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SURFEM-ocean microwave surface emissivity evaluated

Abstract

The assimilation of satellite microwave radiance observations for weather forecasting requires a
model for the ocean surface emissivity. At the European Centre for Medium-range Weather Forecasts
(ECMWF) the Fast Emissivity model (FASTEM) has been used for many years. A new surface emis-
sivity model, SURFEM-ocean, is available with Radiative Transfer for TOVS (RTTOV) version 13.2
and is tested here in the context of weather forecasting. Simulations from the Integrated Forecasting
System (IFS) are compared to observations. Compared to FASTEM-6, SURFEM-ocean generates
better fits to observations at low frequencies (6 – 10 GHz) and in strong wind speed conditions.
However, there are worse fits to observations and larger biases in mid and high frequencies (e.g. 19 –
166 GHz) especially around nadir and in horizontally polarised channels at higher zenith angles (e.g.
53◦). Although the permittivity model for sea water has changed between FASTEM-6 and SURFEM-
ocean, this is not a main cause of the changed surface emissivity. Instead the main explanation must
be the new representation of the wind-speed dependence in SURFEM-ocean. Background departure
standard deviations become fractionally worse for sensors like Advanced Microwave Sounding Unit
A (AMSU-A), even in tropospheric temperature-sounding channels. However, the overall impact of
moving to SURFEM-ocean is to improve weather forecasts, particularly at short range in the south-
ern ocean. This is partly because the channels and situations that are most affected by the increase
in bias, for example 90 GHz horizontally polarised channels, are not actively assimilated. A filter-
ing effect of the data assimilation system also likely means that the effect of better performance of
SURFEM-ocean in high wind speed situations at low frequencies outweighs the worse performance
in other situations. However, a side effect of the changing surface emissivity biases at 37 GHz is
to increase the assigned observation error for microwave imagers, and this also contributes to the
apparently improved forecast scores. From a future perspective, SURFEM-ocean provides a built-in
handling of all four Stokes parameters, making it able to support future full-polarimetric microwave
missions such as Weather System Follow-on – Microwave (WSF-M) and Copernicus Imaging Mi-
crowave Radiometer (CIMR). Also it supports sub-millimetre applications, whereas FASTEM-6 was
not valid beyond 200 GHz, and the clear improvements at 6 GHz and 10 GHz support future use
of these channels for inferring sea surface temperature. Hence the decision is clearly in favour of
activating SURFEM-ocean in the next operational cycle instead of FASTEM-6.

Plain Language Summary

Satellite observations contribute greatly to the quality of weather forecasts. When these observations
see the ocean surface, it is necessary to model the way the ocean reflects and emits radiation at the
frequency used by the satellite instrument. Knowing how things work at the ocean surface helps dis-
entangle the information provide by the satellite measurement relating to the state of the atmosphere,
the surface temperature and surface wind speed. The model of how the ocean surface affects radia-
tion at microwave frequencies has recently been changed and is tested here against the old version of
the model. The new version is not always better than the old version but it has many new capabilities
that will help us make better use of future observations. In particular, future observations with higher
sensitivity to sea surface temperature, surface wind speed and ice cloud will be used more accurately,
which should help improve the quality of weather forecasts.

1 Introduction

Much of the satellite data assimilated at ECMWF is sensitive to the surface, and in particular the ocean
surface. To assimilate this data, the observation operator requires an accurate description of the reflection
and emission of radiation at the air-water interface. For a flat water surface the current description is to
assume (i) specular (or direct) reflection, described by the reflectivity r, which is determined by the
Fresnel equations and ultimately the permittivity of sea water and (ii) an opaque emitting surface with
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a defined radiating temperature (a skin temperature) and its emissivity e given through Kirchoff’s law
from the reflectivity as e = 1− r. In practice the ocean is not flat, due to ocean swell, wind-driven waves
and capillary waves (wind-driven roughening). Further, wind and waves generate foam cover, which is
strongly absorbing at microwave frequencies, in contrast to water, which is more reflective. Hence, as the
wind speed increases, these additional features make the ocean surface less reflective and more emissive.
Further, waves start to break the assumption of specular reflection, because downwelling radiation from
many angles can be reflected into the view direction. An approximation of these effects is included in
fast emissivity models, which parameterise some of the more demanding physical calculations describing
wind-driven waves, and which use empirical assumptions for some of the processes that are not described
physically, such as the effect of ocean foam coverage.

In operational weather forecasting, the defining fast emissivity model of the last 25 years for microwave
applications has been FASTEM versions 1 to 6 (English and Hewison, 1998; Deblonde and English,
2001; Liu et al., 2011; Kazumori and English, 2015). FASTEM has been provided with widely used
fast radiative transfer models CRTM (Community Radiative Transfer Model; Johnson et al., 2023) and
RTTOV (Radiative Transfer for TOVS; Saunders et al., 2020) which provides the satellite radiance obser-
vation operator at ECMWF among other forecasting centres. However, FASTEM is no longer traceable
to a working physical reference model and it has known issues, for example at low microwave frequen-
cies (Lawrence et al., 2020). Kilic et al. (2019) also highlighted the need to improve representations of
surface emissivity at low frequencies in FASTEM and other models, particularly at low surface temper-
atures. A further issue with FASTEM is that it has validity only up to 200 GHz, meaning it does not
support upcoming sub-millimetre instruments such as Ice Cloud Imager (ICI, Eriksson et al., 2020). To
address the lack of modelling at higher frequencies, the TESSEM2 model was developed for RTTOV and
other fast radiative transfer models (Tool to Estimate Sea-Surface Emissivity from Microwaves to sub-
Millimeter waves; Prigent et al., 2017). However, the microwave ocean surface emissivity community
then created a new physically-based reference surface emissivity model PARMIO (Passive and Active
Reference Microwave to Infrared Ocean; English et al., 2020; Dinnat et al., 2023) in part to address the
low-frequency issues (Kilic et al., 2019) as well as to provide sub-mm coverage. From the new com-
munity model, they derived a neural-network based, fast emissivity model SURFEM-ocean (Kilic et al.,
2023). SURFEM-ocean is included with RTTOV version 13.2. It is likely that RTTOV v14, which will
be released in 2024, will support only FASTEM-6 and SURFEM-ocean.

At ECMWF, the integrated forecasting system (IFS) was updated from RTTOV v13.0 to v13.2 for cycle
49r1. Without any changes to the options, this would have been a scientifically neutral upgrade. How-
ever, given the possible benefits of SURFEM-ocean, the opportunity was taken to test the upgrade from
FASTEM-6. This is the subject of the current work, following earlier tests of the impact of FASTEM-3, 4
and 5 in the IFS (Bormann et al., 2011, 2012). Given the generally beneficial impact of the upgrade, and
in order to be prepared for new sensors, IFS cycle 49r1 will also include the upgrade to SURFEM-ocean.

