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Improving Ocean Surface Temperature for NWP using All-Sky Microwave Imager Observations

Executive Summary

In this report, we demonstrate the utility of information from low frequency Microwave (MW) chan-
nels for improving ocean surface temperature in a Numerical Weather Prediction (NWP) system. This
is not only important for current instruments, but will also enhance the exploitation of upcoming sen-
sors such as the Copernicus Imaging Microwave Radiometer (CIMR) from the European Space Agency
(ESA) and the Microwave Imager / Ice Cloud Imager (MWI/ICI) from the European Organisation for
the Exploitation of Meteorological Satellites (EUMETSAT).

Knowledge of the ocean surface Skin Temperature (SKT) is vital to the accurate use of satellite radiances
in weather forecasting and it helps improve the quality of forecasts for the ocean and atmosphere. A
primary source of the SKT information in this context is externally generated retrievals from satellite
radiances. As we move to a full Earth system approach, the aim is to retrieve SKT and other surface
information as an integrated part of the use of satellite radiances within the NWP system.

In the European Centre for Medium Range Weather Forecasts (ECMWF) Integrated Forecast System
(IFS), the SKT used for assimilating satellite radiances is currently derived using an input Sea Surface
Temperature (SST) from a combination of external sources. A cool skin and warm layer parameterization
is then applied to transform this into a SKT valid at the time of the observation. However, the use of
external SST products brings issues such as a complex and non-optimal use of the satellite radiances,
and latency of up to 69 hours between the validity time of the SST observations and the time of its use
in weather forecasting. This further motivates the direct retrieval of SKT within weather forecasting.

In the current work, a sink variable approach has been activated to allow the ocean SKT to update as part
of the 4D variational assimilation (4D-Var). This method has been implemented for two MW imagers
assimilated under all-sky conditions: Advanced Microwave Scanning Radiometer 2 (AMSR2) and the
Global Precipitation Mission (GPM) Microwave Imager (GMI) which have been chosen as they include
6.9v/h and/or 10.65v/h GHz channels. These channels have much stronger sensitivity to SKT than the
higher frequency MW channels currently being assimilated, and much greater coverage than IR channels,
which can be strongly affected by cloud. The 6.9v/h and 10.65v/h GHz channels are being used for the
first time over open ocean and the work is intended for operational use in cycle 50r1 of the ECMWF-IFS.

A series of new Quality Control (QC) methods have been implemented to allow the use of the 6.9v/h
and 10.65v/h GHz channels: frequency dependent coastline screening, sun-glint screening and reflected
Radio Frequency Interference (RFI) detection and screening from geostationary satellite sources. The
inclusion of these channels has an overall neutral impact on the atmospheric forecast scores and asso-
ciated departure statistics. However, there are slight improvements in the upper tropospheric humidity
seen in both the forecast scores and independent observations (including IR) likely due to the improved
representation of heavy rainfall.

The increments in SKT generated by the new approach indicate errors in the existing SKT, which is used
as the background. These increments illustrate known deficiencies in the input data sources, for example,
a large-scale cooling of Tropical Instability Waves (TIWs) in the Eastern Tropical Pacific (ETP) confirms
a warm bias in this area in the existing SKT. The increments are generally larger and more wide spread
during the day-time indicating a potential error either in the input SST used to grow the diurnal cycle,
the SKT parameterization or both. The improved handling of the surface contribution to the microwave
radiances also helps the atmosphere, for example some improvements in the vector winds, although
overall the impact is small.

The next step in this work is to include the SKT increments into the coupled atmosphere-ocean system
to improve the representation of the ocean surface in the ocean model and hence improve ocean and
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atmosphere forecasts directly through the new SKT information. This approach also shares the SKT in-
formation derived from the low frequency MW across the data assimilation system so that it can improve
the use of all observations with sensitivity to the surface including both MW and IR (e.g. AMSU-A,
IASI, etc.). The use of the coupled system for MW SKT retrievals is a pathfinder for a fully integrated
processing of SKT information from all satellite radiances from both current and future sensors.

Plain Language Summary

Accurate knowledge of the Sea Surface Temperature (SST) is an important part of weather forecasting
as the ocean plays a key role in atmospheric processes as well as being important in the use of surface-
sensitive satellite radiances. Currently, external data products are ingested at ECMWF for the SST but
this can be many hours out of date at the time at which it is used. This work explores a method to allow
the top-most layer of the ocean (the skin temperature) to vary along with the atmospheric variables in the
data assimilation process for two microwave instruments. The instruments chosen have low frequency
channels which allow for information about the surface to be exploited. The resultant increments made
to the skin temperature show characteristics consistent with known issues in the external data products
and are geophysically meaningful. Therefore, this method, including the activation of the low frequency
channels, is intended to be included at the next upgrade to the ECMWF Integrated Forecast System.

EUMETSAT/ECMWF Fellowship Programme Research Report RR64 3
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1 Introduction

Knowledge of the ocean Skin Temperature (SKT) is vital for accurately simulating Top-of-Atmosphere
(TOA) Brightness Temperatures (TBs) in the microwave (MW) range. Within the European Centre for
Medium Range Weather Forecasts (ECMWF) Integrated Forecast System (IFS), the Radiative Transfer
for TOVS (RTTOV) code for the MW range (RTTOV-SCATT) uses the SKT, along with forecast model
fields, as an input to generate simulated TBs against which the MW observations are compared as part
of the Data Assimilation (DA).

The SKT used in the simulation of TBs is calculated using external Sea Surface Temperature (SST)
products, where the SKT is the temperature of the upper most layer of the ocean (microns thick) and is
subject to diurnal heating and cooling and the SST, sometimes called the foundation SST, is free from
the effects of the diurnal cycle. The initial SST used within the ECMWF-IFS for the atmospheric DA
system is provided by the Operational Sea Surface Temperature and Ice Analysis (OSTIA) and OCEAN5
products.

OSTIA, generated by the UK Met Office, uses the Nucleus for European Modelling of the Ocean
(NEMO) variational data assimilation code (NEMOVAR) (Mogensen and Balmaseda, 2012) with satel-
lite and in-situ measurements with the aim of representing the foundation SST (Donlon et al., 2012;
Good et al., 2020). In practice, due to the varying characteristics of the input data, OSTIA represents
a variable depth. It is used as the SST in the ECMWF-IFS in the extra-tropics (latitudes polewards of
25◦). Prior to ingestion into the atmospheric DA, the OSTIA product is re-sampled to the model grid,
quality checked for realistic values and, for those grid cells where sea-ice is present, adjusted between the
freezing temperature of salt water and the maximum SST in that grid-box based on a weighting function
dependent on the sea-ice concentration and pre-determined constants (ECMWF, 2021).

OCEAN5 (Zuo et al., 2019), a reanalysis product provided by ECMWF, is used in the tropics (latitudes
less than 20◦) and it represents a depth of 0.5 m (i.e. the middle of the topmost of the 75 model layers).
This SST is also considered a foundation temperature as it is free of the diurnal cycle. The SST in
the intermediate latitudes (between 20◦ and 25◦) is a weighted mix of both products (ECMWF, 2021;
Browne et al., 2019) to allow a smooth blending between the latitude bands.

The SKT, which evolves with every model time-step, is grown from these foundation SST products. To
do this, two time-varying effects need to be taken into account: the cool skin effect and the warm layer
(with the impact of salinity being considered within these), each described in ECMWF (2023a). The
cool skin is an approx. 1 mm thick layer where the long wave radiation heat losses to the atmosphere
are not compensated for by molecular heat transfer within the water. The warm layer is caused by solar
radiation heating the first few meters of the ocean.

At the time that the SST on which the SKT is based is used in the TOA TB simulations, they can be up to
69 hours old due to an unavoidable combination of product latency, processing windows and the length
of the DA window (Browne et al., 2019). In addition to this latency, OSTIA also uses a persistence
assumption which means that where no data is available to update the product, the value is based on the
previous temporal SST value until such time that a new observation is available (Good et al., 2020).

In addition to this latency of the SST product from which the diurnal cycle is grown, there are a few other
factors which influence the validity of the SKT at the time and location of each MW observation. These
include the accuracy of the initial SST products, the accuracy of the parameterizations described above
which convert the SST to the SKT and the methods used to convert the SKT from the model time-step
and location to the time and location of the MW observation. In addition, no attempt is made to translate
the representative depth of the SKT to the depth which the MW measurement represents.

4 EUMETSAT/ECMWF Fellowship Programme Research Report RR64
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Figure 1: Mean change in the simulated TBs in RTTOV as a result of changing the input SKT by adding
0.2 K for the set of AMSR2 observations over ice-free ocean in the 2022-06-01 0Z cycle (21h to 09h)
under clear sky conditions. The change is shown for each channel as a function of the original unaltered
SKT. The vertical bars represent the standard deviation of the change.

To demonstrate the impact that SKT errors can have on the simulated TBs, a perturbation experiment,
where the SKT has been increased by 0.2 K, has been undertaken and the results shown in Figure 1 for
clear-sky conditions (with the split between clear and cloudy described in Geer and Bauer (2011)). This
Figure shows that a change of 0.2 K results in small changes across all channels in the simulations (with
a magnitude of up to about 0.125 K for the 6.9v GHz channel) and therefore any errors in the SKT have
the potential to adversely affect the overall atmospheric forecast by aliasing into the atmosphere through
the assimilation of surface-sensitive radiance observations (see also English, 2008).

With the aim of addressing the impact that any mis-match between the true and specified SKT have
on the TOA TB simulations, this work uses a sink variable approach which produces SKT increments.
This approach allows the SKT to vary per observation location in the 4D-var minimisation in addition
to the current control variables: air temperature, pressure, relative humidity and wind vectors. Such an
approach has previously been employed for the clear-sky radiances operationally in the ECMWF-IFS
for many years, i.e. Infrared Atmospheric Sounding Interferometer (IASI), Cross-track Infrared Sounder
(CrIS), Atmospheric Infrared Sounder (AIRS) and Advanced Technology Microwave Sounder (ATMS).
More recent work has experimented with creating a 2D map of SKT increments applicable to multiple
observation sets (Massart et al., 2021; Massart, 2023) but this is not yet operational and is not used in
this work, partly due to the difficulty of following the rapid variation in SKT through the day, and partly
due to the varying penetration depths of different sensors.

The ultimate aim for this work is to prepare for the use of these SKT increments in the coupled atmosphere-
ocean system that is planned to become operational at ECMWF in the near future. These increments
would no longer be sink variables (non-cycled information of which the system retains no memory) but
rather used to correct the underlying 3D ocean state provided by the ECMWF ocean model, NEMO,
and would be used to adjust the SST using a 3D-Var system (de Rosnay et al., 2022; Browne et al.,
2019; ECMWF, 2019). Preliminary work has been undertaken to demonstrate this methodology for IR
observations (McNally et al., 2022) which showed that the inclusion of SKT increments would result in
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Figure 2: Background SKT values at locations of observations used in the atmospheric data assimilation
for (a) IASI on-board MetOp-B channel number 921 and (b) AMSR2 18.7v GHz channel for the 2022-
07-15 0Z cycle (21h to 09h).

improvements to both the ocean and atmospheric analysis.

The current work focuses on the MW instruments processed under all-sky conditions (clear and cloudy).
It is well known that the MW range is sensitive to SST (e.g. CEOS (2020); Minnett et al. (2019) and
others) and in addition, the MW range allows for a much greater spatial coverage compared to the IR, as
shown in Figure 2, as it can be used under all-sky (clear and cloudy) conditions.

Surface sensitive channels are available on the MW imagers Advanced Microwave Scanning Radiometer
2 (AMSR2) (6.9v/h and 10.65v/h GHz) and GMI (10.65v/h GHz) however these channels have never
been actively assimilated over open ocean into the ECMWF-IFS before. The initial part of this work
implements the appropriate Quality Control (QC) measures for the v-polarisation channels (Section 2.2
and 2.3) and assesses their impact on the atmospheric forecast system without attempting to update the
SKT (Section 2.5).

