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Abstract: Numerical weather prediction models are including an increasing number of components of
the Earth system. In particular, every forecast now issued by the European Centre for Medium-Range
Weather Forecasts (ECMWF) runs with a 3D ocean model and a sea ice model below the atmosphere.
Initialisation of different components using different methods and on different timescales can lead to
inconsistencies when they are combined in the full system. Historically, the methods for initialising
the ocean and the atmosphere have been typically developed separately. This paper describes an
approach for combining the existing ocean and atmospheric analyses into what we categorise as a
weakly coupled assimilation scheme. Here, we show the performance improvements achieved for
the atmosphere by having a weakly coupled ocean–atmosphere assimilation system compared with
an uncoupled system. Using numerical weather prediction diagnostics, we show that forecast errors
are decreased compared with forecasts initialised from an uncoupled analysis. Further, a detailed
investigation into spatial coverage of sea ice concentration in the Baltic Sea shows that a much
more realistic structure is obtained by the weakly coupled analysis. By introducing the weakly
coupled ocean–atmosphere analysis, the ocean analysis becomes a critical part of the numerical
weather prediction system and provides a platform from which to build ever stronger forms of
analysis coupling.

Keywords: ocean–atmosphere assimilation; weakly coupled data assimilation; numerical weather
prediction

1. Introduction

As of June 2018, the European Centre for Medium-Range Weather Forecasts (ECMWF) has
a coupled forecasting system for all timescales; every forecast from the high-resolution 10-day
deterministic forecasts, the ensemble forecasts and the monthly forecasts to the seasonal prediction
system runs an Earth system model. Specifically, this means that there is a three-dimensional ocean
model and a sea ice model that runs coupled to the atmosphere, wave and land surface components.
Such a multi-component Earth system model needs initialisation of each of its components, and this
manuscript is concerned with how the ocean and atmosphere are initialised together for the purposes
of numerical weather prediction (NWP).

In order to advance numerical weather prediction, ECMWF is developing its modelling and its
data assimilation toward an Earth system approach [1]. When forecasts of medium-range to longer
range are the focus, components of the Earth system that are typically slower than the atmosphere
become more important. This is both in terms of their presence in the model and an accurate
specification of their initial conditions [2]. Such components include not only the ocean and sea

Remote Sens. 2019, 11, 234; doi:10.3390/rs11030234 www.mdpi.com/journal/remotesensing

http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0001-9440-9517
https://orcid.org/0000-0002-7374-3820
https://orcid.org/0000-0003-0860-5832
https://orcid.org/0000-0002-9312-9203
http://dx.doi.org/10.3390/rs11030234
http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com/2072-4292/11/3/234?type=check_update&version=2


Remote Sens. 2019, 11, 234 2 of 24

ice but also the land surface, waves, and aerosols, as well as their interactions with each other and the
atmosphere [3]. Figure 1 represents the various components present in the system.

The land surface and waves are fully established components of the ECMWF systems. Aerosols are
treated separately within the Integrated Forecasting System (IFS) as part of the Copernicus Atmosphere
Monitoring Service (CAMS). The ocean has been used in the IFS for seasonal applications since 1997 [4],
for monthly forecast since 2002 [5] and in the Ensemble Forecasts (ENS) from the initial time step
since 2013 [6,7]. In late 2016, an interactive sea ice model was added to the ENS. Only now are these
components starting to interact with the atmospheric analyses.

Figure 1. Components of the European Centre for Medium-Range Weather Forecasts’ (ECMWF’s)
Integrated Forecasting System (IFS) Earth system. Along with the atmosphere, there are the ocean,
wave, sea ice, land surface and lake models.

In order to make the most of the Earth system approach in a forecast, the components should be
somehow consistent with one another. If the different components are not internally consistent, they
are sometimes referred to as unbalanced. This lack of balance can lead to fast adjustments in the system
in the initial stages of the forecast in a phenomenon known as initialisation shock [8]. Initialisation shock
can be reduced by initialising the various components together via coupled data assimilation [9].

