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Evaluation of the EPS-Sterna 325 GHz channels in the EDA

Abstract

The proposed EPS-Sterna constellation of small satellites will carry a microwave (MW) sounding
instrument comprising frequencies around 50-60 GHz and 183 GHz with a long heritage of use in
Numerical Weather Prediction (NWP) but will also include a novel set of four humidity-sounding
channels at 325 GHz. These higher, sub-millimetre MW frequencies have not been flown before
on a space-borne platform. To allow evaluation of their additional benefit for NWP, a strategy is
developed here to simulate and assimilate the 325 GHz channels in an all-sky framework.

A key aspect of this strategy is that observation error modelling has been adapted for the new 325 GHz
channels. The model follows the usual all-sky observation error model of assigning larger errors in
cloudy regions, but uses a new cloud indicator which exploits the cloud signal extracted from the
lowest peaking 325 GHz channel. Compared to using the scattering index employed for the 183 GHz
humidity-sounding channels, the model with the new cloud indicator leads to a more Gaussian dis-
tribution when considering background departures normalised by the assigned observation error.

EDA experiments show that the 325 GHz channels produce a similar positive impact as the 183 GHz
channels when each channel set is added separately to the temperature sounding channels at 50 GHz.
When added on top of the 50 GHz and 183 GHz sounding channels, the impact of the 325 GHz
channels is mostly neutral, with some benefits for relative humidity in the mid-troposphere. Some
inflation of the observation errors assigned to the 325 GHz channels is found necessary to achieve this
impact. It is hypothesised that this is due to the presence of neglected observation error correlations,
and better handling of these may be required to realise more benefit from the combined channel set
in the future.

1 Introduction

Current microwave (MW) sounders and imagers provide a vital contribution to forecast accuracy (Bor-
mann et al., 2019) but do not yet exploit the sub-millimetre spectral range (equivalent to frequencies
above 300 GHz but below infrared). At these higher frequencies, the greater sensitivity to ice hydrom-
eteors enables improved characterisation of ice clouds. Future missions are planned to include these
frequencies such as the Ice Cloud Imager (ICI, to be launched on Metop-Second Generation) which
has primary objectives to validate ice cloud models and improve the parametrisation of ice clouds (Bell
et al., 2017). The MW sounding instrument proposed for the small satellite platforms that form the
future EPS-Sterna constellation will also exploit four novel channels at 325 GHz in addition to a set
of well-established frequencies around 50-60 GHz and 183 GHz. Motivation for including a set of four
channels around 325 GHz on EPS-Sterna platforms arose primarily from a study by Eriksson et al. (2020)
which demonstrated potential benefit e.g. for cloud characterisation. However, there has so far been little
quantitative evaluation of the expected impact on Numerical Weather Prediction (NWP).

In earlier work, the Ensemble of Data Assimilations (EDA) method was used to evaluate the expected
future impact of the EPS-Sterna constellation, excluding the 325 GHz channels (Lean et al., 2023).
The assessment suggested significant positive impact from the EPS-Sterna constellation using only the
50 and 183 GHz bands relative to both the impact of existing MW and an entire multi-sensor Metop
platform. Here, we focus on the additional benefit from the suite of 325 GHz channels. As these are new
frequencies for a space-borne platform, a strategy for simulating and assimilating the new frequencies
must first be developed. The EDA technique can then be employed to investigate the relative impacts of
separately assimilating the two humidity bands (183 GHz or 325 GHz) and the more complex case of
combining all three frequency bands at 50, 183 and 325 GHz.

The 325 GHz channels exploit a water vapour absorption band while the higher frequency brings more
sensitivity to ice hydrometeors than currently used humidity sounding channels at 183 GHz (e.g., Evans
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and Stephens, 1995; Eriksson et al., 2017). Channels around 325 GHz have not been flown before
on a space-borne platform and their assimilation hence needs to be developed to predict their future
impact. The future ICI instrument will cover frequencies from 183 GHz up to 664 GHz, including three
channels around 325 GHz. In part motivated by this upcoming launch, preparations have been underway
to effectively use these submillimetre frequencies such as emissivity modelling (e.g., Wang et al., 2017;
Dinnat et al., 2023) and radiative transfer calculations (e.g., Eriksson et al., 2017; Geer et al., 2021; Turner
et al., 2022). Here, we can take advantage of these recent developments to use in the evaluation of EPS-
Sterna. In addition to ICI, experience with real data from the 325 GHz channels should be possible in the
near future from the Arctic Weather Satellite (AWS) due to be launched in 2024 (a single small satellite
pathfinder platform carrying the same instrument as proposed for the EPS-Sterna constellation).

In developing a strategy to effectively use 325 GHz there are several considerations including ensur-
ing the accuracy of surface emissivity estimates and quality control choices, for instance, for using the
data over difficult snow/sea-ice surfaces. The 325 GHz channels will also be used within the all-sky
framework which means that the corresponding configuration for generating observation errors must be
defined. In the all-sky observation error model, the assigned error is increased in the presence of cloudy
signals in either the observations or model to account for different representativeness of clouds (Geer
et al., 2010, 2017). For real MW data, an appropriate cloud indicator is chosen for each assimilated
instrument channel to estimate the strength of the cloudy signals in both observations and model. The
cloud indicator chosen for the 325 GHz channels will need to take into account the additional sensitivity
to ice scattering for these channels.

Our assimilation strategy for the 325 GHz channels is tested here within the EDA framework. We
will first investigate the addition of the 325 GHz channels instead of the 183 GHz channels available
on EPS-Sterna. The aim is to demonstrate a beneficial use of these channels and to intercompare the
relative benefits of these two channel sets when they are combined with temperature channels around
the 50-60 GHz band. This is a useful first step to establish confidence in the simulation and assimilation
choices and that there is potential for positive impact with the 325 GHz channels. Subsequently, EDA
experiments combine all three channel sets to assess the benefit of using the whole instrument on each
platform. A novel aspect of this is that it significantly increases the number of MW humidify-sounding
channels assimilated from a single sensor with a total of nine channels, compared to the current use of
three channels from the Microwave Humidity Sounder (MHS) instrument and five channels from the
MicroWave Humidity Sounder – 2 (MWHS-2) instrument. This increase in the number of humidity
channels may bring new challenges, for instance in terms of handling representation error which tends
to be dominant for these channels and may be correlated between different channels. The benefit of
the 325 GHz channels in addition to the 183 GHz channels is expected to primarily come from a better
characterisation of ice clouds, an aspect that will be a new test for all-sky assimilation.

The structure of the report is as follows: Section 2 investigates the suitability of the surface emissivity
model at higher frequencies while section 3 considers screening choices, drawing from the experience
with the existing configuration for the 183 GHz channels. In section 4, we will develop the observation
error model for the 325 GHz channels, based on the use of a new cloud indicator adapted to these
channels. EDA experiments which compare the benefit of the 325 GHz and 183 GHz respectively when
added to the temperature sounding channels are presented in section 5 while the results from combining
all the frequency bands are shown in section 6. Lastly, a summary and future work are discussed in
section 7.

Future EPS-Sterna Constellation Study Task 1.2 and 1.3 3
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2 Surface emissivity for 325 GHz

Where MW sounding channels have a sensitivity to the surface, accurate estimates of surface emissivity
are required to successfully assimilate the observations (e.g., English, 1999; Dinnat et al., 2023). As
part of the fast radiative transfer model employed at ECMWF for assimilating MW radiances, RTTOV-
SCATT1 (version 13.0), a FAST microwave Emissivity Model, FASTEM (version 6), is applied over
oceans (English and Hewison, 1998; Kazumori and English, 2015). FASTEM was not optimised for fre-
quencies above 200 GHz and an improved model, SURFace Fast Emissivity Model for Ocean (SURFEM-

1RTTOV = Radiative Transfer for TOVS, TOVS = TIROS Operational Vertical Sounder, TIROS = Television Infrared
Observation Satellite

FASTEM

SURFEM

Surface emissivity

Figure 1: Map showing ocean surface emissivity for the 325±6.6 GHz channel (lowest peaking 325 GHz)
channel using the FASTEM-6 model (top panel) and SURFEM-Ocean (bottom panel). Data are for a
representative 12-hour window from one EPS-Sterna satellite and have not been subject to any quality
control.

4 Future EPS-Sterna Constellation Study Task 1.2 and 1.3
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Ocean), available in the latest RTTOV release (version 13.2), now incorporates a larger frequency range,
up to 700 GHz, amongst other improvements (Kilic et al., 2023). SURFEM-Ocean will be used opera-
tionally at ECMWF from cycle 49R1 onwards (Geer et al., 2024), but the system used in EDA experi-
ments to evaluate the EPS-Sterna scenarios does not support the use of SURFEM-Ocean yet. However,
for the purposes of understanding any potential limitations of applying FASTEM to the 325 GHz chan-
nels in future simulation and EDA experiments, testing is conducted here using a newer cycle of the In-
tegrated Forecast System (IFS). Characteristics of simulated brightness temperatures (BTs) and surface
emissivity values are compared when generated using either the FASTEM or SURFEM-Ocean models
while keeping all other settings the same.