2 Method

2.1 FASTEM-6

FASTEM-6 is the end result of many developments from the original FASTEM model which will not be
described in detail here (e.g English and Hewison, 1998; Deblonde and English, 2001; Liu et al., 2011;
Kazumori and English, 2015). The permittivity (equivalently dielectric constant) of sea water is provided
by a model unique to FASTEM and frozen since version 4 (Liu et al., 2011). This has been shown to
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be consistent with GPM microwave imager (GMI) and Advanced Microwave Scanning Radiometer 2
(AMSR2) observations between 23 and 89 GHz but not at 19 GHz and below (Lawrence et al., 2020).
The permittivity is used to generate the Fresnel reflectivity of flat sea water which is then corrected for
wind-driven effects, and is a function of frequency, polarisation (V and H only) and temperature.

To represent the effect of waves of all scales, there are parameterisations for large-scale and small-scale
roughness. The former parameterises the output from a geometric optics model that represents the large-
scale waves as an ensemble of tilted facets. The latter represents Bragg scattering and diffraction from
capillary waves. These use the wave spectrum of Durden and Vesecky (1985), scaled by a factor of
two in the total slope variance. Both are dependent on the near-surface (10 m) wind speed as well as
frequency, polarisation and zenith angle. These are applied respectively as additive and multiplicative
corrections to the Fresnel reflectivity. At this point the sea water emissivity is then determined as one
minus the corrected reflectivity. The effect of foam coverage is then modelled using the Monahan and
Muircheartaigh (1980) whitecapping fraction as a function of 10m wind speed, which is used to linearly
combine an estimated foam emissivity with the corrected sea water emissivity.

FASTEM-6 also provides an azimuth-dependent correction term for the emissivity, modelling the effect
of the rotation of the observing geometry relative to the preferred wave direction (broadly perpendicular
to the wind). Hence this is a function of the angle between the azimuth angle of the satellite observation
and the wind direction. For the V and H polarisations, this is based on the model of Kazumori and
English (2015) which was fitted to AMSR2 observations. For the third and fourth Stokes polarisations,
the model of FASTEM-3 is still used (Liu et al., 2011). These are additive contributions to the final
emissivity output of the model.

The corresponding final reflectivity is then one minus the final emissivity, but in V and H polarisations a
further multiplicative correction is made to the reflectivity to account for non-specular effects. The final
version of this parameterised correction dates from FASTEM-2 (Deblonde and English, 2001) which
was still using the Cox and Munk (1954) spectrum of wave facets as a function of wind speed and uses
the surface to space transmittance to estimate the downwelling hemispheric radiative flux that is being
scattered into the observation line-of-sight.

2.2 SURFEM-ocean

SURFEM-ocean (Kilic et al., 2023) is a model for the surface emissivity and does not represent re-
flectivity. It has a physical component describing the flat water surface emissivity as a function of the
permittivity and neural network components (one for V and H and one for Stokes 3 and 4) that has been
trained on PARMIO to represent all wind-driven effects, including large and small-scale waves and foam.
The permittivity model follows Meissner and Wentz (2012). In order to derive reflectivity including a
correction for non-specular effects for use in RTTOV, the same approach is used as in FASTEM-6.

The PARMIO settings used in the SURFEM-ocean neural network training are described in Kilic et al.
(2023). PARMIO represents both large and small-scale roughness and uses the Durden and Vesecky
(1985) wave spectrum with an adjusted amplitude coefficient. Foam emissivity is an adapted version of
the model of Anguelova and Gaiser (2013) that has been tuned to fit a range of microwave frequencies.
Foam cover is based on Monahan and Muircheartaigh (1980) but with one parameter adjusted to provide
better consistency with other parameterisations.

The differences between FASTEM-6 and SURFEM-ocean may come from three sources: First, the
different dielectric models. Second, the different representation of wind-driven wave and foam effects
within PARMIO. Third, and beyond the scientific differences, there may also be differences due to the
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quality of the functional fits employed in each model and the precise way the corrections are applied.
This latter is likely to work in SURFEM’s favour, given the use of a neural network to directly fit all
wind-driven effects in PARMIO, and given known inaccuracies in some of the more basic functional fits
used in FASTEM over the years.

2.3 Surface emissivity and reflectivity within RTTOV

All-sky microwave radiance simulations are provided by the RTTOV-SCATT (Bauer et al., 2006) com-
ponent of RTTOV (Saunders et al., 2020). RTTOV-SCATT treats the satellite field of view as a weighted
combination of two independent columns representing clear sky and cloudy skies. In the cloudy column,
it solves the scattering radiative transfer equations by first using a delta-Eddington solver to estimate
the full angular dependence of the radiation field, then doing a line-of-sight integration of the radiative
transfer equations with scattering source terms estimated from the delta-Eddington solution. This means
that the surface emissivity and reflectivity from SURFEM-ocean or FASTEM-6 are used in two places
within the cloudy column.

In the delta-Eddington, the surface boundary condition describes the reflectance of the downwelling flux
and the flux emittance of the surface. Hence this needs the flux emissivity e and reflectivity r, which
are the hemispheric integral of the emissivity e(θ ,φ) and reflectivity r(θ ,φ) divided by pi. Here, θ and
φ represent the zenith and azimuth angles. These hemispheric flux quantities are not provided by the
fast emissivity models, so it is assumed that the flux emissivity is equal to the line-of-sight emissivity
provided by the fast emissivity model e = e(θo,φo) where θo and φo are the observation zenith and
azimuth angles. The flux reflectivity is derived from the emissivity as r = 1− e. For the line-of-sight
integration, the standard specular reflection is used with e(θo,φo) and r(θo,φo) provided by the emissivity
model. Hence in the the line-of-sight calculation, the reflectivity is adjusted according to the non-specular
correction term that is a function of the surface to space transmittance and is common to both FASTEM-
6 and SURFEM-ocean. The clear column of RTTOV-SCATT also uses this approach, though with the
surface to space transmittance appropriate to the clear column.

In the IFS, surface emissivity models are given a salinity value of 35 PSU, so this assumption is also
common to SURFEM-ocean and FASTEM-6 in this work.