Much of the literature on coupled assimilation has focused on the initialisation of forecasts
for seasonal to decadal timescales. For example, the Japan Agency for Marine-Earth Science and
Technology (JAMSTEC) has a fully coupled four-dimensional variational data assimilation (4D-Var)
system used for experimental seasonal and decadal predictions [10–12]. The National Oceanic
and Atmospheric Administration Geophysical Fluid Dynamics Laboratory (NOAA/GFDL) has
a coupled assimilation system based on the ensemble Kalman filter (specifically, the ensemble
adjustment Kalman filter) to initialise decadal predictions [13,14]. The NOAA National Centers
for Environmental Prediction (NOAA/NCEP) has a coupled assimilation system [15] for subseasonal
and seasonal predictions, as well as reanalysis [16]. A prototype system built in March 2016 in the
Japan Meteorological Agency Meteorological Research Institute (JMA/MRI) was designed to replace
the ocean-only observation assimilation approach. The atmosphere component is updated every 6 h by
4D-Var with a TL159L100 uncoupled inner loop model, while the ocean component runs on a 10-day
cycle using 3D-Var with an incremental analysis update. Experimentation with this system for coupled
reanalysis and NWP is underway [17].

The U.S. Naval Research Laboratory (NRL), having a different focus from most centres, runs a
coupled model, with most resources dedicated to the ocean component. Its global coupled model
goes up to an ocean resolution of 1/25◦ and is initialised by separate assimilation systems. In the near
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future, the organisation plans to implement the interface solver of Frolov et al. (2016) [18] to allow
more coupling within the analysis.

Environment and Climate Change Canada (ECCC) has recently begun producing its global
deterministic NWP forecasts using a coupled ocean–atmosphere model. This model is currently
initialised separately in each of its components. The UK Met Office has a system to initialise global
coupled NWP forecasts where the background for each component in a 6 hour assimilation window
comes from the coupled model [19], although this is not yet operational.

Under the ERA-CLIM2 project, ECMWF has piloted techniques for coupled ocean–atmosphere
data assimilation that were applied in the context of reanalysis. These are the Coupled European
Reanalysis of the 20th century (CERA-20C) [20] and the CERA-SAT [21] reanalysis using the
modern-day satellite observation system. The assimilation method developed for CERA involved
“outer loop” coupling within the 4D-Var algorithm of the atmosphere and the ocean. This method has a
high level of coupling in the analysis, which, as Figure 2 shows, can mean that the whole NWP system
can be degraded by model biases in the ocean component of the coupled model.

Normalised difference in rms error of VW at 1000hPa T+24hrs 

0.20 0.16 0.12 0.08 0.04 0.02 0.06 0.10 0.14 0.18

Figure 2. Impact of first implementation of outer loop coupling (quasi strongly coupled data
assimilation) on high-resolution global numerical weather prediction (NWP). The presence of model
bias in the western boundary currents of the ocean is evident as degradations (red) to the 24 h forecast
scores of vector winds (VW) at 1000 hPa. Results were obtained from IFS cycle 45R1 at a resolution of
25 km (TCo399) with a 0.25◦ ocean and are based on global outer loop coupling over the period from
1 June 2017 to 2 July 2017. See Section 4 for details of the error diagnostic.

As the first steps toward coupled ocean–atmosphere data assimilation for NWP at ECMWF,
we have chosen to adopt a weaker form of coupled assimilation than in the CERA system.

Following a World Meteorological Organisation (WMO) meeting on coupled assimilation,
Penny et al. (2017) [17] defined weakly and strongly coupled data assimilation (and variations thereof).
Their definitions were as follows:

• “Quasi Weakly Coupled DA (QWCDA): assimilation is applied independently to each of a subset
of components of the coupled model. The result may be used to initialize a coupled forecast.”

• “Weakly Coupled DA (WCDA): assimilation is applied to each of the components of the coupled
model independently, while interaction between the components is provided by the coupled
forecasting system.”

• “Quasi Strongly Coupled DA (QSCDA): observations are assimilated from a subset of components
of the coupled system. The observations are permitted to influence other components during the
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analysis phase, but the coupled system is not necessarily treated as a single integrated system at
all stages of the process.”

• “Strongly Coupled DA (SCDA): assimilation is applied to the full Earth system state
simultaneously, treating the coupled system as one single integrated system. In most modern DA
systems this would require a cross-domain error covariance matrix be defined.”