In terms of the SKT increments, the methodology is provided (Section 3.1) and then it is demonstrated
that the use of 6.9v/h and 10.65v/h GHz provides valuable information about the surface as well as
constraining the SKT sink variable so that signals from other factors, i.e. clouds, are not aliased into the
variable (Section 3.2).

The configuration to be used in generating the SKT increments is considered (Section 3.3) in terms of
the observation errors for 6.9v and 10.65v GHz, the SKT errors and the potential generation of SKT
increments for observations which are thinned from the atmospheric DA. The SKT increments generated
using the sink variable approach are then analysed with a focus on the difference between night-time and
day-time observations which allows the consideration of the accuracy of the initial SST and cool skin
and warm layer parameterization, with specific regions being analysed temporally (Section 3.4). It is
then demonstrated that activating the SKT increments has a neutral impact on the atmospheric forecast
(Section 3.5).

All of the experiments presented in this report were run over two seasons (2021-12-01 to 2022-02-28 and
2022-06-01 to 2022-08-31) at a model resolution of TCo399 (29 km) with a final incremental analysis
resolution of TL255 (80 km) and 137 vertical levels.

6 EUMETSAT/ECMWF Fellowship Programme Research Report RR64
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Table 1: MW Imager Channels / Polarisations Currently Actively Assimilated in the ECMWF-IFS op-
erational system as of June 2024 with channel numbers shown in brackets. Note: MWRI was removed
from the system in May 2023 (Scanlon et al., 2023).

Freq. (GHz)
AMSR2 GMI SSMIS
Used Not Used Used Not Used Used Not Used

6.925 - V(1) + H(2) - - - -
7.3 - V(3) + H(4) - - - -
10.65 - V(5) + H(6) - V(1) + H(2) - -
18.7 / 19.35 V(7) + H(8) - V(3) + H(4) - V(13) + H(12) -
23.8 / 22.235 V(9) + H(10) - V(5) - V(14) -
36.5 / 37.0 V(11) H(12) V(6) H(7) V(16) H(15)
89.0 / 91.655 V(13) H(14) V(8) H(9) V(17) H(18)

2 Adding the 6.9v and 10.65v GHz Channels from AMSR2 and GMI

2.1 Introduction

To date, only MW imager channels above 18.7v/h GHz have been exploited over open oceans (excluding
sea-ice areas) in the ECMWF-IFS. Whilst there has been extensive recent work to use 10.65v/h GHz
from MW imagers over sea-ice (Geer, 2024b,a), this and the 6.9v/h GHz channels have never been
used over non-sea-ice contaminated ocean areas. This is primarily due to their sensitivity to the surface
rather than the atmosphere. However, it is hoped that 10.65v/h GHz in particular can contribute to the
analysis of tropical convection and heavy rain (Geer et al., 2017). In the context of the current work, it is
demonstrated in Section 3.2 that these channels are of interest when optimising the SKT using the sink
variable approach and the importance of the 6.9v GHz channel is emphasised.

The 6.9v/h and/or 10.65v/h GHz channels are available on AMSR2 and GMI1 (see Table 1). Further
information on the impact of AMSR2 and GMI on the ECMWF-IFS can be found in Kazumori et al.
(2014, 2016) and Lean et al. (2017) respectively.

Although 7.3v/h GHz is also available on AMSR2, this channel is focused primarily on Radio Frequency
Interference (RFI) mitigation and is not considered for use in the atmospheric DA (see Section 2.2.3 for
more information on RFI). Note that no attempt has been made to assimilate the 6.9h and 10.65h GHz
channels on AMSR2 or GMI for this work due to their known increased sensitivity to the atmosphere,
which is demonstrated in Figure 1 with the h-polarisation channels showing less response to the change in
the SKT. These channels could provide benefit in future and have been excluded here mainly to simplify
the initial work.

The background departures (the difference between the observation and the brightness temperature sim-
ulated from the background forecast) for 6.9v and 10.65v GHz channels without any channel specific QC
in place can be seen in Figure 3 for AMSR2 (panels a to b) and GMI (panel c). The background depar-
tures shown here and in the remainder of the report include the bias correction generated by VarBC (Dee,
2004), which is discussed further in Section 2.3. Those for the newly introduced channels are shown in
panels (a) to (c) and an example of a previously assimilated channel (18.7v GHz) from AMSR2 shown
in panel (d). It is clear from these results that QC is required before these channels can be assimilated in
the atmospheric system.

1Note that although 10.65v/h GHz is available on the Microwave Radiation Imager (MWRI), this was removed from oper-
ational use in May 2022 (Scanlon et al., 2023)

EUMETSAT/ECMWF Fellowship Programme Research Report RR64 7
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Figure 3: Background departures prior to any low-frequency specific QC being implemented for (a)
AMSR2 6.25v GHz, (b) AMSR2 10.65v GHz, (c) GMI 10.65v GHz and (d) AMSR2 18.7v GHz for
2022-07-15T00.

Not visible in Figure 3, but shown more clearly in Figure 4, there are areas of high positive background
departures around the coastlines for 6.9v GHz and this can be attributed to the presence of land in these
observations (see Section 2.2.1). This is due to the larger footprint of the 6.9v GHz channel than that of
the 10.65v GHz channel being used for the current land screening process. For both AMSR2 6.9v GHz
(a) and 10.65v GHz (b), there are large positive background departures occurring to the western edge
of each ascending swath in the Southern Hemisphere (SH), where ascending swaths are the parts of the
orbit where the satellite is travelling broadly towards the northwest. These large positive background
departures are attributed to sun-glint (see Section 2.2.2). Finally for the AMSR2 10.65v GHz channel
there are large positive departures over Europe and these can be attributed to RFI from direct broadcast
satellites (see Section 2.2.3). Note that these features are not present in the background departures for
the 18.7v GHz channel and hence are unique to the lower frequency channels.

For the GMI 10.65v GHz channel (Figure 3(c)), these issues are not apparent: the coastlines are al-
ready screened using the 10.65v/h GHz footprint and RFI issues are not apparent. However, on closer
inspection (shown later in Figure 7(d)) it is found that GMI suffers from the sun-glint issue at very high
latitudes.

Note that in addition to the features described, Shibata (2013) states that the cold sky mirror can block
the main reflector of AMSR2 at the rightmost scanning position and this can result in a temperature drop
of 1.5 K over oceans for the 6.9v GHz channel. There has been no evidence of this seen in the back-
ground departures or the observations used at ECMWF, likely due to the observations being subjected
to averaging (superobbing) which means the impact of this issue is much diminished and therefore no
specific treatment of this artefact has been implemented here.

The work undertaken here is based on the 48R1 cycle which is currently operational (from June 2023
onwards ECMWF (2023b) which includes the advances relating to the processing of microwave obser-
vations described in Geer et al. (2022)) with the addition of various upgrades to the MW observation
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processing intended for inclusion in the next operational cycle. The key changes relevant to the current
work are the use of a machine learning based approach for estimating sea-ice (Geer, 2024b,a), the re-
placement of FASTEM-6 with the SURface Fast Emissivity Model for Ocean (SURFEM-ocean model)
(Geer et al., 2024; Kilic et al., 2023) which is a fast implementation of Passive and Active Reference
Microwave to Infrared Ocean (PARMIO) (Dinnat et al., 2023) and the use of 40 km (instead of 80 km)
superobbing.

The activation of the sea-ice sink variable means that the SKT increments are not calculated where the
model SKT is below 277.0 K because these points are already used for sea-ice concentration estimation
and the simultaneous estimation of SKT and sea-ice concentration is probably ill-posed.

Note that choices have been made within the SURFEM-ocean model (Kilic et al., 2023) specifically to
improve the performance at very low frequencies (i.e. 7 GHz and below) for example, the use of the
Meissner and Wentz (2012) permittivity model. An assessment of the use of this model in comparison to
the previously used FASTEM-6 model is presented in Geer et al. (2024). For the 6.9v/h and 7.3v/h GHz
channels of AMSR2, moving from FASTEM-6 to SURFEM-ocean increases the Root Mean Squared
Error (RMSE) of the bias correction against the baseline where FASTEM-6 is used but reduces the
standard deviation of the background departures by around 0.1 % which is evidence that SURFEM-ocean
does have slightly improved low frequency performance.

2.2 Quality Control

2.2.1 Coastline Screening

Each AMSR2 channel has a different footprint size, with that of the 6.9v/h and 7.3v/h GHz channels
being substantially larger than those for the higher frequency channels (see Table 1 and Figure 2 of
Maeda et al. (2016) for further details). For reference, Maeda et al. (2016) states that the footprint
corresponding to a -3 dB beam width is 35 km by 62 km for the 6.9v/h GHz channel and 24 km by
42 km for the 10.65v/h GHz channel (cross-track by along track).

Currently, the land screening process is based on the footprint size of the 10.65v/h GHz channels as
it was previously considered the “worst case” scenario. To allow the introduction of the 6.9v/h GHz
channel, the coastline screening is adapted to screen based on the footprint of the 6.9v/h GHz channel
for all channels below 10.65v/h GHz and on the 10.65v/h GHz channel for all channels above, including
the 10.65v/h GHz channel itself (as is the current case).

The land screening process is based on the superob land fraction. To compute this, the spatial response
(antenna pattern) of each raw observation is integrated over a high resolution land-sea mask to find the
land fraction specific to that raw observation. Then the land fractions of the raw observations are av-
eraged to find the land fraction of the superob, where a superob is the average of the raw observations
whose centres fall into a roughly 40 by 40 km region of the Earth’s surface. A superob land fraction
greater than 0.01 results in rejection of the observation from the ocean pathway of the all-sky assimila-
tion framework (although some higher frequency channels are used over land and coastal scenes in an
alternative pathway, see Geer et al. (2022)).

The implementation of the additional land screening for 6.9v/h and 7.3v/h GHz channels has led to a
reduction in the number of high background departures around coastlines for AMSR2. This is shown
for the 6.9v GHz channel for a single cycle over Southern Europe in Figure 4(a) before, and (b) after
the screening has been implemented and for a monthly average in (c) and (d). Particular areas in which
the screening out of high background departures can be seen are north of Spain and in the Adriatic Sea,
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Figure 4: Background departures for the AMSR2 6.9v channel (a and c) before and (b and d) after
screening for coastlines using the 6.9v GHz footprint size for (top) a single cycle (2022-07-03T00) and
(bottom) averaged over a month (2022-07-01T00 to 2022-07-31T12).

as well as along the coast of north Africa. In addition, the implementation of the screening results in
a 1 % improvement in the fit to observations (in terms of the global standard deviation of background
departures) for the 6.9v GHz channel (not shown). There remains a slight halo of order 0.1 K in coastal
areas in Figure 4(d), even after coastal screening. This likely caused by a combination of trace FOV
sensitivities outside of the spatial response function used for the masking and the the land fraction limit
used (0.01). Future testing may consider a more stringent threshold for the land screening.

In addition to the coastline screening being updated for the 6.9v/h GHz channels of AMSR2, this work
was an opportunity to apply the broader method of calculating the FOV within the 10.65 GHz 3 dB
footprint to MWRI on-board Fengyun-3D (FY-3D) for the first time. The footprint size used for the
10.65v/h GHz channel of this sensor was taken from Lawrence et al. (2017). The improved coastal
screening resulted in 3.5% more data being used from this sensor, similar to earlier unreported results
for GMI and AMSR2. Although this sensor is not used after May 2022 (see Scanlon et al., 2023), this
implementation brings it in line with the other MW imagers and makes the method available for any
future versions of the MWRI sensor.

2.2.2 Sun-Glint Screening

Sun-glint, where radiation from the sun is reflected directly from the surface into the sensor, is known
to affect AMSR2 observations at the lower frequencies (10.65v/h GHz and below) leading to artificially
inflated observed TBs (Kazumori et al., 2014). The effect is not currently included in RTTOV and
therefore, evidence of sun-glint is apparent in the background departures without the QC implemented in
Figure 3(a and b) for these channels; the biases are in the range of 3 to 6 K as has been previously seen
for AMSR2 (Kazumori et al., 2014) and GMI (Xue and Guan, 2019).

