grey line, corresponds to the Baseline to which all other combinations of real and sim-
ulated data are added/removed. Data are from the northern hemisphere (latitude > 20°N, left panel) and
southern hemisphere (latitude > 20°S, right panel) over the period 8-28 July 2019. Error bars indicate
an estimate of 95% confidence.

cate a large proportion of the positive impact of the Baseline compared to the No MW Sounding
experiment.

* At these smaller constellation sizes, as the number of satellites rises the rate of increase in spread
reduction remains relatively high. This means the OP3-6SAT constellation achieves an impact
that is overall just under twice as large as the OP3-3SAT constellation. Assessment of larger
constellations have found that this rate slows more noticeably e.g. for 14-20 small satellites (Lean
et al., 2022b).

* A smooth extension in the pattern from experiments changing real data (red points) to addition of
simulated data (black points) lends further confidence to the results for the simulated data.

The difference in the magnitude of spread reduction between the northern and southern hemispheres
is also demonstrated in figure 3, showing an overall larger impact over the southern hemisphere. This
amplification of similar patterns in the southern hemisphere is commonly seen for changes in satellite
data as measured by OSEs and is mainly attributed to poorer coverage of conventional observations in
this area.

The addition of the simulated EPS-Sterna constellations is also able to produce significant benefit to wind
fields as shown in the examples for the U component of wind at 200 hPa (figure 4, upper panels). The
inference of wind from adding real MW sounding observations related to temperature and humidity is an
important mechanism. There are two key processes in which these impacts on the wind can be indirectly
acquired. The first is known as the “4D-Var tracing effect” where the assimilation scheme adds wind
increments in response to the temporal evolution of humidity fields. Information from humidity sounding
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Figure 4: As for figure 3 but for U component of wind at 200 hPa (top row) and humidity at 300 hPa
(bottom row) in the northern hemisphere region (latitude > 20°N, left column) and tropics region (lati-
tude 4 20°N, right column).

channels is therefore most influential in the process and effects are predominantly in the troposphere. In
the second mechanism, balance equations (e.g. geostrophic balance) link modifications in the mass
fields (particularly from temperature sounding observations) to changes in the wind field. The balance
relationship is weaker towards the tropics so the 4D-Var tracing effect becomes dominant and humidity
sounding channels provide the majority of the benefit for the tropospheric wind at the lower latitudes,
whereas in extratropical regions, there is significant additional benefit from the temperature sounding
observations on the wind. It is encouraging to see the simulated EPS-Sterna data are also able to similarly
affect the wind fields (consistent with previous findings (Lean et al., 2022b)) and the combination of both
50 and 183 GHz results in good impact at all latitudes. Impacts on the U wind in the tropics are generally
smaller than the extra-tropics which may be in part due to the strength of the different mechanisms to
affect the wind fields, where e.g. the contribution from balance equations lessens in the tropics. However,
differences in the magnitude of spread reduction between the tropics and extra-tropics are also seen more
widely such as in the examples of relative humidity at 300 hPa (figure 4, lower panels) and can also be
linked to fewer data in the tropics. It is important to note that error growth in the tropics is very different
to that of the extra-tropics and impacts can be less reliable due to sensitivity to changes in the mean
errors.
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Figure 5: As for figure 3 but for temperature at 200 hPa in the northern polar region (latitude > 60°N,
left panel) and southern polar region (latitude > 60°S, right panel).

In addition to the benefits on hemispheric scales, figure 5 illustrates the similar patterns of significant
benefit for temperature at 200 hPa in the polar regions. As for the broader northern/southern hemisphere
regions, the spread reduction in the south polar region is much larger than in the north polar region. The
geographical variability of the EDA spread values for the nominally operational, six-satellite scenario
compared to the Baseline is explored further in examples for the geopotential height at 500 hPa, U
wind at 200 hPa and temperature at 850 hPa in figure 6. Here, the dominant blue colour indicates the
widespread reduction in EDA spread when adding the EPS-Sterna observations. The dark blue shading
confirms larger spread reductions are more concentrated in the polar regions and in particular the southern
hemisphere/Antarctica. Meanwhile, the tropics show an overall smaller reduction, consistent with the
examples discussed in figure 4. The example of temperature at 850 hPa also illustrates that in the lower
troposphere, there is no visible contrast between the improvements over land or ocean surfaces.