Figure 1 demonstrates a clear offset in the emissivity values for the lowest peaking 325±6.6 GHz chan-
nel when using the different emissivity models, which is similarly observed in the high peaking 325 GHz

D
ifference in BT (FASTEM

-
SU

R
FEM

-O
cean) [K]

D
ifference in BT (FASTEM

-
SU

R
FEM

-O
cean) [K]

325±6.6 GHz

325±2.4 GHz

Figure 2: Map showing the difference in simulated BTs over ocean as a result of using the FASTEM-6 or
SURFEM-Ocean emissivity model for the 325±6.6 channel (lowest peaking) (top panel) and 325±2.4
channel (second highest peaking) (bottom panel). Blue colours indicate larger BTs values are simulated
when using SURFEM-Ocean – note that different colour scale limits are employed in the two maps. Data
are for a representative 12-hour window from one EPS-Sterna satellite and have not been subject to any
quality control.
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channels. The SURFEM-Ocean model on average produces values around 0.05 higher than FASTEM.
However, when considering the simulated BTs generated with these respective emissivity inputs, Fig. 2
reveals that these relatively large changes in emissivity in the lowest peaking channel translate to little
difference overall in BT. Larger differences in BT are localised to the Southern Ocean where dry atmo-
spheric conditions lead to higher surface-sensitivity for this channel. The changes are likely related to
improvements in SURFEM-Ocean that better account for higher wind speeds (Kilic et al., 2023). For the
higher peaking 325 GHz channels (e.g. Fig. 2, lower panel) differences in BT are very small (generally
<0.05 K). The relatively small change in the simulated BTs suggests that any impacts on the EPS-Sterna
evaluation using the EDA technique would have little sensitivity to the emissivity model for the 325 GHz
frequencies. Note that, as expected, differences for lower frequency channels on the EPS-Sterna instru-
ment also showed little difference in either emissivity or BT simulation.

Over land, the surface emissivity is taken from an atlas, Tool to Estimate Land Surface Emissivity from
Microwave to Submillimetre Waves (TELSEM2), to simulate the observation. TELSEM2 comprises
a climatology of monthly emissivity estimates that have been recently extended up to frequencies of
700 GHz in preparation for the upcoming ICI mission (Wang et al., 2017). In practice, this results
in the same emissivity values being used for both 183 and 325 GHz channels. However, emissivity
varies relatively little at these higher microwave frequencies (e.g., Weng, 2011) allowing the application
of retrievals from the available window channels to the higher frequencies. Over the more difficult
snow/sea-ice surfaces, we apply the same crude estimate of the emissivity during the simulation step as
for lower frequencies (following details summarised in Lean et al., 2022a). In this instance, for mixed
scenes, the surface emissivity is calculated as a weighted mean of the emissivities of the contributing
surfaces, using the model surface fractions to determine the weights. During the later assimilation of
the 325 GHz channels over land/snow/sea-ice, a dynamic emissivity retrieval is performed following the
same strategy as 183 GHz, again exploiting the low variation of emissivity in the higher MW frequencies.
Over snow-free land, 89 GHz is used for the retrieval while 165.5 GHz is used over snow/sea-ice. A
comparison of the dynamically retrieved emissivity for 183 and 325 GHz confirmed that sensible values
were used for 325 GHz (not shown). Improved treatment of the difficult snow/sea-ice surfaces is an
active area of research and will allow improved use of surface sensitivity MW observations in the future.
Note that screening choices (discussed in the next section) currently restrict the use of channels with high
surface sensitivity in these difficult regions.

3 Quality control choices for 325 GHz

It is possible to draw parallels between each 325 GHz channel and an equivalent 183 GHz channel. Us-
ing the weighting functions described in Eriksson et al. (2020) (their Fig. 8), which indicate the vertical
profiles of sensitivity to each layer of the atmosphere, a 325 GHz channel can be paired with a 183 GHz
channel that has the closest weighting function match. This results in pairings of channels as described
in Table 1. Figure 3 illustrates the good agreement in features seen for similar peaking weighting func-
tions for the lowest peaking 325 GHz (325±6.6 GHz) and 2nd lowest peaking 183 GHz (178.811 GHz)
channels. In clear-sky conditions, BTs are very close between the two channels while in cloudier re-
gions, larger depressions in BT are present at 325±6.6 GHz. In quality control procedures employed for
183 GHz, lower peaking channels have more restrictions, to avoid larger surface-emissivity errors over
difficult surfaces. For future assimilation, screening choices developed for 183 GHz will be applied to
the correspondingly matched channels from the 325 GHz channels. Table 2 details key screening choices
for the 325 GHz and 183 GHz channels.

6 Future EPS-Sterna Constellation Study Task 1.2 and 1.3
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325±6.6 GHz 178.811 GHz

325±4.1 GHz 180.311 GHz

325±2.4 GHz 181.511 GHz

325±1.2 GHz 182.311 GHz

Brightness Temperature (K)

Figure 3: Maps showing simulated BTs for the 325 GHz channels (left column) and corresponding
183 GHz channels (right column). Each row shows channel pairs with similar vertical sensitivity as
outlined in Table 1 with the height of the peak in weighting function decreasing from top to bottom row.
Data are from one EPS-Sterna satellite for 09-21Z 1 July 2019

Future EPS-Sterna Constellation Study Task 1.2 and 1.3 7
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Table 1: Frequency and corresponding channel number on the EPS-Sterna instrument for 183 and
325 GHz channel pairs that have been matched by the best agreement in weighting function.

Pair number
183 GHz 325 GHz

Channel number Frequency (GHz) Channel number Frequency (GHz)
1 12 178.811 19 325±6.6
2 13 180.311 18 325±4.1
3 14 181.511 17 325±2.4
4 15 182.311 16 325±1.2

Table 2: Summary of key quality control choices made in the assimilation of the 183 and 325 GHz
channels. A check-mark indicates which regions are rejected for the given channels.

Screening
Frequency (GHz)

178.811, 325±6.6 180.311, 325±4.1 181.511, 325±2.4 182.311, 325±1.2
Orography>1000m ✓ ✓
Orography>1500m ✓ ✓
Polar regions
(>60◦N/S)

✓

Coast ✓
Snow/sea-ice/sea
surface < 274K

✓

4 Adaptation of the all-sky observation error model

We will now adapt the all-sky observation error model for the new 325 GHz channels. This all-sky
observation error model reflects that representation errors are larger in the presence of clouds (Geer et al.,
2010, 2017), and this is modelled as a function of a cloud indicator indicating the presence of cloudy
signals from either the observations or the background. Assigned values increase from a minimum clear-
sky value to a maximum cloudy value. The model reflects that the standard deviation of observation –
background BT (O-B, where the background is a short-range forecast, after bias correction) increase with
increasing presence of clouds. For the EPS-Sterna 183 GHz channels, the cloud indicator is constructed
by a scattering index formed by the difference in BT at 89 and 165.5 GHz (following the strategy for the
Microwave Humidity Sounder (MHS) where equivalent frequencies, 89 and 157 GHz, are used). This
exploits a difference in the scattering from precipitation-sized ice particles (Geer et al., 2014). Equation
1 and 2 provide the formulation of the scatter index over the land and ocean respectively:

C89−165.5
land = BT89–BT165.5 (1)

C89−165.5
ocean = (BT89–BT165.5)–(BT clr

89 –BT clr
165.5) (2)

where BT89 and BT165.5 are the BTs at 89 and 165.5 GHz respectively while BT clr
89 and BT clr

165.5 are the
corresponding BTs at the same frequencies calculated for clear-sky conditions. To generate estimates

8 Future EPS-Sterna Constellation Study Task 1.2 and 1.3
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for the clear-sky scenario at the same location, the model equivalent BT is calculated using the clear-sky
version of the radiative transfer model. Over ocean, it is necessary to remove the clear-sky component
due to the water vapour absorption also causing large BT differences which mask signals from cloud.
Over each surface, the scatter index is calculated using observed BTs, C89−165.5

obs , and model background
BT equivalents C89−165.5

bkgrd . The average of these is taken to form the symmetric cloud indicator, C89−165.5
sym :

C89−165.5
sym = (C89−165.5

obs +C89−165.5
bkgrd )/2 (3)

The minimum clear-sky error and maximum cloudy error are determined empirically for real MW data.
For 183 GHz channels on the EPS-Sterna instrument, formulae derived from existing MW data are
applied that link the Noise Equivalent Delta Temperature (NEDT) for each channel to the respective
minimum clear-sky value (further details in Lean et al., 2022b, reproduced for convenience in appendix
A). Due to similar instrument characteristics, the same maximum values from the real MW data, using
MHS as a basis, were retained for the 183 GHz channels on the EPS-Sterna instrument in Lean et al.
(2023).