At higher frequencies, the effect of sun-glint is known to be minimal (Kazumori et al., 2014), for exam-
ple see the departures for AMSR2 18.7v GHz in Figure 3(d). A possible explanation as to why these
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Figure 5: The sun-satellite geometry and angles used in the calculation of the glint angle.

artefacts are present at these lower frequencies is that the output of the sun in the microwave range can
be significantly larger than at the higher frequencies, with the magnitude depending on the activity level
of the sun, as shown in Figure 3 of Ho et al. (2008). The time period shown in Figure 3 is July 2022,
which is in a period of heightened solar activity (with the last 11-year minima being in January 2020)
likely making the sun-glint particularly strong at 6.9v/h and 10.65v.h GHz on these dates.

The geometry of sun-glint is shown in Figure 5 with the quantities relating to those provided in Eq. 1.
The x- and y-axes represent North and East respectively and the z-axis is perpendicular to the Earth’s
surface. Eq. 1 is already used for sun-glint calculations in the ECMWF-IFS and has been proven in other
applications (e.g. Moderate Resolution Imaging Spectroradiometer (MODIS) (Levy et al., 2013) and
Sea-viewing Wide Field-of-view Sensor (SeaWiFS) (Wang and Bailey, 2001)). The glint equation is as
follows:

cosα = cosθo cosθs − sinθo sinθs cos(φo −φs) (1)

Where α is the glint angle, θ represents zenith angles and φ represents azimuth angles with respect
to north and the subscripts o and s denote the observation (sensor) and sun respectively (as shown in
Figure 5). The glint angle is the angle between the observation beam and the reflected solar beam, which
is described by θs,re f l = θs and φs,re f l = φs −π (assuming specular reflection from a horizontal surface).
However, Eq. 1 is more conveniently expressed in terms of the solar position θs,φs.

To screen the data within the ECMWF-IFS, a glint angle threshold needs to be set, under which the
observations will be screened out. For this work, the 6.9v and 10.65v GHz channels on-board AMSR2
and GMI are specifically targeted. Figure 6 shows the response of the background departures to the sun-
glint angle for both sensors and channels. From these plots it can be seen that the background departures
start to level-off at about 25◦ and therefore, the threshold is set at 25◦ for all affected channels. This is
also in line with the conclusions of Kazumori et al. (2014) and Yang et al. (2016) for AMSR2. For GMI,
Xue and Guan (2019) suggested a threshold angle of 20◦ for the 10.65v GHz channel for GMI, however,
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Figure 6: Sun-glint angle vs. background departures for the period 2022-06-02T00 to 2022-06-12T12
for (a) AMSR2 6.9v and 10.65v GHz and (b) GMI 10.65v GHz for all data (i.e. that prior to thinning
and screening but after superobbing).

Figure 6 suggests the threshold should be higher in this case.

Figure 7 shows the background departures before (a and d) and after (c and f) the implementation of the
sun-glint screening, with the sun-glint angles shown in (b and e) for different regions for AMSR2 and
GMI. It can be seen that although the 25◦ results in a large area being screened out, this is necessary to
fully capture the area effected by the sun-glint. Modelling of the sun-glint effect has been considered
within RTTOV and this may become possible in the future, potentially allowing the inclusion of some of
these affected observations.

2.2.3 Radio Frequency Interference Screening

RFI is when the signal of interest is affected by external ground- or satellite-based man-made sources
(such as TV broadcasts, radar, phone and internet communications) resulting in the natural signal being
masked. For MW imagers, it is generally manifested as much higher TBs than expected, however, it also
varies depending on the characteristics of the sensor (Le Vine, 2017). In general, the more significant RFI
signals are seen over land (Wu et al., 2019), impacting various applications (for example, soil moisture
(Bai et al., 2022)). Due to this, the majority of RFI mitigation strategies focus on land surfaces (e.g.
(Draper and de Matthaeis, 2018; Bai et al., 2022; Shen et al., 2022; Wu et al., 2019; de Nijs et al.,
2015)).

The work presented here, however, relates only to RFI signals over the ocean, as the 6.9v and 10.65v GHz
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Figure 7: Maps for 2022-06-01T12 showing (top) background departures before any screening is applied,
(middle) the calculated sun-glint angle and (bottom) the background departures after screening for a sun-
glint angle of less than 25◦ for (a to c) the AMSR2 6.9v GHz channel and (d to f) the GMI 10.65v GHz
channel. Note that although not shown here, the 10.65v GHz channel from AMSR2 is also subject to
sun-glint screening.
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Figure 8: Background departures for the AMSR2 10.65v GHz channel for 2022-06-02T00 (a) before and
(b) after the implementation of the previously used, non-RFI specific, screening process.

channels are being activated due to the interest in the ocean SKT. In particular, RFI as a result of direct
broadcast geostationary satellites is considered where the signal is reflected off the ocean surface and
into the observation sensor (i.e. AMSR2 or GMI). This seems to cause the majority of the RFI glint seen
at these lower frequencies.

A clear example of such RFI is the signal seen in the 10.65v GHz channel of AMSR2 over Europe
(see Figure 8(a)). The 10.69 GHz band is protected with a bandwidth of 100 MHz (NTIA, 2016) but
is immediately adjacent to a band allocated for space-to-earth transmission (Draper and Newell, 2015;
NTIA, 2016). In this case, there is significant RFI contamination, manifested as large scar marks in
the descending overpass, where descending swaths are the parts of the orbit where the satellite is trav-
elling southwards. Figure 8(b) shows that after thinning and the current screening process (Var-QC)
is implemented, remnants of these large background departures remain and therefore bespoke screen-
ing is required to address such signals2. Note, all of the examples shown here for AMSR2 are for the
10.65v GHz channel, however, similar patterns are also seen in the 10.65h GHz channel.

There are some studies which have focused on the detection of RFI over oceans. Draper and de Matthaeis
(2018) and Draper (2016) use a generalised RFI index which derives a fit between the channel of inter-
est and a linear combination of other channels. Zabolotskikh et al. (2015) uses spectral differences to
identify RFI with different thresholds applied to different band combinations; this work concludes that
the method, although simple, suffers from inaccuracy under certain conditions including intense rainfall.
Wu et al. (2020) proposed a new generalised method (similar to that used in Draper and de Matthaeis
(2018) and Draper (2016)) and validated this using a double principle component method although it
is noted that this method is sensitive to the presence of ice. Finally, Draper and Newell (2015) used a
spectral difference method to find instances of RFI and part of this work included determining the likely
position of the geostationary satellite causing the identified signals. Methods where spectral differences
play a role benefit from the availability of the 7.3v/h GHz channels on-board AMSR2 which is used to
detect RFI in the 6.9v/h GHz channels (Kazumori et al., 2016).

Using these methods, Draper (2016) and Draper and Newell (2015) identified RFI for GMI at 18.7v GHz
around the continental USA and both Draper and de Matthaeis (2018) and Wu et al. (2020) see sim-
ilar RFI for the corresponding 18.7v GHz channel of AMSR2. In terms of the signal over Europe at
10.65v/h GHz for AMSR2, Wu et al. (2020), Zabolotskikh et al. (2015) and Draper and de Matthaeis

2Note that although RFI flags are available in Level 1B AMSR2 data (Murata et al., 2022), these are not propagated into the
data stream used at ECMWF.
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(2018) identified areas of RFI and in Wu et al. (2020) it is shown that these patterns are similar to those
in Figure 8(a).

Here, the issue is approached by considering the geometry of direct broadcast satellites with the obser-
vation satellite. Equation 2 (based on Equation 1 and the quantities shown in Figure 5 given in Sec-
tion 2.2.2) is used with the zenith and azimuth of the geostationary satellite (relative to the observation
location) to determine the glint angle between the directly reflected broadcast signal and the observation
beam, as follows:

cosα = cosθo cosθb − sinθo sinθb cos(φo −φb) (2)

Here, the subscript b denotes that the quantity relates to the broadcast satellite (replacing the solar angles
denoted by s in Figure 5 and Eq. 1). The zenith and azimuth of the broadcast satellites, θb and φb
respectively, are calculated using routines already present in the ECMWF-IFS which are not described
further here.

Using the assumption that the broadcast satellite is in geostationary orbit and is hence positioned over
the equator, the only unknown becomes the associated sub-satellite longitude (hereafter referred to as the
longitude). To identify the likely longitude of the satellites causing the suspected RFI signal, a theoretical
study has been performed in which 360 satellites have been placed around the globe at the equator with
a 1◦ longitudinal spacing, at the altitude of a geostationary orbit which is 35786 km, i.e. 42164 km from
the centre of the Earth.

The glint angle between these satellites and the sensor of interest (in this case AMSR2 or GMI) is
calculated for each observation location. For all observations where the glint angle is under 3◦, a series
of metrics are calculated for the background departures: the mean, the standard deviation and the 95th
percentile. The threshold of 3◦ is chosen to pick out the most central of the glint features. In addition,
for those observations where the glint angles are under 10◦, the correlation between the glint angle and
the background departures are calculated. From the combination of this information, it is possible to
determine if the RFI is likely to be caused by a broadcast satellite positioned at a particular longitude.
For example, where the mean, standard deviation and 95th percentile are high and the correlation is
highly negative, it is likely that RFI from direct broadcast satellites is present. In addition, this can
be compared to other channels and maps of the background departures and associated observations to
confirm the presence of RFI.

It is noted that the method may not be robust under the following conditions: 1) where there is an area of
high background departures caused by other factors around the region of the RFI glint, thereby diluting
the signal; 2) where the effect of the RFI is reduced due to increased scattering from the surface (e.g.
where high wind conditions have increased the surface roughness) or where there is strong extinction in
the atmosphere (e.g. where heavy rain is present); and 3) where the transmission beam is purposefully
directed only over certain areas (as is most often the case). To account for these potential issues, the
method is applied under clear-sky conditions only and over pre-selected small areas of the globe where
RFI is suspected.

Figure 9 shows the results of this method over Europe (the area shown in Figure 8) for a 10 day period
in June 2022; for simplicity only the mean and the correlation metrics are shown here. Note that the
data on which this is based has already been subject to coast and sun-glint screening, as described in
Sections 2.2.1 and 2.2.2 to minimise the inclusion of any high background departure signals unrelated to
RFI.

From Figure 9, it can be seen that there are likely broadcast satellites at three longitudes causing the
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Figure 9: With geostationary satellites placed at 1◦ longitude spacings (at the equator), the mean of the
background departures over Europe is calculated for the locations where the corresponding glint angle is
less than or equal to 3◦ (blue line) and the correlation is that between the background departures and the
glint angle for all locations where the glint angle is less than or equal to 10◦ (red line).

glint patterns seen over Europe: 30◦W, 13◦E and 38◦E, with the signal at 13◦E being the strongest.
In each case it can be seen that as the mean of the background departure increases, the correlation
between the glint angle and the background departures becomes strongly negative, indicating that the
increase in departures is related to the glint angles that would be achieved with a broadcast satellite at
the relevant longitude. In each of these cases, the local maximum of the mean background departures
and the minimum of the correlation align to within 1◦, with small changes being possible due to other
effects such as model biases or the impact of the superobbing process; where there is a conflict between
the two, the peak of the mean background departures has been chosen as the longitude.