As results have so far focused on selected pressure levels, figure 7 gives representative examples of
significant reduction in EDA spread for the EPS-Sterna constellations (coloured lines) across the whole
vertical profile. Here, the zero line marks the reference Baseline of real observations (R2, table 1) and
for comparison the increase in spread (degradation) from the denial of all the MW sounding data (black
line) is also included. Across the variables analysed here, the nominally operational OP3-6SAT scenario
generally shows spread reductions across all pressures that are around 1.5-1.7 times that of the smallest
OP3-3SAT constellation when compared to the Baseline. For a doubling in the number of satellites, a
corresponding doubling in the impact would not be expected as previous studies have shown a slowing
in the rate of benefit increase (e.g. with addition of real MW data in OSEs (Duncan et al., 2021) and
experience with simulating larger small satellite constellations (Lean et al., 2022b)). As the number of
satellites differ in each scenario, it is not possible to conclude on the importance of additional orbital
planes compared to adding more satellites.

Despite the EPS-Sterna instrument’s limited stratospheric sounding capabilities, figure 7 also shows that
the benefit from adding EPS-Sterna extends into the stratosphere. Sensitivity from the highest peaking
channel (with a broad weighting function peaking around 80 hPa) can contribute to the stratospheric
impact and the cycling assimilation scheme is able to propagate changes from the troposphere to these
lower pressures. The profiles of the impact on U wind (figure 7, right column) show the smaller impacts
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Figure 6: Maps showing the percentage difference in EDA spread between the nominally operational
OP3-6SAT EPS-Sterna constellation and the Baseline for U component of wind at 200 hPa (top left
panel), geopotential height at 500 hPa (top right panel) and temperature at 850 hPa (bottom panel). Blue
colours indicate areas where EDA spread values are smaller in the OP3-6SAT scenario indicating benefit
from the addition of the simulated data.
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Figure 7: Vertical profiles of EDA spread reduction for (clockwise from top left): geopotential height
and U wind in the northern hemisphere (latitude > 20°N, left panel), U wind in the tropics (latitude +
20°N) and temperature in the northern hemisphere for the EPS-Sterna scenarios and No MW Sounding
experiment relative to the Baseline. Data are for the period 8-28 July 2019 and error bars indicate an
estimate of 95% confidence.

throughout the troposphere in the tropics (with wind information acquired indirectly mainly from the
4D-Var tracing effect) compared to the extra-tropics (a combination of the 4D-Var tracing effect and
balance equations). It is evident that the magnitude of the spread reduction is more comparable between
the tropics and extra-tropics in the stratosphere — this is also observed in temperature and geopotential
height and is a feature in the real MW observations. However, the troposphere and stratosphere have
very different error growth characteristics so the significance of this result is not fully clear.

5.1 Impact of EPS-Sterna relative to changing real observations

We will now further compare the spread reductions from the EPS-Sterna constellations with impact seen
from real data, including that of the Metop satellites. Results discussed so far have already provided
some evidence that there is significant impact from the four EPS-Sterna constellations when compared
with changes to the existing MW sounding constellation. Figure 8 examines this aspect further, showing
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Figure 8: Vertical profiles of EDA spread reduction for the geopotential height (right panel) and U wind
(left panel) in the northern hemisphere (latitude > 20°N) for the nominally operational OP3-6SAT EPS-
Sterna constellation (red) and experiments that change the number of real MW sounding observations (7
MW sounder: solid blue line, 3 MW sounder: dotted blue line) relative to the Baseline (R2). Data are
for the period 8-28 July 2019 and error bars indicate an estimate of 95% confidence.

representative examples of the vertical profiles of EDA spread changes for the nominally operational
OP3-6SAT EPS-Sterna scenario and experiments concerning changes to the existing MW constellation
against the reference Baseline. The OP3-6SAT constellation shows a clear additional reduction in EDA
spread compared to the addition of two real polar orbiting MW sounding AMSU-A/MHS pairs (“7 MW
sounder ”, solid blue line). The removal of two real pairs (“3 MW sounder ”, dashed blue line) tends to
have a larger spread reduction than the opposite gain when adding a further two pairs (solid blue line).
This decrease in the rate of additional impact is a known feature as discussed earlier for the differences
in the EPS-Sterna constellations.