While the scatter index formulation discussed above has been used successfully for 183 GHz, the in-
clusion of 325 GHz channels allows the possibility of exploiting further ice scattering information as
part of the observation error model. In the following, we look at selecting a suitable cloud indicator for
the 325 GHz channels and describe the strategy to define minimum and maximum error values. The
potential for updating the 183 GHz error model is also discussed.

4.1 Cloud indicator for 325 GHz

The 325 GHz channels provide greater sensitivity to smaller ice particles than their 183 GHz counterparts
(e.g., Eriksson et al., 2020; Kaur et al., 2021), as previously highlighted in Fig. 3. To capture this, we in-
vestigate here a cloud indicator for the 325 GHz channels that is different from the 89-165.5 GHz scatter
index used for the 183 GHz channels and instead tailored to capture the cloud signals for these higher
frequencies. For this indicator, we estimate the cloud signal present in the observed brightness temper-
atures BTobs as well as the background simulations BTbkcld through comparisons to clear-sky brightness
temperature simulations BTbkclr. The proposed new cloud indicator calculation therefore becomes:

C325±6.6
sym = (abs(BTobs −BTbkclr)+ abs(BTbkcld −BTbkclr))/2 (4)

This uses the same structure as the cloud indicator employed for the EPS-Sterna 50 GHz tempera-
ture sounding channels (Lean et al., 2021), albeit adapted to use the lowest-peaking 325 GHz channel
(325±6.6 GHz) for which the cloud signals will be largest out of the 325 GHz channels. We will con-
trast the characteristics of this new cloud indicator to those of the 89-165.5 GHz scatter index, in order
to highlight some of the advantages. Various other cloud indicators were also investigated, such as using
scatter indices between different combinations of channels or combinations of different scatter indices.
However, overall, the C325±6.6

sym indicator is considered to work best and was hence adopted for the EDA
experimentation. Further details of the investigation into other options of cloud indicators are given in
appendix B.

To visualise the spatial structure of the symmetric cloud indicator, Fig. 4 illustrates the typical geo-
graphical variability using either 89-165.5 GHz (top panel) or the single channel formulation, C325±6.6

sym
(equation 4) (lower panel). Patterns of high values (red colours) highlight similar features for both cloud

Future EPS-Sterna Constellation Study Task 1.2 and 1.3 9
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indicators, corresponding to areas of increased ice scattering. There are some differences, for example
C325±6.6

sym suggests more presence of cloud around Indonesia. The range of cloud indicator values is also
larger for C325±6.6

sym resulting in some localised areas of deeper red colours. Over the land there are large
areas of negative values in C89−165.5

sym which are close to zero in C325±6.6
sym , where the design ensures that

values cannot be negative.

𝐶!"#$%&'().)

𝐶!"#+,)±(.(

Cloud indicator (K)
403020100-40 -30 -20 -10

Figure 4: Map showing C89−165.5
sym (top panel) and C325±6.6

sym (lower panel). Redder colours indicate es-
timates of greater presence of cloud which would result in higher observation errors assigned to the
corresponding observations. Data are for the period 17-23 July 2019 for one EPS-Sterna satellite where
no screening has been applied apart from latitude limits at ±60◦N.
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4.2 Relationship between cloud indicator and standard deviation of O-B

A successful cloud indicator in the all-sky error model should be able to identify areas with larger stan-
dard deviation of O-B associated with higher representation errors due to the presence of clouds. It also
needs to indicate conditions with less cloud (i.e. low standard deviation of O-B) as more weight can
be placed on the observation in the assimilation in these situations. For ease of modelling, a smooth
relationship is desired between the increasing cloud signal and increasing standard deviation of O-B.

In the following, we examine the dependence of the standard deviation of O-B on the proposed cloud
indicator. To do so, we use statistics taken from a 4D-Var experiment in which the simulated Sterna ob-
servations have been added, run at the same resolution as the EDA experiments presented later. Previous
work found that for the 183 GHz channels, the simulated data demonstrated good agreement with real
data in the characteristics of O-B and inclusion of representation errors (Lean et al., 2022b) which sup-
ports the application of a similar technique to investigate the cloud indicator suitability for the 325 GHz
channels.

325±2.4 GHz (ocean)325±1.2 GHz (ocean)

325±6.6 GHz (ocean)325±4.2 GHz (ocean)

Std. dev.
No. of obs

Figure 5: Standard deviation of O-B binned as a function of the cloud indicator C325±6.6
sym . Data are for

(clockwise from top left) the 325±1.2, 325±2.4 325±6.6 and 325±4.2 GHz channel, respectively. Lines
show the standard deviation of O-B (left y-axis), whereas stars show the number of observations per bin
(right y-axis). Data are for all observations not yet subject to quality control from an EPS-Sterna satellite
for a period of seven days over ocean only, limited to ±60◦N to exclude more difficult surfaces for BT
simulation.

Future EPS-Sterna Constellation Study Task 1.2 and 1.3 11
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325±2.4 GHz (land)325±1.2 GHz (land)

325±6.6 GHz (land)325±4.2 GHz (land)

Std. dev.
No. of obs

Figure 6: As for figure 5 but for land points only.

Figures 5 and 6 show the dependence of the standard deviation of O-B on C325±6.6
sym for the four 325 GHz

channels over land and ocean, respectively. The standard deviation of (O-B) rises smoothly from a
minimum value and reaches a saturation point as required. Note that for the 325±6.6 GHz channel, the
design of C325±6.6

sym means the lowest values of C325±6.6
sym imply not only small cloud contributions, but

also good agreement between the observations and clear-sky background equivalents, so the standard
deviation of O-B tends towards zero. For the highest cloud indicator values, the standard deviation of
O-B is larger for C325±6.6

sym than C89−165.5
sym (not shown), indicating a better ability to discriminate areas

associated with such larger values.

The ability of C325±6.6
sym and the 89-165.5 GHz scatter index C89−165.5

sym to identify cases with larger standard
deviation of O-B is further examined in Figures 7 and 8. These display the standard deviation of O-B
jointly as a function of both of these cloud indicators, with the distribution of the number of cases
given in Fig. 9. While the highest standard deviations of O-B for both indicators are associated with
larger cloud indicator values, it is clear that the relationship between higher C325±6.6

sym and higher standard
deviations of O-B is stronger. In contrast, there are some larger C89−165.5

sym values that are associated with
relatively small standard deviations of O-B. This implies that if C89−165.5

sym was used as cloud indicator in
the observation error model instead of C325±6.6

sym there may be data that are assigned observation errors that
are too high and therefore unjustly given less weighting in the assimilation. Figures 7 and 8 also suggest
that there is relatively little benefit in considering to model the standard deviation of O-B as a function
of both cloud indicators, as the relationship primarily follows C325±6.6

sym alone. The result suggests that
the sensitivities of the 89-165.5 GHz scatter index are not as well aligned with the ice scattering that
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Figure 7: Standard deviation of O-B as a function of C89−165.5
sym and C325±6.6

sym . Clockwise from top left,
the data are for the 325±1.2, 325±2.4 325±6.6 and 325±4.2 GHz channel, respectively. Data are for
all observations not yet subject to quality control from a single EPS-Sterna satellite for a period of seven
days over ocean only limited to ±60◦N.

dominates the representation errors at 325 GHz whereas using an indicator that is more tailored to these
frequencies is beneficial.