3 Emissivity differences between FASTEM and SURFEM

Figure 1 summarises some of the main changes in surface emissivity going from FASTEM-6 to SURFEM-
ocean, based on simulations for GMI using the same atmospheric and surface state from an IFS back-
ground forecast. The sample includes all locations over pure ocean (no land or sea ice) in the two
assimilation cycles at 00 UTC and 12 UTC on 15th June 2020. At 10.65 and 36.5 GHz, both V and H
polarised simulations have a slightly stronger dependence on 10m wind speed, compared to FASTEM-6.
Emissivities are slightly smaller at zero wind speed and slightly larger at high wind speeds. In contrast,
at 36.5 GHz and above, SURFEM-ocean starts to reduce the dependence on wind speed compared to
FASTEM-6. The largest changes are reductions in surface emissivity that reach around 0.04 at high
wind speeds, H-polarisation and high frequencies (89.0 GHz and 166.5 GHz). At these frequencies the
V-polarisation emissivities increase slightly, particularly at low wind speeds. The net result is that simu-
lated observations will be more polarised at high frequencies, with less wind dependence.

Figure 2 examines the differences as a function of sea surface (skin) temperature. The changes are
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Figure 1: Microwave surface emissivity for GMI channels binned as a function of 10m wind speed, using
all available observations in the assimilation windows on 15th June 2020.
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Figure 2: Microwave surface emissivity for GMI channels binned as a function of sea surface tempera-
ture, using all available observations in the assimilation windows on 15th June 2020.
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much smaller and harder to see, but at 10.65 and 36.5 GHz emissivities are slightly reduced at high
temperatures. At 36.5 GHz the most evident change is a small reduction in surface emissivity for H-
polarisation. At 89 GHz and upwards, the sensitivity to temperature is reduced, given that emissivities
get higher at high temperatures in V-polarisations and get lower at low temperatures in H-polarisations.

Figure 3 looks for changes in the relative wind direction (RWD) dependence. Here the RWD angle is
defined following Kazumori and English (2015) eq. A4 (meteorological wind direction minus observa-
tion azimuth view or looking angle). In this representation, 0◦ corresponds to the satellite seeing the
downwind (e.g. breaking) side of the waves, 90◦ and 270◦ correspond to views along the wave crests
and 0◦ being a view of the upwind, smoother sides of the waves. The signal is small, so the figure shows
the delta from the mean surface emissivity across all bins. The relative wind direction dependence is
stronger in H-polarisations, and with increased emissivity for views from downwind to cross-wind (0 –
100◦) and (300 – 360◦, and decreased emissivity (more reflective, relatively smoother surface) with the
view of the upwind side of the waves. The picture is similar at V-polarisation, but the signal is smaller
and the crosswind views do not increase the polarisation so much. These figures are slightly different
from the more idealised dependences on cos(RWD) and cos(2 RWD) observed by Kazumori and English
(2015), likely due to the fact that all wind speeds have been combined in the same figure here, as well
as the relatively small sample. SURFEM-ocean increases the amplitude of the signal at 18.7 GHz and
36.5 GHz by order 0.01 in emissivity, whereas it smooths and decreases the pattern at 89.0 GHz and
166.5 GHz for H-polarisation, by order 0.05 in emissivity. The relative wind direction changes are not
further examined in this work.

3.1 Effect of changing permittivity model

The Meissner and Wentz (2012) permittivity model was chosen for SURFEM-ocean in order to improve
results at very low frequencies (e.g. 7 GHz and below). However, since the permittivity model can
be easily swapped in the SURFEM-ocean architecture, a version was also tested using the FASTEM
permittivity model (Liu et al., 2011). Figure 4 shows the change in surface emissivity for these two
variants of SURFEM-ocean compared to the FASTEM-6 emissivity model. Clearly the impact of the
permittivity model in the transition from FASTEM-6 to SURFEM-ocean is minor, and for example the
large decreases in surface emissivity in H polarised channels at higher frequencies and higher wind
speeds are mostly a result of the changing wind-speed dependence, rather than the permittivity model.

4 Validation against GMI and AMSU-A

To assess the effect of the changes in surface emissivity modelling on the fit to observations, we now
analyse the background departures without any bias correction d = yo − yb where yo is the observed
brightness temperature and yb the brightness temperature simulated from the IFS background forecast.
To assess changes in departures we use GMI because it is widely acknowledged to be the best calibrated
microwave imager and because it also shows the smallest biases against the IFS (e.g. Draper et al., 2015;
Berg et al., 2016; Lean et al., 2017). Therefore the hope is that better fits to GMI should indicate genuine
improvements in the quality of the surface emissivity. The sample of data is the same as used in Sec. 3
and is identical between experiments. Hence the assessment will initially use all available observations
over open ocean. This means the comparison includes cold air outbreak (CAO) regions that are normally
screened out due to the inability of the IFS to generate sufficient liquid water cloud and precipitation
in these regions Lonitz and Geer (2015); Forbes et al. (2016). However, because the CAO screening
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Figure 3: Microwave surface emissivity difference from mean (delta-Emissivity) for GMI channels
binned as a function of relative wind direction, using all available observations in the assimilation win-
dows on 15th June 2020.
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Figure 4: Using different permittivity models in SURFEM-ocean, the change in microwave surface
emissivity for GMI channels binned as a function of 10m wind speed, using all available observations in
the assimilation windows on 15th June 2020, compared to FASTEM-6.
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removes most of the cold, high wind speed sample, it is preferred to include them in this initial analysis.

Figure 5 examines the biases as a function of near-surface wind speed. At low frequencies (10.65 GHz
and 18.7 GHz) the stronger wind speed sensitivity of SURFEM-ocean generates generally a much re-
duced bias against GMI observations. At low wind speeds there is almost negligible bias in the V
polarised channels, at between 0 and 1 K, compared to up to 2 K negative bias from FASTEM-6. At high
wind speeds, in both polarisations, biases are reduced by up to around 3 K but relatively large positive bi-
ases of up to around 5 K remain. At higher frequencies (36.5 GHz and upwards) biases in V-polarisation
are hardly affected, whereas in H polarisation, biases get larger by up to around 5 K in H-polarisation,
reaching around 10 K, at high wind speeds.

Figure 6 shows a similar comparison but only for the observations getting past screening and data se-
lection, i.e. the set of observations presented to the data assimilation, although some of these channels
are not actively used but only monitored, in order to maintain bias corrections. The most important
difference compared to Fig. 5 is the removal of the CAO regions, i.e. cold skin temperatures and often
high wind speeds. At 150 GHz, this also excludes areas polewards of 45◦ latitude, meaning that most
sensitivity to changes in surface emissivity is lost. Due to the removal of CAO regions from this sample,
the biases at high wind speeds are mostly gone across the frequency range, and they reach only around
3 K. The large changes in emissivity at H-polarisation, after going to SURFEM-ocean, result in a shift to-
wards more positive departures, particularly at 36.5 GHz and 89.0 GHz, making biases larger and smaller
respectively at the two frequencies. Overall, in the screened sample, SURFEM-ocean achieves biases in
most situations smaller than ±2 K but up to +3 K at high wind speeds.