Figure 9 compares the OP3-6SAT constellation to the denial of the entire Metop-C platform (solid blue
line) and Metop-B/C combined (dashed blue line). The denial of all the MW sounders (black line) is
also given for reference. Here, the addition of the OP3-6SAT scenario typically reduces the EDA spread
further than the opposite increase in spread from denying Metop-C (but keeping Metop-B). Meanwhile,
the loss of both Metop-B/-C shows a larger magnitude of spread change. This suggests that, on these
hemispheric scales and with the set of variables considered here, the OP3-6SAT EPS-Sterna constella-
tion would be expected to exceed the impact of a single Metop platform, though would be smaller than
that of two Metop platforms. However, it is important to note that the consequences of the loss of a
high-performance, multi-sensor platform are not fully captured in the analysis here. For example, our
experimentation assumes that high-performance platforms are available for cross-calibration, an aspect
that is not captured in the Metop denials shown. In addition, there are benefits from Metop for geophys-
ical variables not considered here, such as atmospheric chemistry or near-surface winds. Near surface
wind fields are usually little influenced by changes in MW sounding observations but are affected by
measurements from scatterometer instruments. These can be very important in high impact but relatively
small spatial scale events such as hurricanes.
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Figure 9: As for figure 8 but comparing the nominally operational OP3-6SAT EPS-Sterna constellation
(red line), removal of all MW sounding data (black line) and experiments that change the number of
Metop platforms (Metop-C denial: solid blue line, Metop-B/-C denial: dotted blue line) relative to the
Baseline (R2).

5.2 Sensitivity to instrument noise performance

Figure 10 shows representative examples of EDA spread changes in the extra-tropics where increasing or
reducing the NEDT (and consequently changing the observation errors), can be equivalent to the impact
of losing or gaining small satellite platforms respectively in the constellation. By inflating the NEDT
consistently by 30%, the spread reduction is between the impact of the original OP3-6SAT and the four-
satellite (OP2-4SAT) constellation (red and magenta lines respectively in figure 10). In the southern
hemisphere in particular, the result of inflation of the NEDT is closer to the loss of two EPS-Sterna
platforms. Conversely, when the temperature sounding NEDT is reduced by around 60%, the additional
reduction in EDA spread generally exceeds the benefit of adding two further EPS-Sterna platforms (OP4-
8SAT). As only the temperature sounding channels are affected in this case, it highlights the importance
of continuing to advocate for excellent noise performance at these frequencies.

In the tropics, where EDA spread impacts are also overall smaller, the change in NEDT does not show a
clear improvement or degradation over the original values. Maps of the EDA spread change relative to the
original OP3-6SAT experiment (figure 11) show that while the extra-tropics have consistent differences,
the tropics are noisier and mixed. The temperature sounding channels are predominantly affected in
these experiments and this mass information is more associated with determining larger scale, slower
evolving patterns. The ability to capture the finer, faster scale features of the tropics may be less sensitive
to changes in the temperature error that still retain relatively small absolute values.

5.3 Combined impact of EPS-Sterna and DWL follow on

The focus in this report has been on assessing EPS-Sterna while a separate study has considered the
potential impacts from a DWL follow on mission based on EPS-Aeolus (Healy et al., 2023). Details on
the simulation of Aeolus2 data and the assumed observation characteristics can be found in (Healy et al.,
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Figure 10: As for figure 8 but for geopotential height in the northern hemisphere (left panel) and southern
hemisphere (right panel) comparing the nominally operational six-satellite (OP3-6SAT), degraded four
(OP2-4SAT) and enhanced eight-satellite (OP4-8SAT) EPS-Sterna constellations and two experiments
that change the noise performance for the six-satellite configuration (inflating NEDT: dotted line, reduc-
ing NEDT: dotted blue line) relative to the Baseline (R2).
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Figure 11: Maps showing the percentage difference in EDA spread between OP3-6SAT using inflated
(left) and reduced (right) NEDT values compared to the originally provided values for the U component
of wind at 200 hPa. Blue colours indicate areas where the EDA spread values are smaller when using the
inflated or reduced NEDT indicating benefit compared to the original NEDT/error values.
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2023). Here, we consider the complementarity of the two missions by running a further EDA experiment
where both are assimilated. The simulated DWL follow on, “Aeolus2”, retains the spatial/temporal and
vertical sampling from the current Aeolus mission, but takes into account the better noise performance
expected as a result of instrument enhancements over Aeolus. Figure 12 shows that when both missions
are included, there is a significant further spread reduction beyond the individual contributions and the
overall impact retains a high proportion of the separate spread reductions if they were simply added.
Figure 12 highlights the different strengths of Aeolus2 and EPS-Sterna that make the missions comple-
mentary in their impacts. For example, the impact on tropospheric tropical winds is much higher for
Aeolus2 and forms the dominant component of the combined impact while for geopotential height and
temperature, a higher contribution to the combined impact comes from EPS-Sterna, particularly over the
extra-topics. The spread reductions of both individual missions compare favourably to the magnitude of
the opposite spread increase from denying Metop-C across all the variables considered. The combined
impact is far greater in the measures used here than the removal of a single multi-sensor platform.