The glint patterns from each of the identified broadcast satellites correspond to different parts of the high
background departures seen over Europe. Figure 10 shows the background departures with the glint
angles for when the broadcast satellite is positioned at the longitudes identified from Figure 9; only those
glint angles below 20◦ are provided to show the areas that are screened out with this threshold. This
threshold could be reduced on a per-source basis, however, this is a bounding case valid at all times
of the year to remove the large errors created by these sources. In the future, it may be refined and
could depend on a variety of factors including the surface roughness. From this Figure, it is clear that
the satellite at 13◦E causes the largest of the high background departure scar patterns: both that going
through the UK and down to Spain and across Italy and through the Black Sea, while the smaller pattern
to the East of Spain is caused by the satellite from 30◦W. Finally, the satellite at 38◦E contributes to the
patterns seen to the north of the Netherlands and the south-east of Italy.
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Figure 10: Maps for 2022-07-15T00 for (a) background departures due to RFI contamination and the
glint angles of the observations with geostationary satellites placed at (b) 30◦W, (b) 13◦E and (c) 38◦E.
The glint angles have a cut off threshold of 20◦ thereby indicating the area that is screened out by the
RFI screening process.

At each of the identified longitudes (or very close to them for the case of 38◦E) there are satellites broad-
casting over the affected parts of Europe in frequencies close to 10.65v/h GHz (for further information
see SatBeams (2024) and SatExPat (2024)). In each of these cases, the closer broadcast channel is a h-
polarisation channel, with the v-polarisation generally being a few MHz higher. The analysis shown here
is for the v-polarisation, however similar patterns are noted in the 10.65h GHz channel from AMSR2.
It is noted there is potential for the polarisation of the radiation to change when interacting with water,
taking into account the likely inclined angles of the surface due to wave patterns, hence each channel
could be affected by the satellite signal of the opposite polarisation.

The analysis presented here has been applied to different areas of the globe and for the 6.9v/h, 10.65v/h
and 18.7v/h GHz channels of AMSR2 and the 10.65v/h and 18.7v/h GHz channels of GMI. From this,
the areas identified as being affected by this type of ocean reflected RFI are those over Europe in the
10.65v/h GHz channels of AMSR2 (with the v-polarisation shown above) and an additional signal in
the 18.7v/h GHz channels of AMSR2 (see Figure 11) over the continental United States which had been
previously recognised in Kazumori et al. (2016) and Kazumori et al. (2014).

Although not part of the work to activate 6.9v and 10.65v GHz in the ECMWF-IFS, the RFI signal in
18.7v GHz for AMSR2 requires some discussion as the coastal waters around the continental United
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Figure 11: Background departure for the (a) west and (b) east coasts of the United States for the dates
indicated.

States are key in the context of SST analysis3. Figure 11 shows examples of the ocean reflected RFI off
the east and west coasts of the United States in June 2022 for the 18.7v GHz channel from AMSR2. It is
found that these signals are most likely caused by a geostationary satellite at 102◦W which has previously
been identified as a potential candidate for causing this type of RFI signal in Draper and Newell (2015),
giving confidence that this method correctly identifies this type of signal.

As discussed above, the literature (e.g. Draper and Newell (2015)) identifies several areas of RFI con-
tamination in the GMI radiances. An extensive study was undertaken to find such RFI sources using the
tools described here, however, no instances of RFI were identified. This may be either because the RFI
sources are not a result of direct broadcast satellites, the signal in the background departures is weak
in comparison to the surrounding data points and / or there are no instances of the RFI signal in the
time period studied (2022-06-02 to 2022-07-31) for GMI. Due to this, no screening for RFI from direct
broadcast satellites is applied to GMI.

2.3 Error Model and Variational Bias Correction

Figure 12 shows the error model (following the symmetric cloud predictor method described in Geer
and Bauer (2011)) for the 6.9v and 10.65v GHz channels from AMSR2 (from Kazumori et al. (2016))
and the 10.65v GHz channel from GMI (from Lean et al. (2017)) after the implementation of the QC
described in the previous sections for two seasons. Because these observation error models were fitted
some years ago, before the QC described in this report was implemented, the resulting model is relatively
cautious as the standard deviation of the background departures is always significantly below the error
model limit (i.e. solid lines are below the dashed lines). Typically, error models for microwave imagers
are fitted a little closer to the standard deviations, but these error models were considered acceptable for
the initial testing of these channels. However, Section 3.3 investigates tightening up these error models
in the context of obtaining larger SKT increments.

3Note that the results shown for the inclusion of 6.9v and 10.65v GHz do not include the screening of the 18.7v GHz
channel.
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Figure 12: The error model (dashed line) and the standard deviation of background departures, for used
observations associated with (a and b) AMSR2 6.9v and 10.65v GHz (c) GMI 10.65v GHz for 2021-
12-07T00 to 2022-02-28T12, and the same (d, e, and f) for 2022-06-07T00 to 2022-08-31T12. Counts
are shown in gray. The cloud proxy used is the normalised polarisation difference between the two
polarisations of the 37 GHz channel, as described in Geer and Bauer (2011).

During this work, the bias predictors used in VarBC (Dee, 2004) for these channels have not been altered
from those used for higher frequency channels (18.7v/h GHz and 23.8v/h GHz). The following set of
predictors are used: a constant of 1, the model SKT, total column water vapour, the nadir view angle
(to the power of 1, 2, 3 and 4), sea ice concentration and the wind speed multiplied by 1 minus the land
fraction (meaning that the wind speed dependence is over ocean only).

2.4 Examining the Background Departures

Single cycle plots of the background departures of the 6.9v and 10.65v GHz channels from AMSR2 and
the 10.65v GHz channel from GMI are shown in Figure 13 for a date in January (a to c) and July (d to
f). Some loss of data due to the QC can be seen in these plots, with areas of missing data in both the
southern oceans (due to sun-glint screening, see Section 2.2.2) and over Europe (due to RFI screening,
see Section 2.2.3). However, when comparing to Figure 3 showing the July date before screening, it is
clear that the QC is necessary.

A prominent feature over all channels and both seasons are the large positive background departures
found polewards of 30◦ (northwards in January and southwards in July), shown in detail for the AMSR2
10.65v GHz channel in Figure 14(a and e). It is thought that these features are primarily the residual
effects of Cold Air Outbreaks (CAOs) (as they match known spatial patterns, for example those shown in
Kolstad et al. (2009)) and where the emissivity assigned is lower than it should be. Observations affected
by CAOs are not currently used within the ECMWF-IFS for MW imagers as they are not well captured
in the model with insufficient cloud liquid water being present in the model compared to reality, due to a
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Figure 13: Global background departures for (a and d) AMSR2 6.9v GHz, (b and e) AMSR2 10.65v GHz
and (c and f) GMI 10.65v GHz for the dates indicated after the implementation of the QC.

lack of water clouds being generated in unstable areas (Lonitz and Geer, 2015).

In Figure 14 the typical characteristics of CAOs can be seen in a small region to the south of Greenland
(for January - a to d) and in the southern ocean between South America and Africa (for July - e to
h). Large positive departures are seen coinciding with (b and f) areas of high wind-speed which are
downwind from areas already screened out due to CAOs as well as (c and g) a negative difference
between the air and sea temperature (i.e. the sea is warmer than the air). Such features have been noted
before as affecting higher frequency channels of AMSR2 (Kazumori et al., 2014) and a screening method
is implemented for all channels in Lonitz and Geer (2015) which takes into account Total Column Water
Vapour (TCWV), the Lower Tropspheric Stability (LTS) and the portion of the liquid and ice cloud water
path that can be attributed to liquid. However, the results for the 6.9v and 10.65v GHz channels show
that this screening may need further expansion to capture the edges of these features for these channels.

Note that these features are not seen to such a large extent in other channels; the 36.5v GHz channel is
shown as an example in Figure 14(d and h). Given that the lower channels are most strongly affected
the problem may come from an inadequacy in the surface emissivity model resulting in too low emis-
sivities being assigned in areas of high wind-speeds (i.e. above 10 m/s); this could also be a result of
insufficiently high surface wind speeds in the IFS. These possibilities are discussed further in Geer et al.
(2024).

Key to the later consideration of the SKT increments, it should be noted that large positive departures are
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Figure 14: Regions potentially affected by residual CAOs at 10.65v GHz in (a to d) the Northern Hemi-
sphere in January and (e to h) the Southern Hemisphere in July for the variables indicated.
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seen in the Gulf Stream, particularly in the NH winter months, as illustrated in Figure 13(a-c). It is well-
known that the Gulf Stream presents challenges in terms of modelling due to the steep, small scale SST
gradients in the region and high variability (Roberts et al., 2021; Deser et al., 2010). This area can cause
multiple issues in the simulations of MW imager radiances at any frequency, which is demonstrated by
similar highly positive departures occurring in all AMSR2 channels (not shown). No further discussion
is provided here as this will be considered in the SKT characterisation section below (see Section 3.4).

In addition to high positive departures, there are a few regions where highly negative departures can
be seen. The most relevant of these to the later SKT increment discussion is those in the region of the
equatorial currents (just south of the equator and most prominent in the 10.65v GHz channels). These are
likely to be a result of errors in the SKT at these locations. Large negative departures are also apparent
in the 6.9v GHz channel in July (Figure 13(a)) at about 50◦N to the west of Canada and at 60◦N to the
east of Canada. In January for GMI (Figure 13(d)) large negative departures to the south of Japan can
be seen. Currently, there is no proposed theory to explain these particular negative departures, however,
they may be random errors in the model forecast potentially related to the over-estimation of the SKT or
excessive rainfall.

Figure 15 shows the background departures for each newly added channel with the QC implemented for
the months of January 2022 (a to c) and July 2022 (d to f). In these maps, we see both the CAO features
as well as the SKT errors discussed for the single cycle maps shown in Figure 13. Those suspected to be
related to errors in the input SKT are very similar to the SKT increments discussed later in Section 3.4,
demonstrating the sensitivity of these channels to the SKT.

2.5 Impact on the Atmospheric Forecast system

The impact of introducing 6.9v and 10.65v GHz on other AMSR2 and GMI channels is shown in Fig-
ure 16. Here it can be seen that the mean of the departures (solid line) reduces for all channels previously
assimilated over oceans (i.e. those above 10 GHz), however, the bias correction also changes (dashed
line) and therefore it is not clear if this is an improvement. However, it is likely that these changes are
attributable to changes in the relative humidity which has reduced in the mid-latitudes (30◦N to 60◦N
and 30◦S to 60◦S) due to the inclusion of the 6.9v and 10.65v GHz channels (shown in Figure 17).

Note that the exact data sample used in the generation of Figure 16 varies slightly between the experiment
where 6.9v and 10.65v GHz is active and that used as the reference which could impact the interpretation
of these results. However, for the channels above 18.7v GHz, the number of observations is very similar
between the experiments, which suggests that any change in the data used in the DA system is minimal.

For the 10.65v/h GHz channels an increase in the mean of the background departures is seen; this may
be due to changes in the weighting given to observations in VarBC (Dee, 2004) due to changes in the
assigned observation error. Now all observations over ocean are being actively assimilated in these
channels with realistic observation errors, whereas previously only points over sea-ice were used with
realistic observation errors, and the observation error in open ocean points was set to 50 K. Because
VarBC minimises the observation-error weighted mean, rather than the unweighted mean that is shown
in Figure 16, such apparent contradictions are possible. Most likely the bias correction is now less
tightly constraining the sea-ice areas (where biases and observation errors are now both relatively large)
and more appropriately constraining the open ocean (where biases were already small).

A small improvement due to the inclusion of the 6.9v and 10.65v GHz channels is the slight (but only just
statistically significant) improvement in the upper tropospheric humidity channels, shown in Figure 18
for (a) ATMS and (b) CrIS for the Northern Hemisphere (NH). This could be due to real improvements
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Figure 15: Global background departures for (a and d) AMSR2 6.9v GHz, (b and e) AMSR2 10.65v GHz
and (c and f) GMI 10.65v GHz for the months indicated after the implementation of the QC.

in the representation of rain (due to the sensitivity of channels around 10 GHz to heavy rain) in this area.

The overall impact of adding 6.9v and 10.65v GHz to the atmospheric forecast system, both in terms of
forecast scores and the background departures of independent observations, is neutral (with the excep-
tion described above). This firstly demonstrates that these highly surface sensitive channels are mostly
decoupled from the atmospheric analysis and secondly that the lack of priority given to these channels
up to now was justified in the context of an atmospheric forecast system.