Figure 7 takes the screened sample and additionally removes cloudy scenes, using a ‘symmetric’ 0.05
threshold on both the observed and simulated normalised 37 GHz polarisation difference (Geer and
Bauer, 2011). Using this threshold, roughly 50% of scenes are retained. The agreement between IFS and
GMI is exceptionally close in most circumstances. SURFEM-ocean generates biases generally less than
±1 K up to wind speeds of 15 m s−1; zero biases are also seen at many wind speeds at higher frequencies.
There are still small positive biases at high wind speeds at 10.65 GHz and 18.7 GHz, but the biases are
reduced compared to FASTEM-6. If this can be considered the cleanest validation of SURFEM-ocean
(though it involves discarding most of the cold surface, high wind speed data) it confirms that wind speed
dependence in SURFEM-ocean is generally much better than FASTEM-6.

Figure 8 makes a similar analysis for the skin temperature dependence, here using the full observation
sample including cold air outbreaks. Here, improvements in the temperature dependence are seen at
10.65 GHz and 18.7 GHz, more clearly in the V polarisation than H, though both polarisations are im-
proved, with much flatter dependence of the bias on the skin temperature. The apparently large biases at
271 K are best ignored given the very small sample involved. Instead, the main features are the increased
positive bias at 36.5 GHz, H-polarisation, seen previously, and at 89.0 GHz, substantially reduced neg-
ative bias at lower temperatures. However, at 166.5 GHz the temperature dependence seems to have
got worse in the H polarisation, suggesting that the relatively large reduction in emissivity at low skin
temperatures in SURFEM-ocean (Fig. 2) has made things worse.

Figure 9 briefly explores the effect of changes as a function of zenith angle using AMSU-A (Advanced
Microwave Sounding Unit A, Robel, 2009) on Metop-C since GMI only sees around 53◦ (and slightly
smaller zenith angles in the very high frequency channels). The zenith angle dependence is shown
indirectly as a function of scan position, with positions 15 and 16 being near-nadir, and positions 4 and
27 representing 45◦ zenith angle. More extreme scan positions (high zenith angles) are eliminated in the
screened sample used here, due to suspected instrument biases. The biggest changes are in the near-nadir
positions in the most surface sensitive channels, 31v, 50.3v and 89v, where biases against AMSU-A have
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Figure 5: Background departures, before bias correction, for GMI channels binned as a function of 10m
wind speed, using all available observations in the assimilation windows on 15th June 2020.
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Figure 6: As Fig. 5 but using only screened observations in the assimilation windows on 15th June 2020.
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Figure 7: As Fig. 5 but using only screened and cloud-free observations in the assimilation windows on
15th June 2020.
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Figure 8: Background departures, before bias correction, for GMI channels binned as a function of skin
temperature, using all available observations in the assimilation windows on 15th June 2020.
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Figure 9: Background departures, before bias correction, for AMSU-A channels on Metop-C binned as
a function of scan position, using screened observations in the assimilation windows on 15th June 2020.
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become more positive by around 0.5 – 1.0 K, corresponding to a decrease in surface emissivity at nadir in
SURFEM-ocean. Changes are smaller away from nadir. Channel 53.6h is too insensitive to the surface
to show any visible changes in this presentation, but it does show very slightly increased positive biases
similar to 50.3v, and there is a degradation in fit that shows up more clearly in the assimilation results
given later. Note that the specified AMSU-A polarisation is for nadir, where it is irrelevant, and it rotates
into a mixture of V and H off-nadir.

How far these results can be trusted as an absolute validation of SURFEM-ocean is open to question.
In the cloud-free sample at screened locations (e.g. also excluding cold air outbreaks), the remaining
uncertainties include the calibration of GMI, the quality of the ECMWF skin temperature, which at mid
and high latitudes is derived from mainly infrared measurements, via the OSTIA analyses (Good et al.,
2020), and its wind speed at 10m, the validity of the opaque surface approximation, and the validity of
the specular reflection assumption over rougher seas. However, in the clear-sky samples the remaining
biases against GMI are typically less than ±1 K when binned by surface wind speed (Fig. 7).

The most notable biases between SURFEM-ocean and the observations appear when the cloudy scenes
are included. These features are the biases against GMI at 18.7 and 36.5 GHz of +2 K (Fig. 6), primarily
in H-polarisation and against AMSU-A for nadir scenes at 31, 50.3 and 89 GHz (Fig. 9). This screened
but all-sky sample is what is used in the IFS and hence these bias changes are important in understanding
the data assimilation results in the next section.

In the full unscreened cloudy sample, an additional and larger issue may be the biases in the IFS clouds
and precipitation, particularly in cold air outbreaks. At 36.5 GHz and above, liquid water cloud and
precipitation has a very strong effect on the brightness temperatures and biases of 5 to 10 K can be
explained by order 0.1 kg m−2 vertically integrated liquid water. Further, there is a strong known bias in
this direction in the IFS water clouds in the CAO regions (Forbes et al., 2016). Therefore the remaining
bias peaks at strong winds in Fig. 5 at 36.5 GHz and above, which mostly go away when CAO are
screened (Fig. 6), could be entirely explained by the missing liquid water cloud. Particularly at cold
temperatures and strong winds (Figs. 2 and 1) the H-polarised SURFEM-ocean emissivities are strongly
reduced compared to FASTEM-6. If this is physically correct, it acts to make the positive bias coming
from missing CAO liquid cloud even more prominent than it was before.

However, this theory does not hold at lower frequencies, particularly 10.65 GHz, where the improved
wind-dependence of SURFEM-ocean has reduced the biases but not eliminated them. In Fig. 5 there
are still biases in V and H polarisations, peaking around +5 K at 19 m s−1 wind speed. At 10.65 GHz,
sensitivity to liquid water cloud is very small, so the surface radiative transfer would be the likeliest
explanation for the bias. This suggests that SURFEM-ocean (and behind it, PARMIO) could be further
improved in strong wind situations. For example, the sea state is not an instantaneous and direct function
of 10 m wind speed, and in this line, efforts have been made to incorporate more sophisticated wave
modelling into the estimation of surface emissivity (Meunier et al., 2014). Additionally, the explanation
could lie in the treatment of non-specular reflection in RTTOV, which is unchanged since FASTEM-3
(Liu et al., 2011) and applies equally to FASTEM-6 and SURFEM-ocean. Alternatively, if the 10m wind
speeds in the IFS have errors, this could also contribute to any issues.