Using the example of the U component of wind at 500 hPa, figure 13 further shows the complementary
impacts of Aeolus2 and EPS-Sterna that result in significantly reducing the EDA spread globally. Sup-
porting the trends seen in figure 12, Aeolus2 has higher impact in the tropics while in the extra-tropics,
the spread reductions are similar in magnitude to EPS-Sterna. However, the widespread darker blue
colours that indicate significant benefit from the combined experiment reinforces the additive nature of
the impacts and the resulting global improvements. Provided the missions perform as expected, this is
likely a lower estimate of the combined benefit of EPS-Sterna and EPS-Aeolus, as only the noise perfor-
mance has been accounted for in the simulated Aeolus2 and the 325 GHz channels on EPS-Sterna have
not been added.
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Figure 12: Vertical profiles of EDA spread reduction for (clockwise from top left): U wind in the northern
hemisphere (latitude > 20°N) and in the tropics (latitude = 20°N), temperature and geopotential height
in the northern hemisphere for the nominally operational six-satellite EPS-Sterna scenario, Aeolus2 and
the combination of both missions in a further EDA experiment relative to the Baseline. For comparison,
the denial of all data used on Metop-C is also shown. Data are for the period 8-28 July 2019 and error
bars indicate an estimate of 95% confidence.
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Figure 13: Maps showing the percentage difference in EDA spread between the nominally operational
EPS-Sterna constellation, OP3-6SAT (top left), Aeolus2 (top right) and the combination of both in a fur-
ther EDA experiment (bottom panel) compared to the Baseline for the U component of wind at 500 hPa.
Blue colours indicate areas where the EDA spread values are smaller when adding separately or together
the EPS-Sterna and Aeolus2 missions indicating benefit compared to the Baseline.

6 Summary and next steps

This report first reviews the EDA technique and outlines the steps to simulate and assimilate EPS-Sterna
observations along with their accompanying observation errors. We then present the evaluation of the
benefit to global NWP from a set of initial EPS-Sterna constellations (focusing on 50 and 183 GHz
sounding channels alongside two window channels). An earlier ESA study which employed the EDA
method to assess future constellations of small satellites carrying MW sounders (Lean et al., 2022b)
provided a framework that is adapted here to different configurations for EPS-Sterna. In the EDA ap-
proach, reductions in EDA spread indicate reductions in the forecast uncertainties and therefore a benefit
to NWP. The key steps to simulating and assimilating the EPS-Sterna observations have been outlined,
including highlighting limitations, such as the need to use simple emissivity estimates over challenging
snow/sea-ice surfaces during the simulation. Adaptations for the EPS-Sterna instrument were also dis-
cussed such as the formulation of the all-sky observation error model (where observation errors increase
in the presence of cloudy signals in either the observations or the model). For temperature sounding
channels on existing MW instruments, the cloud indicator, which forms the basis for the rate of increase
of the observation error in the presence of cloud signals, uses low frequency channels unavailable on
the EPS-Sterna instrument. Therefore, an alternative cloud indicator is employed based on 52.8 GHz
that was previously developed and tested for small satellites with similar limitations (Lean et al., 2021b).
New parameters have been calculated using a formula derived in earlier work to define the minimum
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clear-sky error and the maximum saturated cloudy error.

Four initial potential EPS-Sterna constellation options have so far been tested comprising of the nominal
six-satellite scenario (three orbital planes each with two satellites), two “degraded” scenarios, OP3-3SAT
(three orbital planes each with one satellite) and OP2-4SAT (two orbital planes each with two satellites)
and an “enhanced scenario” (four orbital planes each with two satellites). Additional EDA experiments
that investigate impacts from changes to the real observing system (either from changing only the num-
ber of existing MW sounding observations or removal of entire Metop platforms) lend context to the
magnitude of the benefit seen for EPS-Sterna. All addition of simulated data or addition/denial of real
data is made relative to a reference baseline (referred to as the “Baseline”) of real observations. In this
Baseline, the number of MW sounding instruments is reduced to consist of five polar orbiting tempera-
ture and humidity sounding instrument pairs, representing the afternoon, early- and mid-morning orbits,
plus GMI. This is chosen to reflect a potential future with fewer large satellite platforms. Key points
from the analysis are:

» All four EPS-Sterna constellations show a significant EDA spread reduction with larger impacts
as the number of observations increases. The rate of the spread reduction remains relatively high
such that the OP3-6SAT scenario reduces the spread on average around 1.5-1.7 times that of the
OP3-3SAT scenario when compared to the Baseline system of real observations. The scenario
with four satellites in two orbital planes performs better than the scenario with three satellites in
three orbital planes.