3 Skin Temperature Increments

3.1 The Sink Variable Approach

The sink variable approach, referred to at ECMWF as the TOVS Control Variable (TOVSCV), has been
used for many years to optimise the SKT associated with all observations processed under the clear sky
route (currently all IR radiances plus the MW sounder ATMS) (ECMWF, 2021). Recent work has also
offered the possibility of a 2D multi-sensor extended control variable (XCV) for SKT (Massart et al.,
2021, 2020; Massart, 2023). However, as discussed in the introduction (Section 1) neither TOVSCV nor
XCV has yet before been activated for observations processed under the all-sky (clear and cloudy) route
which covers most MW sounders and all of the MW imagers. Further, the XCV approach provides SKT
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Figure 16: Mean background departures, analysis departures and bias correction globally per channel
for (a) AMSR2 and (b) GMI with and without the 6.9v and 10.65v GHz channels activated for the
periods 2021-12-07T00 to 2022-02-28T12 and 2022-06-07T00 to 2022-08-31T12. Note, these plots
contain all actively used in the DA system for each experiment and hence the experiment where 6.9v and
10.65v GHz is activated and the reference may contain a different sample of data.

information on an hourly basis (Massart et al., 2020), whereas the approach followed here allows for
SKT increments to be made at the time of the observation; as SKT changes rapidly due to the cool skin
effect, hourly information may not be sufficient.

The TOVSCV can be summarised as adding the SKT (in observation space) to the control vector to allow
the SKT to be optimised along with the atmospheric model fields. As per the model fields, the SKT is
adjusted to provide the optimal estimate for that field of view (i.e. across all channels for a sensor)
taking into account the assigned SKT background errors, which are set to 1.0 K over ocean (ECMWF,
2021) (note, varying this value is tested in Section 3.3.2). Unlike the increments for the atmospheric
variables, the SKT increments are dismissed at the end of each cycle and the SKT is reinitialised from
the SST provided by external data products. Section 2.2 of Massart et al. (2020) provides a complete
mathematical description of the TOVSCV and should be referred to for further details. On the technical
level, the code for allowing a TOVSCV for all-sky microwave radiances was added through the sea-ice
sink variable work (Geer, 2024a) and then extended to allow SKT estimation. The choice of SKT or
sea-ice estimation is mutually exclusive, with SKT estimation taking place only for SKT ≥ 277 K and
sea-ice where SKT < 277 K.

For this work, all MW imagers and sounders used in the ECMWF-IFS were initially considered, however
preliminary work found that the sink variable approach for SKT is most promising if there is a 6.9v
or 10.65v GHz channel available on the sensor (see Section 3.2). Therefore, the work shown here is
limited to the application of the SKT sink variable to the AMSR2 and GMI MW imagers where these
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Figure 17: Change in relative humidity due to the introduction of the 6.9v and 10.65v GHz channels
for (a) averaged by latitude and pressure and (b) averaged geographically for at 850 hPa. Data from the
periods 2021-12-07T00 to 2022-02-28T12 and 2022-06-07T00 to 2022-08-31T12. Note that the cross-
hatching in (a) indicates point statistical significance as described in Geer (2016), however such testing
is not applied to (b).

channels are available. Note, MWRI is not included as it is not currently operationally in the ECMWF-
IFS (Scanlon et al., 2023).

3.2 Sensitivity of MW Channels to Skin Temperature

The use of passive MW radiometers for SST retrievals has been ongoing since the launch of the Scan-
ning Multi-channel Microwave Radiometer (SMMR) in 1978, with the first global SST product be-
ing produced from Advanced Microwave Scanning Radiometer for EOS (AMSR-E) in the early 2000s
(Nielsen-Englyst et al., 2021; Minnett et al., 2019). Over the years, various combinations of frequencies
have been used for these retrievals depending on the channels available on the sensors, i.e. the SST re-
trieval algorithms for AMSR-E (Wentz et al., 2005) and AMSR2 (Shibata, 2013; Alsweiss et al., 2017)
have included 6.9v GHz while those for Tropical Rainfall Measuring Mission (TRMM) Microwave Im-
ager (TMI) and GMI have included 10.65v GHz as their lowest frequency. Recently, Nielsen-Englyst
et al. (2021) demonstrated that the best 3-channel combination for SST retrieval is 6, 10 and 18 GHz
(in the context of the upcoming Copernicus Imaging Microwave Radiometer (CIMR) mission (Donlon
et al., 2023)) and Pearson et al. (2018) showed that the 6.9v and 7.3v GHz channels of AMSR2 provided
the most information content for SST. In each of these studies, higher frequencies are used to mitigate
for other effects, including ocean surface roughness, i.e. waves (10 and 18 GHz) and atmospheric water
vapour (23 and 37 GHz) (Le Vine, 2017).

In addition to the various SST products which include 6.9v/h or 10.65v/h GHz channels, a recent study
by Kilic et al. (2021) demonstrated that the frequency sensitivity to SKT (referred to in the paper as
SST) varies depending on the conditions under which the observations are being made (see Figure 3 of
Kilic et al. (2021)), with the peak sensitivity to SKT at frequencies ranging between 2 and 4 GHz (in
the Arctic ocean) and 5 and 7 GHz (in the tropics). It is also generally accepted that channels in this
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Figure 18: Relative change in the standard deviation of the background departures due to activating the
6.9v and 10.65v GHz channels for (a) ATMS and (b) CrIS for the periods 2021-12-07T00 to 2022-02-
28T12 and 2022-06-07T00 to 2022-08-31T12 over the Northern Hemisphere.

frequency range are required for the accurate retrieval of SST (CEOS, 2020)4.

For the 6.9v/h and 10.65v/h GHz channels on AMSR2 and GMI, both v- and h-polarisations are avail-
able, however, here only the v-polarisation is used as h-polarised channels are more sensitive to the
atmosphere (e.g. Kilic et al. (2023)) and to changes in emissivity. Progress towards improving the
modelling of low frequency h-polarisation channels is underway and it is noted that the performance
improves for 10.65h GHz on GMI for the new SURFEM-ocean radiative transfer model when compared
to the previously used FASTEM-6 model (Geer et al., 2024). It is also noted that while no explicit dis-
cussion of the usage of h-polarised channels for SST retrievals has been found in the literature, it has not
been used in the operational generation of the AMSR2 SST product (Shibata, 2013). It is hoped to test
the use of h-polarised channels in the future in the context of the generation of SKT increments.

Within the framework of the ECMWF-IFS, an analysis has been undertaken to determine the sensitivity
of the observed TBs (up-welling from the earth) to the input SKT under clear-sky conditions at different
frequencies. Figure 19(a) shows a scatter plot of the observed TBs from v-polarised channels between
6.9v and 89.0v GHz against the input (background) SKT generated from the input SST products and
interpolated to the date and time of the observations. Figure 19(b) shows the modelled emissivity against
the initial SKT for the same channels. The following equations are aimed at explaining some of the key
features seen in these plots.

In the MW range, ignoring scattering, assuming specular reflection at the surface and representing radi-
ances as TBs assuming linear dependence of the two, the TBs at TOA (Tb) can be described as follows:

Tb = T ↑
top + τε(Ts)Ts + τ(1− ε(Ts))T

↓
bot (3)

4Note that there has been some discussion in the literature on the sensitivity of L-band radiometers to SST (Li et al.,
2019), however this is not considered further here as there are currently no L-band radiometer radiances assimilated into the
ECMWF-IFS.
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Figure 19: Relationship between SKT and (a) observed TBs from AMSR2 (frequencies and polarisation
indicated) and (b) emissivity for one cycle (2022-06-01T12) under clear-sky conditions.
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The first term, T ↑
top is the up-welling radiation which has not interacted with the surface. The second

term describes the radiation emitted by the surface with an emissivity of ε(Ts) and a temperature of Ts,
noting that the emissivity is itself temperature dependent as illustrated in Fig. 19. This surface emission
is attenuated by the atmosphere according to the surface-to-space transmittance, τ . Finally the third term
is the radiation reflected from the surface (where the fraction reflected is dependent on the emissivity
following Kirchhoff’s law, (1− ε(Ts)) where the downwelling TB at the bottom of the atmosphere is
T ↓

bot and the surface-reflected radiation is again attenuated by the atmosphere with a surface-to-space
transmittance of τ .

It can be seen in Figure 19(a) that for 6.9v and 10.65v GHz, the dependence of the observed TBs on SKT
is mostly linear and there is little dependence of the emissivity on the SKT. Note that a similar finding for
6.9v and 10.65v GHz is presented in Gentemann et al. (2010) but showing a slightly non-linear response
at very low SSTs which is not apparent in our results. In the case that emissivity is constant, we can
substitute ε((Ts) ≃ ε into Eq. 3. Further, if the atmospheric absorption is weak, as is generally the case
at low frequencies, τ ≃ 1. The derivative of Eq. 3 with respect to Ts is then simply:

δTb

δTs
≃ ε. (4)

For the higher frequencies a more complicated picture is apparent: for SKTs under 290 K there is little
to no response of the observed TBs to the SKT, however, as the SKT increases, a linear response starts to
emerge. In the cases where the SKT is higher, this is often associated with higher TCWV (not shown) as
these represent areas such as the tropics and subtropics. This results in stronger absorption of radiation
in the atmosphere and hence a lower surface-to-space transmittance, τ . This then leads to stronger
absorption and emission in the atmosphere and hence higher TBs in these areas (both T ↑

top and T ↓
bot

increase due to higher water vapour and temperature in the lower troposphere, semi-independently of the
SKT). This means that some of the relation between high SKTs and high TBs is an indirect effect, i.e. a
correlation through high TCWV.

In terms of the SKT increments, Figure 19 demonstrates that although SKT information could be gained,
directly or indirectly, from those channels affected strongly by the atmosphere (18.7 GHz and above), the
most direct information is obtained when the 6.9v and 10.65v GHz channels are used. Figure 20 gives
an example of instantaneous SKT increments for the tropical and sub-tropical region of the Atlantic
between Africa and South America for the case where (a) only the 18.7v/h GHz and above channels are
used and (b) where 6.9v and 10.65v GHz are included for AMSR2. To make these plots comparable
and ensure that the difference in signal is only from the use of 6.9v and 10.65v GHz channels, the
experiment including these channels has been initialised from the background of that in Figure 20(a)
using a variational bias correction which has been spun-up including 6.9v and 10.65v GHz. Here it can
be seen that for the case of the higher frequencies only (panel a) the increments are much smaller than
those for the case where the lower frequency channels are included (panel b). Although there are many
increment patterns in common, it is only when the lower frequencies are used that a discernible pattern
can be seen relating the south equatorial current, which is not seen when these channels are not used.

One of the main concerns of activating the SKT sink variable is that it brings the potential for atmospheric
information, or sensor biases such as those for MWRI shown in Scanlon et al. (2023), to be aliased into
the SKT increments. Where the SKT error is adequately constrained (discussed further in Section 3.3.2),
the potential for this effect should be minimised. Figure 20 also shows that the inclusion of 6.9v and
10.65v GHz helps to minimise the impact of such effects and demonstrates that with these channels
included, the SKT increments can be more easily related to features at the surface.
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Figure 20: SKT increments generated for the 2022-06-02 0Z cycle (21h to 09h) for AMSR2 when using
(a) only those channels above 18.7 GHz and (b) including the 6.9v and 10.65v Ghz channels in addition
to those above 18.7 GHz. The experiment shown in (b) has been initialised from the background of the
experiment in (a) to ensure comparability.

3.3 Configuration of the Skin Temperature Experiments

3.3.1 Changing the 6.9v and 10.65v GHz Observation Errors

As discussed in Section 2.3, the actual errors for the 6.9v and 10.65v GHz channels are well below the
error model used by default for these channels. Particularly as the aim is to only use these channels for
the generation of SKT increments, it is possible to more closely fit the error model to the actual standard
deviation of the background departures.