5 Data assimilation results

The impact of the change to SURFEM-ocean in data assimilation is slightly different to the validation
exercise in the previous section, for several reasons. First, many of the biases of the surface emissivity
model are already corrected by variational bias correction (VarBC Dee, 2004). For microwave observa-
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tions from window channels, typically there are predictors for 10m wind speed and skin temperature that
remove most of the linear component of any biases shown in the previous section. Second, the different
characteristics of the background departures result in different interaction with quality control measures
like the background departure check (which rejects data at a multiple of the estimated total error of the
background departures) and variational quality control (VarQC; Anderson and Järvinen, 1999). This
means that a different sample of observations will be assimilated depending on the chosen model. Third,
when the data assimilation system is cycled, the background atmospheric state will be different in the
different experiments. Fourth, there are possible side effects through the observation error model, which
depends on simulated observations. To initially isolate the impact of changing bias correction, while
avoiding the second, third and fourth issues, Sec. 5.1 continues to analyse the special same-background
experiments as used in previous sections. Then the full impact of the change in long cycled data assimi-
lation experiments is evaluated in Sec. 5.2.

5.1 Same-sample, same-background comparisons

Figure 10 summarises the same GMI data that was seen in Sec. 4, but now looking at the bias correc-
tion (panels a and b) and finally the bias corrected departures (c and d). In these special single-cycle
experiments, the background was the same for both models, but the bias corrections were appropriate to
the surface emissivity model, and have been taken from those spun up in the cycling data assimilation
experiments described in the next section. Note also that the investigation here uses the screened sample
(identical to the screened sample in earlier sections) representing the data that gets passed to 4D-Var,
although in some cases it is only passively monitored rather than actively assimilated. Also to be noted
is the change in channel notation, here using an approximate and often standardised frequency and po-
larisation to emphasise commonalities between different sensors. For example the 18.7 GHz V-polarised
channel of GMI is noted as 19v.

Broadly, the standard deviation of the bias correction (Figure 10a) is reduced in most channels, resulting
from the clear improvements in the temperature and wind speed dependence seen at these frequencies
in the previous section (Figs. 6 and 8) which means the bias correction does not need to work so hard.
However, the mean bias correction (Fig. 10b) is generally more positive with SURFEM-ocean, which
in most cases also means larger, and this is especially clear in the mid-frequency H polarisation, i.e.
channels 37h and 89h, coming from the general decrease in H-polarised emissivity in these channels
when going from FASTEM-6 to SURFEM-ocean (Fig. 1).

Finally, the standard deviation of the bias corrected departure d = yo−b−yb is also shown in Fig. 10, with
b the bias correction from VarBC. The standard deviation is mostly indistinguishable between FASTEM-
6 and SURFEM-ocean in terms of the absolute value (panel c) although in practice there are detectable
small changes (panel d). The standard deviation of departures is around 0.01 K smaller for channels at
10 GHz and up to 0.3 K larger for 37h and 89h. The bias correction should have removed any changes
that are linear functions of wind speed and temperature, or which generate an overall offset. Hence
the increase in standard deviation suggests that there are biases or errors that are not linear functions
of these predictor variables and which have got smaller at low frequencies and larger at high frequency
H-polarisations.

To further examine the residual biases (e.g. biases after bias correction) in GMI as a function of wind
speed, Fig. 11 uses the same all-sky but screened sample as Fig. 6 but now applies bias correction.
Broadly, the V-polarised bias corrected departures from SURFEM-ocean have no residual (i.e. non-
linear) bias as a function of wind speed. Biases in the V channels are typically well within +/- 1.0 K
except at wind speeds above 15 ms−1. However, the H-polarised channels retain quite large residual
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Figure 10: Summary of changes in bias correction and bias corrected departures using bias corrected and
screened GMI observations in the assimilation windows on 15th June 2020, in other words showing the
changes in the departures available to 4D-Var.
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Figure 11: As Fig. 6 using a screened sample, but using bias corrected observations in the assimilation
windows on 15th June 2020, in other words showing the changes in the departures used by 4D-Var.
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Figure 12: As Fig. 11 using a screened sample with bias corrected observations, but stratifying the bias
against temperature.
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biases, up to around -1 K even within the bulk of the data at 5 to 10 ms−1 for 89h. Broadly consistent with
the change in standard deviation of bias corrected departures, the size of the residual biases is generally
smaller in SURFEM-ocean at 19 GHz and below, but larger at 89.0 GHz, compared to FASTEM-6.

Figure 12 shows the bias corrected departures as a function of skin temperature. In general the changes
are not large, though for some frequencies and polarisations there are small increases in bias at lower
temperatures. These likely corresponding to residual effects from the clearly increased departures before
bias correction at these temperatures (Fig. 8). However, the bias correction, with its skin temperature
predictor, appears to have corrected most of the increased bias as a function of skin temperature.

This section now examines the effect of going to SURFEM-ocean on other microwave sensors used at
ECMWF. Figure 13 shows that AMSR2 has very similar results to GMI. AMSR2 also uniquely demon-
strates the impact of SURFEM-ocean around 6 - 7 GHz, where the standard deviation of departures is
reduced by around 0.02 K, due to similar improvements in wind speed and temperature dependence that
have been examined for GMI simulations at 10 GHz.

Figure 14 shows the results for SSMIS (Special Sensor Microwave Imager Sounder; Kunkee et al., 2008)
on satellite DMSP-F17. The imager channel results are similar to those for GMI and AMSR2 at mid and
high frequencies, with larger standard deviation of bias correction and of corrected departures at 37h, 89h
and 150h especially. The channels around 50 GHz, being H-polarised, follow this pattern too, especially
50.3h. However, there are some small improvements in the standard deviation of corrected departures at
89v, similar to what was seen with GMI. The humidity sounding channels around 183 GHz are mostly
unaffected, due to the fact that only locations with limited sensitivity to the surface are allowed in the
screened sample.

Figure 15 shows the summary for AMSU-A on Metop-C. As was seen in the earlier analysis on depar-
tures without bias correction, SURFEM-ocean generates more positive biases than FASTEM-6 in most
scan positions. Absolute biases get larger near nadir (Fig. 9) at 31v, 50.3v and 89v especially. This leads
to larger bias corrections in these channels (Fig. 15a and b) and larger residual errors, meaning larger
standard deviations of bias-corrected background departures. The largest increases are 0.01 K in 50.3v
and 0.06 K at 89v. The standard deviation of bias corrected departures is also fractionally larger for 52.8v
and 53.6h at 0.003 K and 0.002 K respectively. The latter also shows up as a statistically significant de-
terioration in the fit to the 53.6h channel (channel 5) on the observation monitoring plots for AMSU-A
(Sec. 5.2).