Having established the usefulness of C325±6.6
sym for observation error modelling, we can also consider

whether the observation error model for the 183 GHz channels may benefit from 325 GHz information
in the cloud indicator. Figure 10 shows a representative example of the dependence of the standard de-
viation of O-B against C89−165.5

sym and C325±6.6
sym . Similar to the finding for the 325 GHz channels, there

is a correlation between increasing standard deviation and C89−165.5
sym , but the relationship with C325±6.6

sym
appears stronger. Again, these results suggest that some low standard deviation situations may be as-
signed too low weighting when using C89−165.5

sym , particularly over the ocean. Redefining and tuning a
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Figure 8: As for Fig. 7 but for land points only.

new error model is not a trivial task so for further experimentation in this project, we will continue to use
the C89−165.5

sym indicator for the 183 GHz channels. However, there is good indication that this choice of
cloud indicator may not be optimal when there is information available from 325 GHz and this could be
revisited for the assimilation of real AWS/EPS-Sterna data.
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Figure 9: Number of observations as a function of C89−165.5
sym and C325±6.6

sym , corresponding to Fig. 7 for
ocean points (right panel) and Fig. 8 for land points (left panel).
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Figure 10: Distribution of standard deviation of O-B (top row) and corresponding observation density
(bottom row) as a function of C89−165.5

sym and C325±6.6
sym . Data are for the 178.811 GHz channel (second

lowest peaking 183 GHz channel) over land (left column) and over ocean (right column) using all ob-
servations not yet subject to quality control from a single EPS-Sterna satellite for a period of seven days
and limited to ±60◦N.
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4.3 Setting of minimum/maximum observation errors

In the following, we will determine the minimum and maximum observation error values used in the
observation error model for the 325 GHz channels, that is, the observation errors assigned in clear and
cloudy regions, respectively. For channels on the EPS-Sterna instrument used in earlier EDA exper-
iments in task 1, these values were based on those currently used for existing MW instruments. A
different strategy is required for the novel 325 GHz channels, as there are no heritage observations avail-
able. Characteristics in the clear-sky situations are similar between 325 and 183 GHz channels with
comparable weighting functions. Figure 11 demonstrates this similarity by comparing the relationship
between the standard deviation of O-B for the lowest and highest peaking 325 GHz and their respective
matched 183 GHz channels as a function of cloud indicator value. At values of Csym close to zero (i.e. a
clear-sky situation), the standard deviation of O-B is about the same for the matched 325 and 183 GHz
channels. It hence appears justified to use the same formula and parameters derived to convert between
the NEDT estimates and assumed clear-sky observation errors for the 183 GHz channels (Lean et al.,

Figure 11: Standard deviation of O-B binned as a function of the cloud indicator C89−165.5
sym for selected

183 GHz (red) and 325 GHz channels (black) that peak at similar altitudes. Lines show the standard
deviation of O-B (left y-axis), whereas stars show the number of observations per bin (right y-axis). The
top row shows results for the lowest-peaking 178.8 GHz and 325±6.6 GHz channels, using data over
sea on the left and data over land on the right (in both cases limited to ±60◦N). The bottom row shows
similarly results for the 182.3±1 GHz and 325±1.2 GHz channels.
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Table 3: Minimum clear-sky and maximum cloudy observation errors for use in the all-sky error model
using the single channel based cloud indicator for the 325 GHz channels (16-19) and equivalent values
of 183 GHz channels for reference (12-15). The upper limit for the Csym value (the value of the indicator
that defines the saturated cloud presence) is also given. For all 183 GHz channels, the minimum value of
Csym, indicating clear-sky, is zero while for all 325 GHz channels the minimum is one.

Channel number
Csym upper limit Min clear error Max cloudy error
Sea Land Sea Land Sea Land

12 34 21.5 2 1.8 28 26
13 34 21.5 1.9 1.8 19.9 20
14 34 21.5 1.9 1.8 14.9 14.8
15 37 20 1.8 1.9 9.8 6.9
16 53 40 1.9 2 34.8 12.7
17 50 40 2 1.9 62.1 37.0
18 50 40 2.1 1.9 60.8 35.7
19 50 35 2.1 1.9 72 37.6

2022b). In practice, as the clear-sky error is dominated by representation error (i.e. errors arising due to
differences in the humidity scales or processes represented in the model and observations), despite larger
325 GHz NEDT, clear-sky errors are only slightly larger than their 183 GHz counterparts (around 0.1 K
increase to errors of around 2 K).

The maximum cloudy observation errors for the 325 GHz channels are based on those for the 183 GHz
channels, scaled to account for the different cloud sensitivity. The approach has been chosen to benefit as
far as possible from the empirical estimates of cloud-related representation error available from the ex-
isting 183 GHz channels. These are adopted directly from equivalent MHS channels, with extrapolation
between neighbouring channels where necessary (as described in Lean et al., 2022b). Scaling of these
values is introduced to account for differences in the cloud sensitivity between the two channel sets. The
step is necessary as there is no prior experience with real 325 GHz data, and it aims to avoid a potential
under-estimation of the cloud-related representation error for the 325 GHz channels. To calculate the
scaling, the plateaus of the standard deviations of O-B for 325 GHz and matched 183 GHz channels
were estimated for the EPS-Sterna data for large cloud-indicator values. The ratio of the plateaus is used
as a multiplying factor for the 183 GHz maximum value to give the final value used for each 325 GHz
channel. The adjustments introduced through this scaling are relatively small over land, but somewhat
larger over ocean. Table 3 provides a summary of the minimum and maximum observation errors used
for the 325 GHz channels, with values for the corresponding 183 GHz channels also given for reference.

4.4 Evaluation of normalised departure distributions

In the all-sky approach, the observation error model plays an important role in transforming the highly
non-Gaussian distribution of the actual background departures into one that is approximately Gaussian
when normalised departures are considered. Figure 12 shows that for O-B statistics that have not yet
been normalised, the 325 GHz channel has stronger tails i.e. a higher number of outliers and a weaker
maximum than would be expected from a Gaussian distribution. While this is also the case for the
183 GHz channels (as previously noted by Geer et al., 2014), the situation appears to be worse for the
325 GHz channels.
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Figure 12: Probability density functions of the background departure for the lowest peaking
325±6.6 GHz and equivalent peaking 183 GHz channel (178.811 GHz). Data are for the Northern
Hemisphere (lat > 20◦N) for a period of 10 days 8-18 July 2019 before quality control, taken from the
control member of an EDA experiment (i.e. observations are unperturbed).

As a test of the observation error model based on C325±6.6
sym and the parameters in Table 3, Fig. 13 examines

to what extent the background departures normalised by the assigned observation error follow a Gaussian
distribution. Here, representative examples are shown using the lowest and highest peaking 325 GHz
channels. Dashed lines show an ideal Gaussian distribution. The good match between the red solid and
dashed lines suggests that the observation error model based on C325±6.6

sym performs well at capturing the
situation-dependence of the observation error, leading to a distribution that is very close to Gaussian.
For comparison, the figure also includes results for an observation error model based on C89−165.5

sym . Here,
the distribution is far less Gaussian (compare solid and dashed blue lines), and the C325±6.6

sym -based model
fares much better in this respect.

5 Relative impacts of 183 and 325 GHz channels

We will now move to the evaluation of the impact of the new 325 GHz channels in the EDA. When
assimilating the 325 GHz channels, there are two aspects to consider: 1) ensuring appropriate use of these
new channels as alternative source of humidity-sounding information, and 2) evaluating and optimising
their impact when assimilated in conjunction with other frequencies on the satellite, especially the other
humidity sounding channels at 183 GHz. As there is a lot of similarity in the sensitivity of the 183 and
325 GHz channels, inter-channel error correlations are expected between equivalent channels in the two
frequency bands. This aspect may bring additional challenges when the two humidity-sounding bands
are used together.

As a first step, we will therefore now evaluate the use of the 325 GHz channels as the only source of
humidity-sounding information, and we contrast their impact to that obtained with the more traditional
183 GHz humidity sounding channels. To do so, three EDA experiments have been run, each using the
simulated six-satellite nominal EPS-Sterna constellation on top of the Baseline observing system of real
observations that is described in detail in Lean et al. (2023):

18 Future EPS-Sterna Constellation Study Task 1.2 and 1.3



Evaluation of the EPS-Sterna 325 GHz channels in the EDA
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Figure 13: Probability density functions of the background departure normalised by the assigned obser-
vation error, using either C89−165.5

sym (blue) or C325±6.6
sym (red) as cloud indicator (solid lines). The obser-

vation error model employs the parameters derived in Table 3 for C325±6.6
sym . The different panels show

statistics for data over land (top row) and over ocean (bottom row), respectively, with the highest peak-
ing 325±1.2 GHz in the left column and the lowest peaking 325±6.6 GHz channel in the right column.
Dashed lines depict an example Gaussian curve, with the standard deviation of the underlying data for
orientation. Statistics are based on a period of 7 days 17-23 July 2019 before quality control, derived
from the control member of an EDA experiment (i.e. observations are unperturbed).

50only: Experiment with the Baseline real observing system plus the 50 GHz temperature-sounding
channels from the 6-satellite nominal EPS-Sterna constellation.

50+325: As 50only, but with the four 325 GHz humidity-sounding channels from EPS-Sterna added.

50+4x183: As 50only, but with the highest-peaking four of the five 183 GHz channels from EPS-Sterna
added. This experiment hence uses only the 183 GHz channels that have 325 GHz counterparts,
to allow a better comparison to the 50+325 experiment.