The proposed error model is shown for both seasons in Figure 21 (dashed line) with data from exper-
iments where these errors have been implemented (solid line and histogram). It can be seen that the
standard deviation of the background departures fit the proposed model closely (as intended), however,
it is noted that for the NH winter months (December, January, February, i.e. DJF) (d to f) for AMSR2
10.65v GHz, the fit is extremely close for the last bin (0.7 to 1.0). This is considered acceptable as there
are very few observations in this region compared to lower cloud values.

The use of these smaller observation errors results in much larger SKT increments, as can be seen in
the histograms in Figure 22 for (a) AMSR2 and (b) GMI in the NH summer (June, July, August, i.e.
JJA). The SKT increments from the new observation error models (shown in red) have a much larger
magnitude and spread for both AMSR2 and GMI. This brings the magnitude of the SKT increments
in line with those seen for the infra-red observations which are currently generated operationally. Full
analysis of the SKT increments is provided later in Section 3.4.

The use of the new observation errors has very little impact on the atmospheric forecast scores (not
shown) which is as expected as these observations are primarily sensitive to the surface. It is difficult to
assess the change in the fit of AMSR2 and GMI observations in the context of the SKT sink variable as
the majority of the differences, if not all, will be related to how the change in the errors affects the use of
the 6.9v and 10.65v GHz and not the impact in terms of the change to the SKT increments. Therefore,
no further assessment of these new observation errors can be made here. However, it is noted that these
larger SKT increments may result in a more significant impact within the coupled DA system and this
will be further tested in that context.
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Figure 21: The updated error model (dashed line) and the standard deviation of background departures
(solid line) associated with (a and b) AMSR2 6.9v and 10.65v GHz (c) GMI 10.65v GHz for 2021-12-
07T00 to 2022-02-28T12, and the same (d, e, and f) for 2022-06-07T00 to 2022-08-31T12. Counts are
shown in gray, with the histogram widths indicating the bin width used. The cloud proxy used is based
on the difference between the two polarisations of the 37 GHz channel.

Figure 22: Distribution of SKT increments using different observation errors for 6.9v and 10.65v Ghz
for (a) AMSR2 and (b) GMI for the period 2022-06-07 to 2022-08-31 binned into 0.01 K bins.
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Figure 23: Distribution of SKT increments using different fixed SKT background errors (0.5 K, 1.0 K
and 2.0 K) for (a) AMSR2 and (b) GMI for the period 2022-06-07 to 2022-08-31 binned into 0.01 K
bins.

3.3.2 Changing the Background Skin Temperature Error

The baseline configuration of the SKT experiments uses a background SKT error of 1.0 K at all times
and locations (and this is what has been used in all Figures relating to the SKT increments presented
up to now). There has been some work undertaken to use SKT errors derived from the Ensemble Data
Assimilation (EDA) spread of the SKT as described in Massart et al. (2020) which stated that the EDA
spread over oceans is 0.27 K ± 0.1K. Whilst this method allows for a spatially and temporally varying
error, Massart et al. (2020) concludes that the method requires more tuning prior to use for their work
and the same approach is taken here, with only fixed errors considered in the testing.

Three options have been used for the SKT error: 0.5 K, 1.0 K and 2.0 K; these are tested using the new
observation errors for 6.9v and 10.65v GHz discussed in Section 3.3.1. The distributions of the resulting
SKT increments are shown in Figure 23. As expected, a much wider distribution with higher values is
seen when the SKT increments are allowed to vary the most using the 2.0 K SKT background error, with
the smallest values of SKT increments resulting from the lowest SKT background error (0.5 K).

Figure 24 shows the impact on the analysis departures of using the different SKT error values against
a baseline of the SKT increments not being active. It can be seen that turning on the SKT increments
improves the analysis departures for the surface sensitive channels in both 6.9v and 10.65v GHz, which
is expected as the analysis departures are the only departures in which the updated SKT is used. For
AMSR2 the atmospherically sensitive channels do not change, however, for GMI, the 18.7v/h, 23.8v
and 36.5v GHz channels degrade by up to 1% (statistically significant). It is not thought this is a strong
atmospheric impact as there is little change in the skill of the atmospheric forecast between the SKT
options and the control experiments (not shown). Potentially, this difference in the response of these
higher frequency channels between AMSR2 and GMI is related to the absence of the 6.9v GHz on GMI.
This plot also demonstrates that there is not much sensitivity to the SKT above 18.7v/h GHz as the
response of these channels is very similar with each SKT error option.

For both AMSR2 and GMI, Figure 24 shows the 2.0 K SKT error achieves the best fit in terms of the
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Figure 24: Relative change in the standard deviation of the background departures when using the dif-
ferent fixed SKT errors indicated (0.5, 1.0 and 2.0 K) for for (a) AMSR2 and (b) GMI for the periods
2021-12-07T00 to 2022-02-28T12 and 2022-06-07T00 to 2022-08-31T12.

analysis, however, the increments provided by this error are large and perhaps somewhat unrealistic.
Figure 25 shows the increments averaged over July 2022 for each error option for the Eastern Tropical
Pacific (ETP) and polewards. This area contains Tropical Instability Waves (TIWs) with a wavelength of
approximately 1000 km; these are discussed further in the context of the SKT increments in Section 3.4.
The SKT increments in this area are generally negative, as the SKT sink variable tries to cool the ocean
surface to ensure the TIWs are located in the right place for the exact time of the MW observations.
Hence, for the different error options, it is expected that some large scale cooling is present in these
areas.

In Figure 25, the main difference between the error options is the magnitude of the SKT increments
(note the colour bar ranges), as per Figure 23. For the spatial patterns, the SKT increments in the TIWs
are persistent between each SKT error option, providing confidence that these are a real signal. For the
area to the south of these waves (10◦ S and below) large scale warming of the oceans can be seen which
is partially consistent between the plots, except for the 2.0 K SKT error where the increments appear
much larger in contrast to the cooling of the TIWs when compared to the 0.5 K and 1.0 K SKT error.
For this reason, it is thought that the 2.0 K SKT error provides too much freedom to the system and
the increments produced are not considered meaningful, hence the 1.0 K error will be used. Further
justification for the SKT background and observation error choices will come in future as part of coupled
DA system developments.

3.3.3 Using Surface-Only Observations

As the aim of this work is to improve the SKT and not the atmospheric analysis, there is a possibility to
generate SKT increments at all locations on the 40 km superobbing grid, rather than just those currently
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Figure 25: Skin temperature increments for the east tropical pacific region and polewards using different
background SKT errors: (a) 0.5 K, (b) 1.0 K and (c) 2.0 K. Data is averaged over 2022-07-01 to 2022-
07-31 and gridded in 2.5◦ boxes. Note the colour bar scale changes between each plot.
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Figure 26: Modelled SKT where (a) only those points used in the atmospheric assimilation are shown
and (b) all points are shown, even if they are not used in the atmospheric DA for the 2022-06-16 0Z cycle
(21h to 09h).

used in the atmospheric analysis. Currently, due to suspected error correlations (Bormann et al., 2011),
only 1 in every 8 superobs is actively assimilated into the atmospheric DA system. In the recent sea-ice
work, Geer (2024a), an approach was taken where the sea-ice concentration is estimated at all 8 superob
locations and therefore the same approach is trialled here. For clarity, here the 7 of 8 superob locations
not used in the atmospheric DA are referred to as ’surface-only’ points.

The increase in the spatial density and the ability to discern small scale patterns when using these
’surface-only’ superob locations is demonstrated for SKT in Figure 26 for the case of the Gulf Stream.
Panel (a) show the points used in the atmospheric data analysis (1 in 8 of the superob locations) and (b)
shows these points plus those that would also be available if the other 7 superob locations were used (i.e.
the ’surface-only’ points). The extra information provided by these observations allows a much clearer
picture of the the positioning of the gulf stream as well as an indication of the gulf stream ’rings’ which
are large scale (100 - 300 km) eddies of cool water which form to the sides of the main current. This
comparison demonstrates the clear utility of these ’surface-only’ superob locations and the propagation
of these additional observations into the ocean model as part of the coupled DA system would likely be
beneficial.

An experiment was conducted to determine if SKT increments could be derived from these ’surface-only’
observations. In theory, the use of these superob locations should not have any effect on the atmospheric
analysis, however, it was found that they caused degradation in the upper tropospheric humidity, with the
fits to both geostationary satellites and CrIS becoming worse (see Figure 27). In addition, the inclusion of
these surface only points results in a significant and unrealistic improvement to the relative humidity and
geopotential height (when using own-analysis verification) (not shown). It is thought that these issues are
due to the extreme volume of extra data coming from only two instruments: for AMSR2 there is 250%
more data for channels at 10.65v/h GHz and above and almost 800% more data for the 6.9v/h GHz chan-
nels; for GMI the use of surface only observations results in 300% more data for 10.65v/h - 89.0v/h GHz
and between 500% and 700% for channels above this. This additional data is thought to have resulted
in the DA system becoming unbalanced and over-fitting the model to the information provided by these
two instruments (consistent with this explanation, on average, 29.6 iterations are required, over the three
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Figure 27: Relative change in the standard deviation of the background departures due to activating
the SKT increments with surface-only observations for (a) geostationary satellites and (b) CrIS for the
periods 2021-12-07T00 to 2022-02-28T12 and 2022-06-07T00 to 2022-08-31T12.

minimisations, to reach a solution compared to 28.0 when the ’surface-only’ observations are not used).

Taking these issues into account, these surface-only points are only used in this work to provide con-
fidence that the SKT analysis is working as intended (through visual inspection of small scale oceanic
structures, as shown in Figure 26) and are not used in the full atmospheric forecast experiments nor
recommended for inclusion in the operational system at this time. Re-tuning the DA system to be able
to handle such large amounts of data from one sensor could be considered in the future to address this
issue, for example when considering the use of such data in the coupled DA system.

3.4 Characterisation of the Skin Temperature Increments

3.4.1 Introduction

As previously discussed, the key factors influencing the accuracy of the SKT at the time and location
of a particular MW measurement are: the timeliness and accuracy of the SST used to grow the diurnal
cycle, the mismatch between the representative depth of the measurement and the modelled SKT, the
accuracy of the cool skin and warm layer parameterizations used to model the SKT and finally the
impact of any environmental factors not taken into account as part of the model including wind speed,
heavy precipitation and sea surface salinity (see Shibata, 2013, for a discussion of such factors). The
magnitude and spatial patterns of the increments generated by the DA system can be influenced by each
of these factors as well as the sensitivity of the MW observation operator (RTTOV-SCATT, Bauer et al.
(2006)) to the SKT (as discussed in Section 1).

Keeping this in mind, the spatial and temporal patterns of the SKT increments are discussed in the
following section, noting that it is not possible to disentangle the effects of each of these factors. The
results presented here are generated using a 1.0 K SKT error and the updated observation errors for 6.9v
and 10.65v GHz, without the surface only SKT increments active, as per Section 3.3.
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Figure 28: Skin temperature increments for a single cycle for AMSR2 for (a) 2022-01-15T12 and (b)
2022-07-15T12. The increments shown are only those which include the use of the 6.9v GHz channel.
Note the data loss in the SH is a result of the sun-glint screening implemented to support the activation
of the 6.9v and 10.65v GHz channels.

3.4.2 Spatial Patterns

SKT increments for a single cycle of AMSR2 are shown in Figure 28 for two dates and for monthly
averages split by day-time and night-time using the solar zenith angle (where night-time is taken as an
observation where the solar zenith angle is below 0◦) are shown in Figure 29. The monthly means will
be discussed further later in this section in the context of the differences between day and night-time
observations and seasonal differences; for now they are used to confirm the persistence of patterns seen
in the single cycle maps.