Finally, Fig. 16 shows the summary for MHS on Metop-C, with similar behaviour to AMSU-A in the 89v
channel, with larger bias corrections and larger standard deviations after bias correction. The changes in
the 183 GHz channels are not visible, similar to those for SSMIS.

Note that this summary has included passively monitored channels, but the impact of SURFEM-ocean
changes on the data assimilation depends only on the active channels. For microwave imagers, the H-
polarised 37h and 89h channels are not used (Geer et al., 2022). The 89v channels of AMSU-A and
MHS are also not assimilated (Duncan et al., 2022a) and neither are any 50 GHz channels on SSMIS,
or the 50.3v and 52.8v channels on AMSU-A. This means that the channels with the largest increases in
departure standard deviation are not actually assimilated.

5.2 Full cycling results

The move from FASTEM-6 to SURFEM-ocean was tested for its forecast impact in experiments based
on two periods, 2nd June 2020 to 31st August 2020 and 2nd December 2020 to 28th February 2021.
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Figure 13: As Fig. 10 but for AMSR2.
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Figure 14: As Fig. 10 but for SSMIS on DMSP-F17.
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Figure 15: As Fig. 10 but for AMSU-A on Metop-C
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Figure 16: As Fig. 10 but for MHS on Metop-C
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Figure 17: Difference in RMSE of vector wind (VW) error between SURFEM-ocean and FASTEM-6
experiments, normalise by the RMSE of the FASTEM-6 experiment. Verification is against own-analysis.
Cross-hatching shows statistical significance at the 95% confidence level based on 20 independent tests
per panel. Captions T+N describe the forecast time N in hours.

In the results presented here, these two experiments have been combined, but the first 8 days have been
removed for spinup. The experiments are based on the standard testing configuration at TCo399 (about
25 km horizontal resolution) with a 12 hour assimilation window. Background errors are held fixed be-
tween the two experiments and come from a separate ensemble data assimilation experiment based on
the cycle 48r1 configuration. The configuration of the FASTEM-6 (control) experiment is as cycle 48r1
but with various upgrades intended for 49r1. For the all-sky microwave observations, the cycle 48r1
configuration is detailed by Geer et al. (2022). The upgrades on top of this include RTTOV v13.1 (sci-
entifically neutral), changes to SSMIS usage and assumed convection fraction in the all-sky observation
operator (Scanlon et al., 2023), activation of AMSU-A imager channels (Duncan et al., 2022a), 50 km
superobbing and reduced thinning of MHS and MWHS2 (Duncan et al., 2023), and a move from 80 km
to 40 km superobbing for the microwave imagers. The experiment that tests SURFEM-ocean moves to
RTTOV v13.2 and activates SURFEM-ocean as the only scientific change.

The move to SURFEM-ocean from FASTEM-6 appears to reduce forecast errors. Figure 17 shows
the impact on vector wind errors, but similar results are seen in geopotential height and temperature.
The clearest impact at T+12 and T+24 (T+N where N is the forecast length in hours) is in the lower
troposphere around 60◦S. At longer forecast lead times of T+48 and T+72, the impact spreads and
dissipates across the southern high and mid-latitudes. Figure 18 shows the regional impact on total
column water vapour (TCWV) forecasts, which is beneficial in the first 2–3 days of the forecast with
statistical significance in the southern hemisphere and tropics. This summarises improvements that are
also seen in the relative humidity fields between the surface and 850 hPa. There are also regional mean
changes in the forecast fields in the lower troposphere, at 1000 hPa reaching around ±0.5 % in relative
humidity and ±0.05 K in temperature (not shown) which likely result from the changes in the pattern of
residual biases (i.e. those that are not corrected by VarBC.)

Figure 19 shows the impact of the upgrade to SURFEM-ocean on the fit to GMI and AMSU-A obser-
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Figure 18: As Fig. 17 but showing the difference in TCWV RMSE aggregated over regions as a function
of forecast range. Error bars show the statistical significance range at the 95% confidence level based
on 4 independent tests in the figure, and correcting for time correlations using an autoregressive AR(2)
model.

vations. This is not an independent measure of the quality of the analysis or background, but rather a
diagnostic of the effect of the changes examined in previous sections. It is also affected by changes
in the number of observations assimilated in the different experiments, with GMI seeing between 0.5%
and 2.0% more observations being assimilated and AMSU-A usage almost unchanged (less than 0.1%
different, not shown). The increase in the number of microwave imager observations appears to be at
least partly due to a small increase in the average observation errors driven by the increased polarisa-
tion between 37v and 37h (Fig. 1) which affects the observation error model (Geer and Bauer, 2011)
and is discussed further in Sec. 5.3. Hence, GMI shows an increased standard deviation of analysis and
background departure in almost all channels, reaching nearly 2.0%, but this must come mainly from the
increased data usage, since the same-sample comparison in Figure 10d shows the active GMI channels
are mostly unchanged. Impact on other microwave imagers (e.g. GMI and AMSR2) is similar.

Figure 19 shows that AMSU-A fits are degraded by 0.5% in channel 5, corresponding to 53.6h, which
sees small but detectable degradation in fit, likely associated with the larger near-nadir biases that are seen
more clearly in other mid frequency AMSU-A channels (Fig. 9). However, there is slightly improved fit
to the stratospheric AMSU-A channels (9 – 14) in the analysis. Fits to ATMS (not shown) are similar,
and its humidity-sounding channels show improvements in the analysis too

Figure 20 summarises the impact on the fit to independent observations in the the analysis. For IASI,
fits to channels from around 720 to 820 cm−1 improve by up to about 0.5% at analysis and by 0.1% at
background. These channels are sensitive to the surface, lower-tropospheric temperature and moisture.
Most likely this indicates that lower tropospheric moisture is in better agreement with IASI. Fits to
channels from around 1400 to 1550 cm−1 are also improved in both analysis and forecast, indicating
improved mid and upper-tropospheric humidity. Broadly similar impacts are seen for other infrared
sensors in the analysis (not shown). Fits to the atmospheric motion vector winds are also improved in
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Figure 19: Normalised change in analysis (left) and background (right) bias corrected departure standard
deviation for actively assimilated channels of GMI (top) and AMSU-A (bottom). Error bars show the
statistical significance range at the 95% confidence level and the results are based on a global sample of
observations aggregated over two experiment periods of around 3 months each.
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Figure 20: As Fig. 19 but for IASI (top) and atmospheric motion vectors (SATOB, bottom).
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both analysis and background, with the largest impact at 700 hPa and 850 hPa. Also, and not shown,
radio occultation fits also improve in the stratosphere in the analysis, which could be interpreted as fewer
incorrect gravity waves being generated by the assimilation of all-sky microwave imager observations.
These results confirm the picture in the analysis-based verification, showing that water vapour, wind and
temperature analyses and 12 h forecasts are improved by going to SURFEM-ocean.