All three EDA experiments use the same EDA configuration as described in Lean et al. (2023), that is,
a 10-member EDA with a spatial resolution of TCO399 (≈ 25 km), run for the period 1-28 July 2019.
Assimilation settings for the 50 and 183 GHz channels are also as described in Lean et al. (2023). This
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(a) U wind, N.Hem. (b) U wind, S.Hem.
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(c) U wind, Tropics
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Figure 14: Vertical profiles of the EDA spread reduction for the U component of wind in the (a) Northern
Hemisphere (lat > 20◦N), (b) Southern Hemisphere (lat > 20◦S) and (c) the Tropics (lat < ±20◦N)
for the 50+4x183 experiment (red) and the 50+325 experiment (blue) relative to the 50only experiment.
Reductions in spread indicate benefit from the addition of the 325 GHz channels or the top-four 183 GHz
channels. Data are for the period 8-28 July 2019. Horizontal bars indicate 95 % significance intervals.

includes the simulation of 3x3 averaging of 9 fields of view over 3 neighbouring scan-positions and scan-
lines, prior to spatial thinning to alternating grid-points of a TL255 grid, leading to a minimum separation
distance of around 111 km.

Figure 14 and 15 show representative examples of the clear significant benefit from the addition of the
four 325 GHz channels to the temperature sounding channels. For wind, temperature and geopotential
height, the spread reduction obtained from adding the 325 GHz channels in the 50+325 experiment is
overall mostly similar to the addition of four 183 GHz to the same reference in the 50+4x183 experiment.
Some subtle differences exit, such as the larger tropospheric wind impact from the 325 GHz channels
in the Tropics or the weaker wind impact over the Northern Hemisphere extra-tropics (e.g., Fig. 14).
Nevertheless, overall most of the impact of the 183 GHz channels is replicated by the 325 GHz chan-
nels. This is also the case for relative humidity, but the upper level humidity impact from the 325 GHz
channels appears consistently a little smaller (e.g., right panel of Fig. 15). The sensitivity to ice parti-
cles at 325 GHz may impede some of the water vapour signals and therefore result in a slightly reduced
impact on relative humidity when used on their own. Note that the 325 GHz channels also have slightly
higher instrument noise values than the 183 GHz counterparts and this may also contribute to a lower
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(a) Geopotential, N.Hem. (b) Relative humidity, N.Hem.
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Figure 15: As Fig. 14a but for the geopotential height (a) and tropospheric relative humidity (b) over the
Northern Hemisphere.

impact of the 325 GHz channels. However, the influence of this is probably relatively small, as the differ-
ences in the assumed noise values are not large and the instrument noise is considered a comparatively
small contribution of the overall observation error for these channels which tends to be dominated by
representation error.

The above findings suggest clear positive impact from the 325 GHz channels when added to the 50-
GHz temperature-sounding channels as the only set of humidity-sounding channels. This is an important
result, as it demonstrates, for the first time, the benefit of these channels in a global NWP framework. It
also suggests that the chosen assimilation approach is sound and adequate for exploiting the information
contained in these channels on their own.

6 Combining 50, 183 and 325 GHz channels

We will now investigate adding the 325 GHz channels on top of the 50 and 183 GHz sounding channels,
with the aim of evaluating the combined impact from these three sounding bands. To do so, we perform
two further EDA experiments, again using the simulated six-satellite nominal EPS-Sterna constellation
on top of the Baseline observing system of real observations that is described in detail in Lean et al.
(2023):

50+183: Experiment with the Baseline real observing system plus the 50 GHz temperature-sounding
channels and the 183 GHz humidity-sounding channels from the 6-satellite nominal EPS-Sterna
constellation. This is the same experiment as the one labelled “OP3-6SAT” in Lean et al. (2023).

50+183+325: As 50+183, but with the four 325 GHz channels from EPS-Sterna added.

50+183+325infl: As 50+183+325, but with the maximum cloudy observation error assigned to the
325 GHz channels inflated by a factor 1.5, for reasons that will be explained later.

The experiments again use the same EDA configuration as described in Lean et al. (2023), that is, a
10-member EDA with a spatial resolution of TCO399 (≈ 25 km). They were run for the period 1-28 July
2019.
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(a) Relative humidity, N.Hem. (b) Relative humidity, S.Hem.
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(c) Relative humidity, Tropics
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Figure 16: Vertical profiles of the EDA spread reduction for the tropospheric relative humidity in the (a)
Northern Hemisphere (lat > 20◦N), (b) Southern Hemisphere (lat > 20◦S), and (c) the Tropics (lat <
±20◦N) for the 50+183+325 experiment (blue) and the 50+183+325infl experiment (black) relative to
the 50+183 experiment. Reductions in spread indicate benefit from the addition of the 325 GHz channels
compared to the experiment in which only 50 and 183 GHz channels are used. Data are for the period
8-28 July 2019. Horizontal bars indicate 95 % significance intervals.

Figure 16 suggests that there is considerable benefit for relative humidity in the troposphere resulting
from the addition of the 325 GHz channels. Comparisons between the 50+183+325 and the 50+183
experiments show that EDA spread reductions reach or exceed 0.5 % for the mid-troposphere over the
extra-tropics, whereas over the Tropics the impact is more neutral (see the blue line in Fig. 16). The
improvement in relatively humidity is likely at least partially the result of the enhanced ability to discrim-
inate better between (ice) clouds and humidity when the 183 and 325 GHz channels are used together,
due to the different sensitivities to ice clouds. This helps to resolve ambiguities in the departure signals,
therefore helping the assimilation system to make increments in the appropriate fields.

For geophysical variables other than humidity, the impact of adding the 325 GHz channels in these
experiments is, however, mostly neutral, with a slight degradation for wind (and to lesser extent temper-
ature) in the Tropics (e.g., blue line in Fig. 17). For the extra-tropics, the EDA spread changes between
the 50+183 and 50+183+325 experiments are not statistically significant for temperature, geopotential
or wind (e.g., Fig. 17a, b). The small increase in spread for wind reaches 0.5 % in the tropical mid-
troposphere and a little less in the upper stratosphere (Fig. 17c). Unexpected degradation from adding

22 Future EPS-Sterna Constellation Study Task 1.2 and 1.3



Evaluation of the EPS-Sterna 325 GHz channels in the EDA

(a) U wind, N.Hem. (b) U wind, S.Hem.
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(c) U wind, Tropics
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Figure 17: As Fig. 16, but for the zonal wind component.

new observations is typically the result of over-weighting the observations in the assimilation, as a result
of approximations made in the assignment of the observation errors.

A plausible reason for over-weighting in our case is that we neglect the presence of inter-channel corre-
lations in the representation error in these experiments. Such inter-channel error correlations have been
found particularly relevant for humidity-sounding channels in the infrared, resulting from the finer spa-
tial scales of the measured quantities as well as the residual influence of clouds (e.g., Bormann et al.,
2010). Accounting for inter-channel observational error correlation during the assimilation has been a
key advancement to allow a more extensive use of humidity-sounding channels from the water-vapour
bands of the hyperspectral IR instruments (e.g., Salonen and McNally, 2019; Bormann et al., 2016; We-
ston et al., 2014; Hilton et al., 2009). To further support this explanation, Fig. 18 shows diagnostics
of inter-channel observation error correlations obtained using the Desroziers et al. (2005) diagnostic on
the control member of the EDA for clear and cloudy situations. Under the assumption that the weights
assigned in the assimilation system are consistent with the true weights, the Desroziers diagnostic pro-
vides a consistency diagnostic for the observation errors, based on statistics of background and analysis
departures. While the strict applicability of the diagnostic in the present experimentation may be de-
batable, the diagnostic shows clear blocks of inter-channel error correlations for the humidity-sounding
channels (11-19). In particular, higher correlations are present between neighbouring channels as well
as the respective corresponding 183 and 325 GHz channels. The correlations are particularly strong for
the cloudy scenes (Fig. 18b). The diagnostics shown are in line with those typically seen for real data
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Figure 18: Inter-channel error correlations derived via the Desroziers diagnostic for (a) all EPS-Sterna
sounding channels used in the present study derived from clear scenes (ie with C89−165.5

sym < 5 K) and
(b) the 183 and 325 GHz frequencies for strongly cloudy situations only (data with C89−165.5

sym > 25 K).
Statistics are based on data from 2-28 July 2019, using the EDA control experiment.

(Bormann and Bauer, 2010; Bormann et al., 2013). As our assimilation assumes diagonal observation
errors, such error correlations are not taken into account, and this aspect is clearly more severe when
more of the humidity-sounding channels are used.

Taking inter-channel error correlations into account during the all-sky assimilation of MW radiances is an
active area of research at ECMWF and elsewhere, including, for instance, ways to appropriately specify
these error correlations. In addition, for the ECMWF system it is currently technically not possible to
account for inter-channel error correlations at the same time as using Variational Quality Control (VarQC,
Andersson and Järvinen, 1998). The latter is considered an important aspect of the all-sky assimilation
of MW radiances adopted here. Developments are under-way to address this, but unfortunately they are
not yet available for the present study.