The most striking feature which is consistent between the dates in the single cycle maps is the large
scale cooling at the equator in a meandering pattern that is reminiscent of TIWs that form along the
equatorial cold tongue (e.g. Wentz et al., 2000) in the ETP. This is a known area of high variability on
short (tens of days) to long (≥ 5 years) timescales (Bulgin et al., 2020; Deser et al., 2010). The long
term persistence of the cooling patterns across seasons is highlighted by the monthly maps in Figure 29.
The representation of the Peru eastern boundary current and its equatorial extension is a known deficit
of the OCEAN5 product which is used as the input SST in this region; see Figure 18 of Zuo et al. (2019)
which shows a warm bias of about 0.2 K in this area when compared to the European Space Agency
(ESA) Climate Change Initiative (CCI) SST product. Therefore this is a key indicator that the SKT
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Figure 29: Monthly average of SKT increments for AMSR2 for (a) January 2022 day-time only obser-
vations, (b) January 2022 night-time only observations, (c) July 2022 day-time only observations and (d)
July 2022 night-time only observations.
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increments are working as expected to correct issues with the input SST products by exposing it to up-
to-date observations of the surface. It is also noted that Wentz et al. (2000) demonstrated that these large
TIWs can be detected using lower frequency MW channels which strengthens the case for the inclusion
of 6.9v and 10.65v GHz for the SKT increments work. The signal in this region is further explored in
the temporal analysis (Section 3.4.3).

A similar cooling pattern is also seen in the Eastern (Benguela) boundary current in the tropical Atlantic
and extending along the equator, where also OCEAN5 appears to have a small positive bias (see Figure
18 of Zuo et al., 2019). There is also a cooling pattern in the north Atlantic between Spain and Florida
in July. Both of these features are much weaker (and the latter non-existent) in January. Note that the
latter feature is not thought to be associated with the main ocean currents and is also explored further in
the temporal analysis (Section 3.4.3).

In addition to the cooling features, the single cycle maps for AMSR2 show large scale warming in
January in the North Atlantic and the North West Pacific and in July in the South Atlantic which is
thought to be a residual signal from the previously discussed CAOs and emissivity issue when including
in 6.9v and 10.65v GHz (see Section 2.5 for a discussion of CAOs and Section 3.4.3 for a discussion
of how these impact the SKT increments over time). Again, these patterns are also seen in the monthly
means in Figure 29 and have a wide-spread impact. This highlights the importance of addressing these
signals prior to inclusion of the data into the coupled DA system to inform the ocean model.

Another feature of interest is the high magnitude warming seen in the South Pacific Convergence Zone
(SPCZ) to the east of Australia. This warming signal is seen sporadically and will often last for several
days at a time, for example the one shown here lasts between 2022-07-13 and 2022-07-16. The signal
appears only in the night-time overpasses which is confirmed by the large scale warming seen in this area
for the monthly average of July at night. The appearance of this signal only in night-time observations
indicates that it is likely related to a deficiency in the input SST product or in the characterisation of the
SKT close to the minima of the daily cycle. The origin of this signal is yet to be confirmed and will
be further investigated in the context of the coupled DA system where the impact on the SST of these
increments can be compared to in-situ measurements.

In addition to the signals seen in the single cycle maps, the monthly means (Figure 29) offer the opportu-
nity to study the persistent signals as well as the average signal from day-time and night-time overpasses
(the solar zenith angle has been used to split the data). The local solar time of the AMSR2 overpass is
around 13:30 ascending, meaning that the day-time signals correspond to measurements taken around
that local solar time (± 2 hours approximately) with the night-time signals corresponding to measure-
ments taken at around 01:30 (± 2 hours approximately). Whilst neither group of measurements are likely
to represent the maxima or minima of the diurnal cycle (usually around 15:00 and 06:30 local time), it
can be broadly assumed that the SKT increments in the day-time averages are most closely related to the
diurnal cycle imposed through the SKT parameterization and those in the night-time averages are more
closely linked to the input foundation SST products.

The SKT increments seen in the day-time observations, in general, are of higher magnitude and have
a larger spatial extent. The key features relating to the eastern boundary currents and their equatorial
extension are clearly seen at both day and night-time indicating that these are a deficiency in the input
product (as described above) but also there is some issue with the representation of the diurnal cycle in
these areas which is either to do with the SKT parameterization itself, or could be due to the parameteri-
zation having an incorrect starting point from the input SST product. The large scale TIW cooling seen
in the ETP remains persistent between seasons, however, the cooling in the tropical Atlantic lessens and
becomes wider spread in January when compared to July.
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The large scale warming which has been attributed to CAOs and emissivity issues is very prominent in
these monthly maps, showing in the NH for January and the SH in July. There is little difference in the
SKT increments between the day and night-time observations in these areas, with the exception of the
southwards extent in January, which gives further confidence that these increments are likely unrelated
to the input SST product or the SKT parameterization. There are parts of this signal which could be
real SKT increments which should be taken into account when addressing this problem, for example the
Leeuwin current (west of Australia) in January night-time which is likely caused by errors in the input
SST, however, there are also unexplained parts of the signal, for example that to the east of Australia (the
east Australian current) in July at night.

The standard deviation of the SKT increments is shown for AMSR2 in Figure 30. It can be seen that
the standard deviation of the SKT increments are large in the areas of the suspected CAO issue (NH for
January, SH for July) in both the day-time and night-time observations (0.5 K compared with a global
average of 0.32). In the NH, the standard deviation is large in the Pacific, however, in the Atlantic (where
the example of CAOs is shown in Figure 14), the standard deviation appears to be an extension of the
high variability associated with the Gulf Stream. The difference between the standard deviation of the
SKT increments in the NH and SH could be due to the transitory nature of these CAO signals; these will
be further investigated as part of additional later work to identify the areas affected by CAOs and screen
them out.

As discussed in Section 2.2.3, significant RFI glint from geostationary satellites was affecting the signal
over Europe in the background departures and without screening, this also impacted the SKT increments
resulting in an artificial warming prior to the implementation of the RFI screening process (not shown).
With the RFI screening implemented, Figure 29 over Europe shows warming SKT increments in January
and cooling in July which is present for both AMSR2 and GMI (see later). As GMI was not impacted
by the RFI glint (due to different orbit and sensor characteristics) it is clear that the SKT increments
are no longer impacted by this erroneous signal. The difference between the seasons may be related
to the diurnal cycle of the Mediterranean between seasons (see Pisano et al., 2022, for further details),
indicating that the SKT parameterization may require further attention in this area.

There are several signals in these maps which are not yet fully understood, but it is hoped these will
become clearer when the SKT increments are used in the coupled DA system where the resultant SST
can be compared to in-situ measurements. These include a cooling in January (day and night) and July
(day) off the coast of Somalia close to the horn of Africa and a warming signal off the South East of
Argentina (most prominent in the day-time in July). In both cases, these increments are close to areas
of high standard deviation (see Figure 30). For the signal close to Somalia, this is in an area of strong
upwelling events resulting in low SSTs (Mafimbo and Reason, 2010). For the signal near Argentina, it is
also in a region where the uncertainty in the OSTIA product is high (Good et al., 2020). In addition, there
is a strong warming signal in July to the north of Australia (both during the day-time and night-time) for
which there is currently no explanation but it is also associated with a slightly higher standard deviation
than the surrounding areas.

The SKT increments generated for GMI are shown for the monthly averages split by day and night-time
in Figure 31. Whilst the day/night split is achieved through use of the solar zenith angle (as is the case
for AMSR2), unlike AMSR2 the observations here cannot be linked to specific times of the day; due to
the inclined orbit of GMI, the observations will be from a range of times throughout the day. GMI does
not host a 6.9v/h GHz channel, and instead the lowest frequency is 10.65v/h GHz. Whilst it was shown
earlier (Section 3.2) that 6.9v GHz provides the best sensitivity to the surface, there is still significant
information contained in the 10.65v GHz channel. In addition, due to the different orbits of AMSR2 and
GMI (AMSR2 is in a polar orbit with a 13:30 ascending equatorial crossing time and GPM is in an 65◦
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Figure 30: Monthly standard deviation of SKT increments for AMSR2 for (a) January 2022 day-time
only observations, (b) January 2022 night-time only observations, (c) July 2022 day-time only observa-
tions and (d) July 2022 night-time only observations.
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Figure 31: Monthly average of SKT increments for GMI for (a) January 2022 day-time only observations,
(b) January 2022 night-time only observations, (c) July 2022 day-time only observations and (d) July
2022 night-time only observations.
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Figure 32: SKT increments for day-time from 2022-06-07 to 2022-08-31 from AMSR2, showing the
area (black, dashed box) over which data is taken for Figures 33 and 34.

inclined orbit), GMI can sample a wider range of the diurnal cycle and therefore provides a wealth of
information about the SKT increments which is not available from AMSR2.

In general, the patterns shown for GMI are very similar to those for AMSR2, albeit with a lower mag-
nitude (note the maximum of the scale bar is half that shown for AMSR2). The key features discussed
above for AMSR2 can be seen including the cooling the boundary currents, the impact of the suspected
CAOs and emissivity issues, the cooling in the north Atlantic and the patterns in the Mediterranean.
There are, however a couple of other features that are more prominent in the GMI SKT increments: a
heating signal off the coast of west Africa particularly in July and a strong cooling in the Pacific off the
coast of Baja California in the night-time observations in January.

It is also important to note the features which are not present in these mean SKT increment maps. Both
the Gulf Stream and Tropical Warm Pool show no biases which accumulate over the long term. As the
Gulf stream is an area of high variability, this is expected, and instead high standard deviations of SKT
increments can be seen in the area across seasons, both day and night (see Figure 30). The tropical warm
pool is an area of high annual SST with relatively calm winds but has the potential for very large diurnal
warming events. Zhang et al. (2018) assessed several diurnal variation models in this area and determined
that the Zeng and Beljaars (2005) model best captures the diurnal cycle under most conditions; as this
is the model used at ECMWF in the SKT parameterization (ECMWF, 2023a), it may explain why little
variation can be seen in this area.

3.4.3 Temporal Analysis

The Figures discussed thus far are either instantaneous (single cycle) maps or maps averaged over a
period of a month. This section considers how the increments develop over the long term for specific
features seen in these monthly maps (specifically for AMSR2 in Figure 29).

Firstly, we consider the development over time of the SKT increments in the region of the TIWs in the
ETP. TIWs are waves of cool water with a wavelength of approximately 1000 km travelling west-wards
at a speed of approximately 0.5 m/s (Tanaka and Hibiya, 2019). Figure 32 shows the area of these
increments and the black dashed box shows the very top of these large scale waves which are examined
further in Figures 33 and 34.

Figure 33 shows the (a) the initial SKT, (b) the final SKT and (c) the SKT increments for a box covering
the northern most part of the TIWs in the ETP (from 180◦W to 80◦W longitude and 3◦N to 5◦N latitude
shown in Figure 32) with the aim of highlighting the wave structure at the very top of these waves. It can
be seen that the use of the SKT sink variable allows further structure to be added to these TIWs, with
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Figure 33: Development of (a and b) SKT features over time and (c) the associated SKT increments,
averaged per longitude for the north-most part of the ETP region (to capture the very top of the waves,
as shown in Figure 32) in the period 2022-06-07T00 to 2022-08-31T12 for day-time observations. The
data is averaged on a 2.5◦ grid and per every 2 days (rather than per cycle). White areas denote missing
data.

cooling occurring between the initial and final SKT. In particular, this feature can be seen between 2022-
07-15 and 2022-08-05 (approximately). This figure also shows that these waves are travelling from east
to west over time, as expected. Over the months, the peaks of these waves move further to the south-west,
resulting in the very top of the peaks not being captured in the bounding box being considered.

Figure 34 shows the same data as Figure 33 except the longitudes of observations after the first cycle
have been shifted to align the wave crest indicated by the red dashed line down the Figure. This “wave-
centric” view of the data highlights how the positioning and the spread of the waves change over time.
This Figure shows that the exposure of the background SKT to the observations results in a slight shift
of the waves from east to west (the direction they are travelling in) which serves as evidence that the sink
variable approach allows the SKT to be updated to the time of the observation (i.e. the aim of the sink
variable approach).