5.3 Mechanism for forecast improvements

In general, the standard deviation of background departures after bias correction has stayed the same or
got a little worse between FASTEM-6 and SURFEM-ocean, at least in the channels at 19 GHz and above
that are actually being assimilated (e.g. Fig. 10). Hence the mechanism for the forecast improvements is
not immediately obvious. Figure 21 investigates. Panel a shows the surface wind speed at GMI locations
and panel b the change in absolute background departure in the 19v channel, |dexp|− |dcontrol|. Generally
the reductions in absolute departure (blue colours) are most prevalent in the southern hemisphere in
areas of wind speed above 10 m s−1, where biases have clearly been reduced (Fig. 11). However, there
are also many features in red where the absolute departure has got larger, likely corresponding to regions
of lower wind speed where there are some increases in the bias (Fig. 11). A relatively balanced mix of
improvements and degradations is consistent with the fact that the standard deviation of departures stay
roughly constant at 19v (Fig. 10).

However, the impact on the analysis is controlled in part by the assigned observation error. The ob-
servation errors for microwave imagers depend on the amount of cloud, as indicated by the normalised
37 GHz polarisation difference (Geer and Bauer, 2011). Hence Fig. 21c shows the change in absolute
normalised departure, but using the observation error in the control σcontrol, so that the figure shows
(|dexp|− |dcontrol|)/σcontrol. This normalisation seems to reduce the visual impact of the red areas com-
pared to the blue, in other words the areas where the departures get larger seem to be preferentially
cloudy areas, where the observation errors are larger. This also seems to be consistent with the way that
biases (before bias correction) are present when the cloudy sample is included but are mostly eliminated
when it is removed (contrast Figs. 6 and 7).

Figure 21d shows the change in absolute normalised departure when using the correct errors for each
experiment, |dexp|/σexp − |dcontrol|/σcontrol. Here, the red areas almost vanish but the blue areas spread
over much of the map. This indicates, as mentioned earlier, that the prescribed observation errors got
slightly smaller with SURFEM-ocean. This is because the polarisation difference at 37 GHz has got a
little larger (Fig. 1), which makes the cloud index apparently more cloudy and increases the observation
error. This is an unintentional side effect of the upgrade to SURFEM-ocean. Observation errors can
increase by up to 40% in some areas but generally the increases are limited to below 20% (not shown).
In the normalised departures, the predominant reductions are found in areas with wind speed around 15
m s−1, for example in the central South Pacific and South Atlantic.

The results in Fig. 21 are broadly consistent with other assimilated microwave imager channels, not
shown here. In some channels, the filtering mechanism is dominant in terms of generating smaller
normalised departures. In others it is mainly the unintended increase in observation errors. Without
performing dedicated experiments, it is not possible to say which mechanism is dominant overall, but
likely both mechanisms are important. Also, a mechanism that is harder to test is the filtering proper-
ties of the background errors or the atmospheric forecast model, either of which could possibly benefit
disproportionately from the reduced normalised absolute departures in high wind speed areas. Hence
the improved wind and moisture forecasts in the first few days of the forecast, particularly at high lati-
tudes (Fig. 17) almost certainly benefit from the filtering effect of the observation errors as well as the
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Figure 21: Illustrating the likely mechanism driving forecast improvements from the SURFEM-ocean
upgrade, based on the actively assimilated sample of GMI channel 19v data in the 12 UTC window on
15th June 2022: a) 10m wind speed; b) Change in absolute background departure; c) Change in absolute
background departure normalised by the control observation error; d) Change in absolute normalised
background departure.
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increased observation errors, and possibly benefit from other filtering effects too. Although it would
have been possible to retune the observation errors, and to perform experiments in which the observation
errors did not change, this would have been a large effort and was not considered worthwhile.

AMSU-A and MHS were also investigated for a change in observation errors. Figure 22 shows the effect
of moving from FASTEM-6 to SURFEM-ocean on the scattering index (SI) used by MHS and the liquid
water path retrieval used by AMSU-A (Geer and Baordo, 2014; Duncan et al., 2022b). This change has
had little effect on the LWP predictor and slightly reduced the SI.

6 Conclusion

This report has examined the activation of the SURFEM-ocean fast microwave surface emissivity model
as part of the observation operator for passive microwave observations in the IFS, as a replacement for
FASTEM-6. SURFEM-ocean is a new model that comes out of international activities to develop the
new reference surface emissivity model PARMIO (English et al., 2020; Dinnat et al., 2023; Kilic et al.,
2023). The upgrade improves forecast scores in the lower troposphere in the southern hemisphere high
latitudes out to around day 3. It also prepares the IFS for future instruments making measurements
above 200 GHz, such as the ESA Arctive Weather Satellite (AWS, https://www.esa.int/aws)
and EUMETSAT Ice Cloud Imager (Eriksson et al., 2018), which are due for launch in 2024 and 2025. It
also sets up the system for future instruments making full polarimetric measurements with sensitivity to
wind speed and direction, such as the Weather System Follow-on – Microwave (WSF-M; Draper et al.,
2023) and CIMR (Copernicus Imaging Microwave Radiometer; Kilic et al., 2018).

Apart from the improved polarimetric capabilities and ability to operate above 200 GHz, the main bene-
fit of SURFEM-ocean over FASTEM-6 is the improved wind speed and temperature dependence of the
surface emissivity at lower microwave frequencies (6 – 24 GHz). At 6 – 10 GHz, fits to observations are
clearly improved. These channels are not yet assimilated in the IFS, but they will be used for skin tem-
perature estimation in the near future (e.g. McNally et al., 2022). The reduced errors should help provide
better skin temperatures. However, for channels at 19 GHz and above that are currently assimilated, the
pattern is more mixed. For example, improved fits to observations are seen in areas of high wind speed
and colder surface temperatures at frequencies like 19 GHz, but fits to observations get worse at other
locations at 19 GHz and more generally at higher frequencies.

For the assimilated channels, given that the global standard deviation of bias-corrected background de-
partures is generally increased with SURFEM-ocean, the mechanism for forecast impact needs some
explaining. One factor is likely a filtering effect within the data assimilation system, whereby the im-
proved fit to observations in cold, high wind speed areas is able to contribute to improved forecasts,
whereas the poorer fit in other areas has less impact. One part of this possible effect has been demon-
strated, whereby observation errors are typically smaller in the areas where SURFEM improves the fit
to observations, but observation errors are larger in the areas where it does not. Given that observation
errors are designed to be higher in cloudy areas, this suggests that the improvements in SURFEM are
found preferentially in clear-sky areas. Other filtering possibilities may come through the background
errors and through the sensitivity of the forecast model to initial condition errors.