As a pragmatic alternative, inflation of diagonal observation errors is often used when error correlations
are present, but not accounted for in the assimilation. While not as good as taking the error correlations
into account, it helps to avoid the down-sides of over-fitting the observations (e.g., Bormann et al., 2016).
We therefore conducted another EDA experiment, referred to as 50+183+325infl, in which the maximum
cloudy observation errors from Table 3 assigned to the 325 GHz channels were scaled by 1.5. Only the
cloudy errors are scaled here, as they are most affected. The choice of the factor is somewhat ad-hoc,
but leads to inflations that are in line with inflation factors typically used in the literature (e.g., Bormann
et al., 2016; Eresmaa et al., 2017). It could be argued that inflation should be applied to both sets of
humidity sounding channels, but this was not pursued here for reasons of simplicity.

The observation-error inflation helps to address the degradation previously seen in the tropical tropo-
sphere, as can be seen from the black line in Fig. 17c. The addition of the 325 GHz channels to the
50 and 183-GHz channels now results in no statistically significant change here. However, the small
increase in spread in the stratosphere now has a somewhat larger vertical extent, possibly linked to a

24 Future EPS-Sterna Constellation Study Task 1.2 and 1.3



Evaluation of the EPS-Sterna 325 GHz channels in the EDA

(a) Geopotential, N.Hem. (b) Geopotential, S.Hem.
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Figure 19: Vertical profiles of the EDA spread reduction for the 50+183 (red) and the 50+183+325infl
(black) experiments, relative to the Baseline experiment with no EPS-Sterna data. The different panels
show results for the the geopotential over the (a) Northern Hemisphere (lat > 20◦N) and (b) Southern
Hemisphere (lat > 20◦S), as well as (c) zonal wind in the Tropics (lat <±20◦N) and (d) relative humidity
in the troposphere over the full globe. Reductions in spread indicate benefit from the addition of EPS-
Sterna to the Baseline observing system. Data are for the period 8-28 July 2019. Horizontal bars indicate
95 % significance intervals.

poor handling of gravity waves triggered by convection in this region. For other regions and variables,
comparisons between the experiments 50+183+325infl and 50+183+325 show no statistically significant
change from the introduced error inflation (e.g., Figures 16 and 17a, b). Overall, the results confirm some
sensitivity to the setting of observation errors, and it is expected that further benefit could be achieved
from the combined use of the two sets of humidity-sounding channels when inter-channel observation
error correlations can be better taken into account.

To further assess the additional impact of the 325 GHz channels, other aspects have also been examined,
including maps of the EDA spread reduction resulting from the addition of these observations. The
changes are, however, relatively small and noisy, with no clear signal of more localised stronger impact
in certain geographical regions (not shown). A longer experimentation period may be needed to further
assess this aspect.

For completeness, Fig. 19 shows the overall impact from adding the full sounding capabilities of EPS-
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Sterna to the Baseline observing system of existing observations. The Figure includes the EDA spread
reductions from the 50+183+325infl experiment with overall the best performance together with those
for the 50+183 experiment previously shown in Lean et al. (2023). As discussed in detail in Lean et al.
(2023), the addition of EPS-Sterna results in a very significant reduction of the EDA spread, suggesting
sizeable benefits in forecast impact from these new observations. The benefit that can currently be
demonstrated from the 325 GHz channels is comparatively small (compare black and red lines), but
nevertheless statistically significant for relative humidity.

7 Summary and conclusions

In the present study, we have developed a strategy to simulate and assimilate the new 325 GHz channels
available from the EPS-Sterna constellation, and we have evaluated their expected impact using the EDA
technique. As there is no experience with these channels from heritage instruments, they were previously
not included in the evaluation of the potential future impact of the EPS-Sterna constellation presented
in Lean et al. (2023). The simulation and assimilation is performed in an all-sky context, adopting the
latest developments in scattering radiative transfer, particularly tailored to the use of sub-mm channels
in connection with ice clouds (Geer et al., 2021). Ocean-surface emissivity modelling has been done
using FASTEM-6 (Kazumori and English, 2015). While FASTEM-6 has not been developed for the
use with sub-mm channels, comparisons with the more applicable SURFEM model suggest an adequate
performance, at least for geographical areas that are not screened out by quality control. A comparison
of weighting functions has allowed each 325 GHz channel to be matched with a traditional 183 GHz
of similar vertical sensitivity to the atmosphere (Eriksson et al., 2020). The brightness temperature
simulations show good agreement between matched channels in clear-sky areas, whereas areas with
ice clouds show larger brightness temperature depressions at 325 GHz, as expected from the greater
sensitivity to ice scattering (Eriksson et al., 2020). Geophysical quality control choices for the 325 GHz
channels have been adopted from the corresponding 183 GHz channels in our EDA experimentation.

A key development in the present work was the formulation of an observation-error model tailored to the
325 GHz channels. The model adopts the standard approach of the all-sky observation error model, but
uses a new cloud indicator, C325±6.6

sym , which incorporates information from the stronger ice scattering in
the lowest peaking 325 GHz channels. The new indicator is based on comparing observed or modelled
all-sky brightness temperatures with clear-sky simulations from the model background. The indicator
is used in the observation error model to assign larger observation errors in cloudy regions, reflecting
larger representation error. Observation error correlations are neglected and only diagonal errors are
assigned. With the new cloud indicator employed in the observation error model, PDFs of normalised
background departures (ie O-B normalised by the assigned observation error) are more Gaussian than
with an observation-error model that uses a scattering index derived from the 89 and 165 GHz channels
as cloud indicator instead. The latter cloud indicator is presently used for the 183 GHz channels in the
ECMWF system. This suggests that the new cloud indicator captures better the situation-dependence of
the representation error of the 325 GHz channels. Use of C325±6.6

sym may also be beneficial for the 183 GHz
channels to improve the Gaussianity of the normalised background departures, but this is left as future
work.

When the 325 GHz channels are used instead of the 183 GHz channels, the EDA experiments indicate an
impact from the four 325 GHz channels that is broadly similar to that from the assimilation of the four
matched 183 GHz channels. This is a key result of the present study, as it demonstrates for the first time
the usefulness of these channels for global NWP. The result also highlights that our assimilation setup is
adequate to extract this information when they are added as the only set of humidity-channels from EPS-
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Sterna. For relative humidity, the benefit from 325 GHz is slightly reduced relative to 183 GHz. This
different behaviour could be linked to the higher sensitivity to ice scattering in the 325 GHz channels,
which may impair the amount of information obtained from water vapour signals when these channels
are used as the only humidity-sounding channels.

When added on top of the 50 and 183 GHz channels available from EPS-Sterna, some benefits are found
for relative humidity compared to using the 50 and 183 GHz channels only, but otherwise results are
largely neutral. Note that this impact is in addition to the very significant benefit previously shown just
with the 50 and 183 GHz channels (Lean et al., 2023). Additional experiments highlight some sensitivity
to the assignment of the observation errors, and an increase in the observation error assigned for cloudy
regions is required to avoid a small degradation for wind forecasts in the tropics. A possible explanation
for this finding is that the 325 GHz channels are otherwise over-weighted due to the presence of ob-
servation error correlations that are currently neglected in the observation error model. Consistent with
this explanation, strong inter-channel error correlations were diagnosed from the experiments performed
in this study, particularly between the corresponding 325 and 183 GHz channels. These are thought to
be the result of similar representation error for these channels peaking at similar altitudes. Note that
representation error is a function of the atmospheric state and cannot be reduced through adding further
observations, but instead needs to be taken into account during the assimilation. In this context it is worth
noting that the correlations in the representation error may have been smaller if the 325 GHz channels
had been chosen in such a way that their weighting functions peak between those of the 183 GHz chan-
nels, rather than at similar altitudes. This would have also benefited the vertical resolution for humidity
that should be obtainable from EPS-Sterna in an assimilation system, albeit possibly at the expense of a
less clean identification of ice-cloud signals.

Developments towards accounting for inter-channel error correlations in the all-sky assimilation of MW
radiances are currently under way at ECMWF, and these may lead to further benefit from the use of
the 325 GHz channels. Accounting for inter-channel error correlations has been a key development to
obtain impact from a larger selection of humidity-sounding channels from hyperspectral IR instruments,
for which the addition of further humidity channels previously led to a degraded impact (Salonen and
McNally, 2019; Hilton et al., 2009).

The experience with the assimilation of the 325 GHz channels is a reminder that EDA evaluations nec-
essarily reflect the maturity of the use of the observations at the present time. Developments in the
assimilation system and the use of the relevant observations affect the impact that is achieved from a
given set of observations, and the impact that is realised when the actual observations become available
will reflect this. In turn, in the present study, the EDA experiments have allowed a first indication of what
might be relevant preparatory and development activities, some of which can also be performed prior to
launch.