To further support this, we can examine by how much individual wave tops are moving between the
background and final SKT on a cycle-by-cycle basis; an example of this is shown in Figure 35 with the
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Figure 34: Development of SKT features over time, averaged per longitude for the north-most part
of the Eastern Tropical Pacific Region in the period 2022-08-01T00 to 2022-08-31T12 for day-time
observations. The data is averaged on a 1.0◦ grid and per every 2 days (rather than per cycle). The
longitude of each observation is shifted after the first cycle to align one wave crest indicated by the red
dashed line down the plot. White areas denote missing data.
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Figure 35: For a single cycle (2022-08-06T00) for AMSR2 the (a) initial and (b) final SKT from the sink
variable process linearly interpolated in the specified area of the ETP with the observation SKT values
shown in circles with a black outline. Marked in black dashed lines are the peak of the waves defined
as the highest latitude of the 298.5 K contour line, showing the initial and final positions of this peak on
both panels with an arrow indicating the direction of the shift of the wave.

movement in the wave top marked. Based on 12 dates where the movement is clear and measurable, the
average longitudinal movement of these wave tops (defined as the highest latitude at which 298.5 K is
present in this area in a continuous SKT field interpolated from the observations) is -0.75◦. However, the
result of this method varies significantly depending on which temperature contour is chosen. Therefore,
to support this calculation, in Figure 36 we can see the movement between the initial and final SKT in
the average temperature binned by longitude for the data shown in Figure 34 (i.e. a period of one month)
where the crest of the wave is shifted in longitude to align over long periods i.e. the “wave-centric” view
discussed above. From Figure 36, we can see that the average movement of the waves between the initial
and final SKT is approximately -0.8◦, in reasonable agreement with the method used for Figure 35.

The shift calculated from the previous two plots (Figures 35 and 36) are supported by the data shown in
Figure 33, which shows a movement of the wave crest position of about 20◦ over 54 days, i.e. 0.37◦ / day
(equivalently 0.48 m/s). This is highly consistent with the known speed of these waves at approximately
0.5 m/s (Tanaka and Hibiya, 2019). The shift of -0.75◦ or -0.8◦ would then be almost exactly consistent
with a delay in the input SST of 2 days, similar to the typical latency of the SST products used in the
generation of the SKT (21 h to 69 h, median time 45 h). This feature will be further examined within the
coupled DA system where in-situ observations are available.

Further insight into the temporal variability of this feature would be gained through experimentation over
a full year and when considering the case in the coupled DA system where further ocean parameters are
available.

Secondly, we consider the temporal development of features in the tropical and sub-tropical Atlantic
during JJA in the day-time and the north Atlantic DJF in the day-time. The areas of interest are shown
outlined by a black dashed line in Figure 37.

Figure 38(a) shows the case of the sub-tropical cooling increments that are seen for AMSR2 during JJA
day-time in Figure 29(c) (between 80◦W and 10◦W and 20◦N and 40◦N) as shown in Figure 37. The
Figure shows that the feature moves northwards and southwards over time, with a higher intensity of
increments in July (which is the case shown in Figure 29(c)) with the feature fading into August. As
discussed above, it is unclear of the origin of this feature, although it is noted that the area in which
it is present generally has a high salinity although it does not significantly vary over the course of one
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Figure 36: The average SKT at each longitude for the wave crests aligned in the “wave-centric” view
shown in Figure 34 for all cycles between 2022-08-01T00 to 2022-08-31T12 for AMSR2 for the initial
and final SKT.

year (for example, see the maps at NASA (2024a,b)). It is noted, however, that in the simulation of
MW observations, a constant value of 35 Practical Salinity Unit (PSU) is used for sea surface salinity
(Geer et al., 2024). Further insight into the temporal variability of this feature would be gained through
experimentation over a full year and when considering the case in the coupled DA system where further
ocean parameters are available.

Figure 38(b) shows the case of the large positive departures in the north Atlantic in DJF day-time (see
Figure 29(a) and 37) (between 60◦W to 0◦ and 40◦N to 75◦N). This is the area which is discussed above
as being impacted by the CAOs and a potential emissivity issue; this Figure further demonstrates that the
CAOs have a significant impact on the area. A periodicity of around 4-6 days is evident in these features,
which broadly fits with the origin of CAOs on the trailing edge of the surface low pressure systems of
Rossby waves.

3.5 Impact on the Atmospheric Forecast System

As discussed in the methodology (Section 3.1), the sink variable approach allows the SKT to vary within
one cycle, but this SKT is not passed to the next cycle and instead the background is reinitialised from the
SST provided by external data sources and then converted to SKT. This means that we expect to see very
little difference in both the fit to observations and the atmospheric forecast scores, especially considering
that the SKT increments are only generated for two satellites. It is expected that the main impact of the
SKT increments will be demonstrated once they are included into the coupled atmosphere-ocean system.

Figure 39 shows the difference in the RMSE between having the SKT sink variable active and a baseline
of 6.9v and 10.65v GHz being active using the new observation errors (see Section 3.3.1) using own-
analysis verification. This Figure shows that there is very little impact on the atmospheric forecast due
to the introduction of the sink variable. As discussed in Section 2.5, there is also little impact from the
inclusion of 6.9v and 10.65v GHz. When the two changes are combined (i.e. 6.9v and 10.65v GHz are
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Figure 37: SKT increments for (a) the tropical and sub-tropical Atlantic between South America and
Africa in the period 2022-06-07T00 to 2022-08-31T12 for day-time observations and (b) the north At-
lantic between North America and Europe for the period 2021-12-07T00 and 2022-02-28T12 for day-
time observations. Both are averaged on a 2.5◦ grid showing the area (black, dashed box) over which
data is taken for Figure 38.
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Figure 38: Development of SKT features over time, averaged per latitude for (a) the tropical and sub-
tropical Atlantic between South America and Africa in the period 2022-06-07T00 to 2022-08-31T12
for day-time observations and (b) the north Atlantic between North America and Europe for the period
2021-12-07T00 and 2022-02-28T12 for day-time observations. Both are averaged on a 2.5◦ grid and per
day (rather than per cycle). White areas denote missing data. Figure 37 shows the areas from which
these data are taken.
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Figure 39: Normalised change in the RMSE of (a) temperature and (b) relative humidity at different
forecast times (indicated) between the control experiment where the SKT sink variable is not active but
6.9v and 10.65v GHz are included with the new observation errors and the experiment where the SKT
sink variable is turned on. The plots cover a two three month periods: 2021-12-07T00 to 2022-02-28T12
and 2022-07-07T00 to 2022-08-31T12. Own-analysis verification.

added and the SKT sink variable is switched on), a similar pattern as Figure 39 is seen for the temperature
and relative humidity forecast scores (not shown). In addition, a similar change is seen in the relative
humidity forecast field (shown in Figure 17) when the SKT sink variable is activated, which indicates
that this is a real change and not linked to errors in the input SKT that are addressed through the sink
variable.

However, although no significant impact on temperature and relative humidity are apparent from activat-
ing both 6.9v and 10.65v GHz, an impact on the surface (1000 hPa) winds can be seen from activating
these channels when the new observation errors are used (even without the SKT sink variable active).
Figure 40 shows this impact geographically for 4 forecast times for the NH summer (JJA) using own-
analysis verification. There are large areas over the Pacific and to the east of Africa where the winds over
oceans are consistently improved. In addition, statistically significant improvements are apparent in the
standard deviation of the fit to wave height information from Jason-3 of 0.4% and an almost statistically
significant improvement for Ku-band scatterometers in the tropics (not shown). This demonstrates that
inclusion of these surface sensitive channels can have a positive impact on the surface information in the
DA system when these new observation errors are included. However, it is noted that these improve-
ments are only seen in the JJA months and there is a degradation in the same areas for the NH winter
(DJF) experiments.

The changes when testing 6.9v and 10.65v GHz activation and SKT sink activation together broadly
resemble the sum of the changes in the individual experiments (discussed here and in Section 2.5) with
no other significant changes (either positive or negative) apparent. Therefore, the combined contribution
is not discussed further.

It does not appear that information from the atmosphere has been aliased into the SKT sink variable.
As discussed in Section 3.2, the inclusion of these strongly surface sensitive channels (6.9v GHz and
10.65v GHz) helps to constrain the SKT sink variable, which is further aided through the relatively
tight observation errors assigned to these channels. The background departures in both cases (with /
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Figure 40: Normalised change in the RMSE of vector winds at the surface (1000 hPa) at different forecast
times (indicated) between the control experiment where 6.9v and 10.65v GHz are not included and the
experiment where the channels are included with the new observation errors used. The plots cover the
period 2022-06-07T00 to 2022-08-31T12. Own-analysis verification.

without the sink variable active) strongly resemble the SKT increments, indicating that these channels
are primarily sensitive directly to the surface and are detecting the errors in the input SKT. The only
exception is the sensitivity to the CAO / emissivity issue regions discussed in Section 2.5 (particularly
for the 10.65 GHz channel), which will be addressed in further work.

4 Conclusions

The aim of this work was to determine the impact of activating the SKT sink variable for MW im-
agers within the ECMWF-IFS. It was found that to achieve the most meaningful SKT increments,
low frequency channels are required which are available on AMSR2 (6.9v and 10.65v GHz) and GMI
(10.65v GHz).

The activation of these channels brought their own challenges and channel specific QC was needed. This
included updating the coastline screening for the 6.9v GHz channels on AMSR2 to take into account
the larger footprint of these channels, screening out sun-glint over oceans which has an impact at these
lower frequencies and finally screening out areas over Europe which are affected by reflected RFI from
geostationary satellites for the AMSR2 10.65v/h GHz channels. Further work will include assessing the
impact of including h-polarised channels with these QC methods implemented.

The SKT sink variable was activated including these low frequency channels and it was found that the
increments provide geophysically meaningful results, with the main indicator of this being significant
cooling in the Tropical Instability Waves in the Eastern Tropical Pacific region. These are a known deficit
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of the input OCEAN5 product and the SKT increments demonstrate that this is a persistent problem
during the day and the night over the two seasons tested.

During this work, a few potential areas for improvement were identified. Firstly, and most significantly,
areas adjacent to (and downwind) of Cold Air Outbreak (CAO) regions appear to be affected by a com-
bination of these CAOs and potentially the use of incorrect emissivities for the 6.9v and 10.65v GHz
channels. These errors propagate through to the SKT increments and therefore, we are now testing an
enhanced screening for CAOs which will likely be part of the final package proposed for implementation
in cycle 50r1.

In addition, there are some spatial patterns in the SKT increments for which there is currently no ex-
planation. These patterns may be linked to diurnal cycles not being well captured, the validity of the
SST at the time of use or possibly due to differences in salinity which are not currently accounted for
in the RTTOV code. Studying a longer period may help to isolate the factors which cause these SKT
increments.

Overall, the addition of the 6.9v and 10.65v GHz channels has resulted in a neutral impact on the atmo-
spheric analysis and forecast (with small improvements in the fit to upper tropospheric humidity). On top
of this, the SKT increments have also resulted in a neutral impact. However, it is intended to implement
both of these changes in cycle 50r1 to support the future coupled atmosphere-ocean system.

The assimilation of SKT increments from MW imagers is already being tested in the coupled atmosphere-
ocean system (described in McNally et al. (2022) and Browne et al. (2019)) and will be reported later.
In the coupled DA system, the updated SKT values are passed to the 3D-var ocean DA system as SST
observations. These, along with observations from in-situ sensors, are then used in the assimilation to
find the best state of the ocean which is then provided in the next cycle to the atmospheric component
of the system. In terms of the SKT increments, their use in the coupled DA system will allow further
analysis beyond that presented here by, for example, allowing comparisons to in-situ SST measurements.
This will give more information about the source of the SKT increments and allow a better understanding
of the work presented in this report.
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