The apparent improvement in forecasts going to SURFEM-ocean also likely comes from an unintended
increase in the observation errors assigned to microwave imagers, driven by the increased polarisation
at 37 GHz in the SURFEM-ocean model. The increases in observation errors are generally less than
20%, but this does reduce the weight given to the observations in the data assimilation. The difficulty
of interpreting apparent changes in short-range forecast errors in the context of changes in the weight
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Figure 22: Mean of predictors for the observation error models of MHS (top) and AMSU-A (bottom),
namely the 90-150 GHz scattering index (SI) and a liquid water path (LWP) retrieval. These are com-
puted for both background (FG) and observation (OB).
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assigned to observations is a long-running issue (e.g. Geer and Bauer, 2010). This means it is difficult to
determine how much of the apparent improvements in the forecasts come simply from the reduced size
of the normalised departures, rather than any true improvement in the forecast quality. Luckily, there
is no similar side-effect on the observation error model for the microwave sounders, which use cloud
predictors that are not affected much by the change. It was not considered worthwhile to investigate the
effect further or to attempt retuning the observation errors for microwave imagers, especially given the
nominally improved forecast scores.

The main degradation in the fit to observations when going from FASTEM-6 to SURFEM-ocean is asso-
ciated with a general reduction in surface emissivity in mid and high frequency channels. These changes
are seen in the microwave imagers (with zenith angles around 53◦) particularly in the H-polarised chan-
nels at 37, 89 and 150-166 GHz. In cross-track scanning microwave sounders, similar changes are seen
particularly in the 31v and 89v imaging channels and the 50.3v, 52.6v and 53.6h imaging and temperature
sounding channels, with the largest changes near nadir. The reduction in surface emissivity is strongest
for high wind speeds and for low temperatures. The systematic reduction in surface emissivity going
from FASTEM-6 to SURFEM-ocean is also clearly seen in Kilic et al. (2023, their Figs. 15 and 16), as
a phenomenon extending between around 20 GHz and 200 GHz. The generally increased biases against
GMI and AMSR2 that result from this change in surface emissivity are also seen in that work (their
Fig. 10, biases increased by up to around 2.0 K).

In the IFS, the decreased surface emissivity in mid and high-frequency microwave imager H-polarisations
at 53◦ and at similar frequencies near nadir for microwave sounders also results in more positive and
generally larger biases between observations and model simulations. These biases are not fully adjusted
by the VarBC bias corrections, which only have linear models available to correct any bias as a function
of skin temperature and 10m wind speed. Residual errors are increased even after bias correction and
lead to a general increase in the standard deviations of bias-corrected background departures at 19 GHz
and above (Fig. 10 and similar). The increases in standard deviations are largest in the microwave
imager 89h channels, reaching nearly to 0.3 K. Apart from the effects already mentioned, one likely
reason this does not degrade IFS forecasts is that the most strongly affected channels (such as 37h and
89h on microwave imagers, and 89v on microwave sounders) are not actively assimilated. However, the
degraded performance of SURFEM-ocean in this respect does feed through to channel 5 of AMSU-A,
one of the most important actively assimilated temperature sounding channels. Here, degradations of
around 0.4% in analysis and background fits (Fig. 19) come directly from the upgrade to SURFEM-
ocean.

To explain the changes going from FASTEM-6 to SURFEM-ocean, one aspect that can be ruled out is
the change in the permittivity model for sea water from the one used in FASTEM-6 to Meissner and
Wentz (2012) in SURFEM-ocean. Figure 4 shows that even had SURFEM-ocean retained the FASTEM-
6 permittivity model, it would not have changed the results much. Hence the increased biases appear to
largely reflect the changes in the wind speed dependence of surface emissivity.

One confounding factor for any possible increased bias in the mid and high-frequency imaging channels
would be a known lack of liquid water cloud in the IFS model, particularly in cold air outbreaks (Forbes
et al., 2016). The mid and high frequencies are extremely sensitive to even small amounts of liquid
water cloud and the biases could be explained by missing cloud liquid water at amounts often much
less than 0.1 kg m−2. If the generally reduced surface emissivity in SURFEM-ocean is correct, this
would suggest that the missing cloud bias is even larger than previously considered. However, the strong
biases in cold air outbreaks and high wind speeds (around 19 m s−1) are not fully eliminated by going
from FASTEM-6 to SURFEM-ocean, even at frequencies like 10 GHz where the observations are least
affected by liquid cloud. Hence this might suggest that further improvements are possible in the surface
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emissivity modelling at high wind speeds, though the quality of the near-surface winds in the IFS might
also be worth investigating.

Despite the mixed performance, the decision to upgrade to SURFEM-ocean is easy to make, since it sup-
ports our future use of low-frequency channels (below 19 GHz), polarimetric channels, and frequencies
above 200 GHz. Also, through the combination of an unintended small increase in the microwave imager
observation errors and the filtering properties of the data assimilation system, the improved performance
of SURFEM-ocean at high wind speeds seems to have dominated the impact on forecast quality, leading
to apparently improved forecasts and improved background fits to independent observations. Hence, as
a result of the benefits to current forecasts and future applications, the upgrade to RTTOV v13.2 and the
activation of SURFEM-ocean have been included in the IFS cycle 49r1, which will be made operational
in autumn 2024.

It is a long-held aspiration to activate the assimilation of the mid-frequency channels that are currently
excluded (e.g. 37h and 89h on microwave imagers and 89v on microwave sounders) but recent testing
has not shown clear positive benefits on forecasts (e.g Scanlon et al., 2023; Duncan et al., 2022a). These
channels show particularly large departures at high latitudes, likely associated with errors in column
water vapour and water cloud but also highlighting modelling errors, certainly in the lack of supercooled
liquid water in the IFS in these areas, but possibly also in the surface emissivity models at high wind
speeds and low sea surface temperatures. Further, it has been seen that activating microwave imager
channels in cold air outbreaks as part of developments towards sea ice assimilation (Geer, 2023) has
improved forecasts in the southern ocean over the first 4 days, even on top of the improvements seen
going to SURFEM-ocean in the current work. Therefore, further efforts towards activating both the
missing channels and the CAO regions are likely worthwhile, with a focus on possible improvements in
the wind speed dependence of fast surface emissivity models, as well as efforts to address the lack of
liquid water in the IFS.
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