The present study has also highlighted other areas of potential future work. Aside from accounting for
observation error correlations, the modelling of the observation errors could be further revised, including
whether the better characterisation of ice clouds in the new 325 GHz-based cloud indicator brings benefits
to the assimilation of the 183 GHz humidity-sounding channels. With real data available from AWS
soon, some aspects of the forward-simulation of the brightness temperatures should also be revisited.
For instance, in our study we use a single type of ice particles in the RTTOV-SCATT simulations. While
this simplification has proven adequate for currently used frequencies in the ECMWF system (Geer,
2021), it needs to be re-evaluated with real data for the sub-mm frequencies with much larger sensitivity
to ice clouds. Similarly, the adequacy of FASTEM-6 or SURFEM to model frequencies up to 325 GHz
should be confirmed with real data.
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The assimilation of the 325 GHz channels may also benefit from wider enhancements of the ECMWF
assimilation system that are currently under development. One aspect of note is the the addition of clouds
in the control variable, prompted by the increasing use of cloud-affected observations from satellites. In
the current ECMWF system, cloud fields are not part of the control variable. This means the analysis
can respond to cloud signals in the observations only by adjusting other variables describing humidity,
temperature or wind, which then affect the model cloud fields via the integration of the forecast model
over the assimilation window in 4D-Var. For the observations currently assimilated through the all-sky
approach, this has not been found to be a major limitation, as time-scales of clouds are typically just a
few hours and their evolution is hence dominated by other atmospheric variables that are part of the 4D-
Var control variable. However, some ice-clouds can show longer time-scales, and without a cloud control
variable 4D-Var may be unable to produce the correct increments in these cases, at least for the first few
hours of the assimilation window. The development of the new cloud control variable may hence be of
particular benefit for EPS-Sterna, as it is expected to allow a better separation of cloud and humidity
signals in the early part of the assimilation window when both sets of humidity-sounding channels are
present. In this context, the effect of EPS-Sterna on the cloud analysis should be investigated further, as
an improved characterisation of clouds is one of the motivations for including the 325 GHz channels for
the EPS-Sterna instrument.
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Appendix A Estimation of clear-sky observation errors

In the following, the method to derive minimum assigned clear-sky observation error values from given
NEDT values is presented. This has been developed in a previous study, and the text is reproduced here
from Lean et al. (2022b) for convenience.

Observation errors assigned in data assimilation describe different sources of error, typically classified
into measurement error (such as instrument noise) and representation error. To devise the parameters for
the observation error model discussed in section 4, we assume that the representation error for the new
data is the same as for the real data, but only the instrument noise is different. This is justified, given the
similarity of the channels as well as the similarity of the footprint sizes. Note, however, that for real data
we currently do not explicitly model the contributions from instrument noise and representation error
separately in the observation error model. Instead, the parameters of the observation error model are set
empirically, based on the standard deviation of background departures which provide an upper limit for
the overall observation error in the absence of correlations between observation and background error.
In order to separate out the contribution from instrument noise some reverse engineering is needed. The
instrument noise only matters for the clear-sky parameter of the error model, as otherwise representation
error dominates, so the following focusses only on the clear-sky parameter. For the cloudy observation
error setting, we simply adopt the same values as used for real data, as sample NEDT is a negligible
contribution.
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Figure 20: Standard deviation of O-B vs. sample NEDT (left) and assigned clear sky observation errors
vs. sample NEDT (right) for AMSU-A channel 6 on various satellite platforms. Fitted lines show the
results from using a simple scaling of sample NEDT (red dashed) or using equation 5 (solid black line).

To link the empirically assigned clear-sky observation error to the sample NEDT, we proceed as follows:
we model our assigned (clear-sky) observation error σo,clr as a combination of the instrument noise
σNEDT and representation error σr, and a scaling factor a which accounts for other neglected effects in the
error modelling, such as error correlations. Assuming that the two error contributions are uncorrelated,
the relationship becomes:

σo,clr = a
√

σ2
NEDT +σ2

r (5)

The values for σr and a are derived from real data as follows: First, σr is derived by considering standard
deviations of background departures and channel-specific sample NEDT values provided with the data.
This makes use of the fact that we presently have several instruments available in the ECMWF system,
with some variations in the instrument noise performance. For the temperature sounding channels, there
is mostly a clear relationship reflecting that instrument noise is a dominant part of the error budget (e.g.

Fig. 20, left). The relationship follows
√

σ2
NEDT +σ2

r , with an appropriately fitted σr. Then, the scaling
factor a is derived by considering assigned σo and sample NEDT values for real data. The relationship
between these two quantities is not as clear (e.g. Fig. 20, right). This is primarily because instrument
noise values have changed since the parameters of the observation error model have been derived some
time ago, and the parameters have not been updated. The value a is chosen to nevertheless give the best
overall fit, using the relationship given in equation 5 with σr derived previously. Separate parameters
have been derived for land and sea, and the values are given in Table 4.

For the temperature sounding channels, the representation error derived in this way is typically relatively
small, with values mostly around 0.1 K and hence smaller than the sample NEDT. In contrast, representa-
tion errors for the humidity sounding channels are much larger, with values of 1.4-2.0 K and hence larger
than the instrument noise. This reflects that representation error plays a much larger role for these chan-
nels, even in clear-sky regions. In fact, the observation error assignment for humidity sounding channels
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Table 4: Parameters used to derive the clear-sky observation error values from the sample NEDT values
for each channel, in terms of the scaling factor a and the representation error σr. Values were derived
using departure statistics from the ECMWF system over two seasons (13-31 May and 12-31 Oct 2021),
as described in the main text.

AMSU-A/MHS channel
a σr a σr

sea land
AMSU-A 5 1.15 0.14 1.15 0.24
AMSU-A 6 1.15 0.08 1.15 0.13
AMSU-A 7 1.15 0.08 1.15 0.08
AMSU-A 8 1.15 0.08 1.15 0.08
AMSU-A 9 1.15 0.09 1.15 0.09
MHS 3 1.30 1.4 1.3 1.45
MHS 4 1.25 1.5 1.3 1.35
MHS 5 1.10 1.95 1.4 1.4

in the ECMWF system currently neglects different instrument noise values for different instruments, and
instead assigns the same value. The scaling factors a tend to be similar for different temperature sounding
channels, with values of around 1.15, whereas they tend to be slightly larger for the humidity sounding
channels, with values up to 1.4.

The above derived relationships are used with the sample NEDT estimates for the EPS-Sterna instrument
(divided by three to account for the 3x3 averaging) to obtain the clear-sky observation error values for the
small satellite data. The resulting values for the temperature sounding channels are around 0.25-0.28K,
which is slightly higher than AMSU-A equivalents. For the humidity sounding channels, the resulting
values are very similar to those used for MHS. While primarily derived for the purpose of specifying
observation error values for the present study, the derived relationships could also be considered in a
refined observation error model in the ECMWF system that allows for changes in the NEDT of real data,
as a result of instrument ageing and other effects.
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Appendix B Alternative cloud indicator investigations

In this part we will summarise further investigations regarding alternative cloud indicators used in the
observation error model for the 325 GHz channels. One candidate cloud indicator considered is a variant
of the scatter index C89−165.5

sym , with the 89 GHz and 165.5 GHz channels substituted for 178.811 GHz and
325±6.6 GHz in equations 1 and 2, respectively:

C178.811−325±6.6
land = BT178.811–BT325±6.6 (6)

C178.811−325±6.6
ocean = (BT178.811–BT325±6.6)–(BT clr

178.811–BT clr
325±6.6) (7)

Similar to C89−165.5
sym , this cloud indicator makes use of the different cloud scattering signatures between

the two channels, while in clear-sky regions the two channels show very similar values. The scattering
signatures are, however, strongly dependent on the density of the ice particles: For low-density snow/ice
particles, the BT monotonically decreases from 183 GHz to 325 GHz (e.g., Fig. 9 in Geer et al., 2021).
This depression is also greater than that between the 89 and 165.5 GHz channels and therefore helps to
better identify ice cloud signals. In contrast, for denser particles, at higher frequencies the trend in BT
can reverse, i.e. BT can increase with increasing frequency. In cloud situations with denser particles,
this can lead to a reduced BT difference at between 183 and 325 GHz, and this would be interpreted as a
weaker cloud presence. For the densest particles, the reversal could even result in a negative difference,
erroneously suggesting that there is no cloud.

To avoid the down-sides of C178.811−325±6.6
sym for denser particles, we consider another cloud indicator, that

takes the maximum value between C89−165.5
sym and C178.811−325±6.6

sym :

Cmax
sym = max[C89−165.5

sym ,C178.811−325±6.6
sym ] (8)

This cloud indicator is aimed at combining the power of identifying scattering signals of both of the
separate indicators. Note that a scatter index formed by 89-325±6.6 GHz was also explored as a po-
tential basis for a cloud indicator (not shown). While also suffering from the same issues of potentially
reduced/negative scattering index values, other undesirable features arising from e.g. a more extreme
difference in sensitivity to hydrometeors and water vapour or the mismatch in weighting functions led to
a poorer suitability than the frequency difference proposed above.