* Significant benefits are in general observed across the variables, pressures and geographical re-
gions analysed including impact on wind fields arising indirectly as a result of the 4D-Var tracing
effect and balance equations. The magnitude of the impact varies across geographical region with
largest changes in spread observed in the southern hemisphere and smallest in the tropics (consis-
tent with previous findings (Lean et al., 2022b)).

* The magnitude of the impact of the OP3-6SAT EPS-Sterna scenario relative to the Baseline is
able to replicate a large proportion of benefit from the Baseline relative to an experiment denying
all the MW sounding observations. OSEs with real MW data suggest that this would translate to
significant positive impacts on forecast error statistics (Duncan et al., 2021).

* The EDA spread reduction from the addition of the OP3-6SAT scenario was also shown to be
slightly larger in magnitude than the opposite spread increase when removing the entire Metop-C
platform (both relative to the Baseline). The removal of both Metop-B and -C resulted in a signifi-
cantly larger spread increase. While this indicates a strong benefit from the OP3-6SAT EPS-Sterna
constellation, the EDA spread reduction metric used here does not fully capture the value of these
large multi-sensor Metop platforms. The loss of a large platform will affect many other aspects
such as land surface parameters, the role of GNSS-RO in providing “anchor” observations (around
600 radio occultation profiles are used a day from a single Metop platform) that help inform the
bias correction of other observations, surface winds and atmospheric composition. Furthermore,
a complementary backbone of high-performance satellite platforms also provide essential calibra-
tion information for small satellite instruments.

Further sensitivity experiments investigated the impact of the instrument noise performance where the
nominally operational six-satellite scenario was rerun firstly with the NEDT for all channels inflated by
30% and secondly with the NEDT for the temperature sounding channels reduced by around 60%. The
changes in NEDT (and associated observation errors) results in significant impacts on the EDA spread
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reduction. The inflation of NEDT resulted in a smaller spread reduction equivalent in the extra-tropics
to the loss of between one and two EPS-Sterna platforms. Meanwhile the reduced NEDT experiment
showed additional spread reduction exceeding the impact of adding a further two satellites to the con-
stellation. In the tropics, changes were small suggesting that the noise performance of the temperature
sounding channels, within the range tested here, was less important in this region. The performance of
EPS-Sterna with the anticipated on-orbit NEDT values is significant however, the overall large differ-
ences in impact from small changes in absolute values of NEDT highlight the worth of pursuing ambi-
tious noise performance targets, particularly for temperature sounding channels around the 50 GHz band.
The noise performance should be an important consideration for future small satellites where trade-offs
in creating smaller platforms may lead to compromises in performance. More generally, this can also
motivate design of instruments on large platforms where there may be more opportunity to construct low
noise sensors.

After finding significant benefits individually from EPS-Sterna and, in a separate project, a DWL fol-
low on to Aeolus, (Aeolus2, based on the future EPS-Aeolus mission), a further experiment found large
additional EDA impacts from combining the two missions. Separately, the two missions have different
strengths such as much larger impacts on tropical winds for Aeolus2 but greater benefit in other variables
such as geopotential height from EPS-Sterna. The EDA spread reduction for the combined case is quite
additive of the individual contributions meaning that globally and across different pressure levels the
good complementarity leads to overall significant positive impact above either mission alone. The mag-
nitude of the spread reduction for the combined impact is much greater than the opposite degradation
seen when removing a single Metop platform. As the increased spatial/temporal sampling from EPS-
Aeolus and 325 GHz channels on EPS-Sterna have not been accounted for here, the impact presented
here is also expected to be a conservative estimate of the potential future benefit.

In the next steps of this project, we use the results presented here to inform the design of the constellations
still to be tested and establish a benchmark to assess the additional impact of the 325 GHz channels, new
to a space-borne platform. Development of techniques to simulate and assimilate the 325 GHz channel
is ongoing as part of task 1.2. The final set of potential EPS-Sterna constellations will be evaluated in
task 1.3 using the complete set of EPS-Sterna instrument channels.
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