It is worth noting that for the simulations considered here, the radiative transfer model assumes a fixed ice
particle and therefore we will not capture the more variable behaviour expected for different ice particles
discussed above. Until being able to analyse real MW data, it is difficult to predict the impact of this
issue and in particular, how often with real observations we would encounter cases associated with the
denser ice particles that could reduce the effectiveness of a 183-325 GHz based scatter index.

Figure 21 illustrates the typical geographical variability of the two cloud indicators. Both indicators
identify areas of increased ice scattering through higher values, with C178.811−325±6.6

sym particularly picking
out ice clouds around the frontal features over the extra-tropics, with similar features as C325±6.6

sym shown
in Fig. 4. Over land there are large areas of negative values in C89−165.5

sym which are close to zero in
C178.811−325±6.6

sym . Closer agreement of BT in the absence of ice clouds results in C178.811−325±6.6
sym closer to

zero in many areas, a result of the similar weighting functions of the two channels used.
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Figure 21: Map showing C89−165.5
sym (top) and C178.811−325±6.6

sym (middle). The lower panel displays
the difference between the two cloud indicators where blue colours correspond to higher values in
C178.811−325±6.6

sym . Data are for the period 17-23 July 2019 for one EPS-Sterna satellite where no screening
has been applied apart from latitude limits at ±60◦N.
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Figure 22: Standard deviation of O-B for the 325±6.6 channel (top row) and the 325±1.0 GHz channel
(bottom row) binned as a function of the symmetric cloud indicator C89−165.5

sym (red line) or Cmax
sym (black

line). Crosses in the same corresponding colours indicate the number of observations in each bin (right
y-axis). Data are for all observations not yet subject to quality control from an EPS-Sterna satellite for a
period of seven days over ocean only (left panel) and land only (right panel), limited to ±60◦N to exclude
sea ice contamination.

Figure 22 illustrates the behaviour of the standard deviation of O-B as a function of C89−165.5
sym and Cmax

sym
for the lowest and the highest peaking 325 GHz channels. The standard deviation of O-B generally rises
smoothly up to a plateau for larger cloud indicator values, as expected. When using Cmax

sym (black line), the

Table 5: Minimum clear-sky and maximum cloudy observation errors used in the Cmax
sym -based all-sky

error model for the 325 GHz channels. The value of Csym that defines the saturated cloud presence is also
given. For all channels, the minimum value of Csym, indicating clear-sky, is zero.

Channel number
Csym upper limit Min clear error Max cloudy error
Sea Land Sea Land Sea Land

16 37 20 1.9 2 17.6 10.4
17 34 21.5 2 1.9 24.2 17.5
18 34 21.5 2.1 1.9 26.5 22.2
19 34 21.5 2.1 1.9 31.7 26
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Figure 23: Probability density functions of the background departure normalised by the observation
errors (top row) for the 325±6.6 channel (red) and the 178.811 GHz channel (blue). The observation
error model employs the C89−165.5

sym and the Cmax
sym cloud indicator for the 178.811 GHz channel and the

325±6.6 channel, respectively. Values for the observation error model are defined as given by Tables 3
and 5 (top left), and with all minimum and maximum values of observation error inflated by a factor of
1.5 for the 325 GHz channel only (top right). An example Gaussian curve (with standard deviation of 2)
has been added to demonstrate the appearance of a perfect Gaussian shape. The bottom panel shows the
PDF of the background departures prior to normalisation. Data are for the northern hemisphere (lat >
20◦N) for a period of 10 days 8-18 July 2019 before quality control, taken from the control member of
an EDA experiment (i.e. observations are unperturbed).

overall dependence changes relatively little, as the value of Cmax
sym is predominantly the same as C89−165.5

sym ,
except for the areas with the largest effect from ice clouds (cf Fig. 21). As a result, there is a slightly
higher number of observations with larger cloud indicator values for Cmax

sym compared to C178.811−325±6.6
sym ,

as well as a slight shift in the standard deviation of O-B towards smaller values for smaller cloud indicator
values. This suggests that C178.811−325±6.6

sym is indeed slightly better able to distinguish between situations
of low and high standard deviations, but the effect is relatively small.

Fig. 23 (top, left) examines to what extent histograms of background departures normalised by the as-
signed observation error follow a Gaussian distribution. As discussed in section 4.4, the all-sky obser-
vation error model plays an important role in transforming the highly non-Gaussian distribution of the
actual background departures into one that is more Gaussian when normalised departures are consid-
ered. Here, the observation error model for the 183 GHz channel employs the C89−165.5

sym cloud indicator
as usual, whereas the 325 GHz channels use the observation error model based on Cmax

sym . As can be
seen, the 325 GHz channel shows considerably stronger tails than the 183 GHz counterpart, as well as a
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(a) U wind, N.Hem. (b) U wind, S.Hem.
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(c) U wind, Tropics
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Figure 24: Vertical profiles of the EDA spread reduction compared to the 50only experiment for the U
component of wind in the (a) Northern Hemisphere (lat > 20◦N), (b) Southern Hemisphere (lat > 20◦S)
and (c) the Tropics (lat <±20◦N) for the 50+4x183 experiment (red) and three experiments in which the
325 GHz channels have been added to the 50only experiment instead, using the Cmax

sym -based observation
error model. The three experiments with 325 GHz channels use different settings for the parameters of
the error model, that is, values as shown in Table 5 (blue), and values multiplied by a factor 1.5 (purple)
or 2.0 (black). Reductions in spread indicate benefit from the addition of the 325 GHz channels or the
top-four 183 GHz channels. Data are for the period 8-28 July 2019. Horizontal bars indicate 95 %
significance intervals.

weaker maximum. For both channels, the shape of the distribution is quite far from that of a Gaussian
distribution, but the situation appears to be worse for the 325 GHz channel. The non-Gaussianity of the
normalised departure distribution for the 183 GHz channels has been previously noted by Geer et al.
(2014) as a short-coming of the C89−165.5

sym -based observation error model. Assimilation of the 183 GHz
channels with this error model has nevertheless been found to perform sufficiently well.

Also shown in Fig. 23 (top, right) is the distribution of normalised departures resulting from scaling
the assigned observation errors by 1.5 compared to the originally assigned values. As can be seen, this
successfully reduces the tails of the distributions of the normalised background departures and brings it
closer to that of the equivalent 183 GHz channel, although still with more outliers remaining. While such
scaling does not improve the modelling of the situation-dependence, it helps to avoid that the observa-
tions in the tail of the distribution receive too much weight during the assimilation. Another option to

Future EPS-Sterna Constellation Study Task 1.2 and 1.3 35



Evaluation of the EPS-Sterna 325 GHz channels in the EDA

(a) Geopotential, N.Hem. (b) Relative humidity, N.Hem.
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Figure 25: As Fig. 24a but for the geopotential height (a) and tropospheric relative humidity (b) in the
Northern Hemisphere.

avoid over-weighting of these observations would be to revisit the settings for Variational Quality Control
(VarQC, Andersson and Järvinen, 1998). This estimates the likelihood that the error for a given obser-
vation belongs to a white-noise distribution rather than a Gaussian during the assimilation and adjusts
the weights assigned to the observations accordingly. However, the VarQC settings for MW humidity-
channels are already quite stringent, so this was not pursued here.

EDA experiments were performed using both the un-inflated and inflated versions of the Cmax
sym -based ob-

servation error model, similar to the ones presented in sections 5 and 6. They also show benefit from the
assimilation of the 325 GHz channels when used instead of the 183 GHz channels, but spread reductions
are overall smaller than those seen in the experiments that use the C325±6.6

sym -based observation error model
discussed in sections 5 and 6 (e.g., Figure 24 and 25, cf Figures 14 and 15, respectively). Significant
inflation of the observation error is required to improve the impact, with factors of 1.5-2.0 leading to the
overall best results. With such inflation applied, the EDA spread reductions are more in line with those
obtained with the C325±6.6

sym -based observation error model. When the combined channel set is used, the
impact of the 325 GHz channels is overall also not as favourable as the impact of the 50 and 183 GHz
channels on their own (not shown). A likely explanation of these results is that the poorer Gaussianity
of the normalised departures obtained with the Cmax

sym -based observation error model is indeed leading to
poorer weighting of the observations in the assimilation, in particular to over-weighting of observations
in the tails of the distribution, for which a larger observation error would be more appropriate. As a
result of these findings, the C325±6.6

sym -based observation error model is the preferred choice for our EDA
experimentation presented in the main part of the report.
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