Hence, QWCDA might be thought of as uncoupled assimilation to initialise a coupled model.
Observations in one component never influence the analysis of the other component. In WCDA,
an observation of one component is not able to directly influence the analysis of the other component
in the valid assimilation window. However, as a coupled forecast is used, the observational information
gets propagated to the background used for subsequent analysis cycles; hence, there is a lag by which
observations can influence different components. The CERA system falls under the QSCDA category,
where observations from each component can influence the analysis of the other within a single
analysis window. SCDA is simply treating a coupled system as a multivariate assimilation problem,
and no special terminology or mathematical analysis is necessary.

In this paper, we introduce a form of weakly coupled data assimilation which allows for the
different timescales in the ocean and atmospheric analysis windows. The atmosphere and the ocean
are coupled implicitly at a frequency of 24 h, determined by the frequency of the slowest component
to update.

The remainder of this paper is organised as follows. In Section 2, we describe the various
components of the IFS and describe both uncoupled and weakly coupled ocean–atmosphere
assimilation strategies. The experimental design is described in Section 3. Section 4 shows and
discusses the experimental results and gives a detailed examination of local impacts to sea ice. Finally,
in Section 5, we look to future developments of the weakly coupled data assimilation system at ECMWF.

2. IFS

The ECMWF Integrated Forecasting System consists of multiple components. The main
component for it all is the upper atmospheric analysis. The dynamical model which propagates
the analysis from one cycle to the next contains a limited number of components: the atmospheric
model [22,23], the land model [24], the lake model [25] and the wave model [26]. The atmosphere is
represented on a 3D reduced Gaussian grid, and its analysis is deduced by using 4D-Var in incremental
form [27]. A number of outer loops are used, and the minimisation is performed at increasingly
high resolution. The number of outer loops and resolution of the inner loops are dependent on the
resolution of the nonlinear model. The land data assimilation component is weakly coupled to the
atmosphere. They share the same model to produce the first guess, and the state of the land surface
and the state of the atmosphere are modified separately [28]. Subsequent forecasts are initialised
using the latest analysis of the atmosphere and the land surface. This is archetypal weakly coupled
assimilation, as defined previously. Currently, the land surface has various components. The snow
analysis is performed using two-dimensional optimal interpolation (2D-OI), as is the soil temperature
analysis. Soil moisture is analysed using a simplified extended Kalman filter (SEKF). Similar to the land,
the wave analysis is weakly coupled to the atmosphere and uses 2D-OI. However, the first guess used
for the wave analysis is not the same first guess that is used for the atmosphere. The first guess is the
nonlinear trajectory of one of the outer loops of the atmospheric 4D-Var. Currently, the final trajectory
is used. This means that, in a given cycle, observations of the atmosphere update the surface wind
fields and thus will influence the wave analysis in that given cycle. The opposite is not true: wave
observations will not modify the atmospheric state during that cycle. These observations will only
modify the atmospheric state at the subsequent cycles due to the interactions in the forecasts that cycle
the analysis.

The model that cycles the analysis does not contain a dynamical ocean model or sea ice model.
For the purposes of this paper, we say it is uncoupled, referring to ocean–atmosphere interactions.
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The lower boundary of the atmosphere needs to be supplied; the sea-surface temperature (SST) field
and sea ice concentration (CI) field are required.

2.1. Observations

Over 40 million observations are processed and used daily, with the vast majority of these coming
from satellites. These include polar orbiting and geostationary, infrared and microwave imagers,
scatterometers, altimeters, and GPS radio occultations [29]. In addition to the satellite observations,
there are in situ observations used from aircraft, radiosondes and dropsondes, as well as observations
from ships, buoys, land-based stations and radar-derived rainfall [30].

For the sea surface, L4 gridded products are used to give global coverage of sea-surface
temperatures and sea ice concentrations. The L4 product used is the Operational Sea Surface
Temperature and Sea Ice Analysis (OSTIA) [31], a 0.05◦ resolution dataset that is solely observation
based. For its SST product, OSTIA combines satellite data from the Group for High Resolution Sea
Surface Temperature (GHRSST) and in situ observations to produce a daily analysed field of foundation
sea-surface temperature. Sea ice concentration fields in OSTIA are derived from the EUMETSAT Ocean
Sea Ice Satellite Application Facility (OSI SAF) L3 OSI-401-b observations of sea ice concentration [32].
Lake ice concentration observations that are outside of the domain of OSI-401-b are taken from an
NCEP sea ice concentration product [33].

2.2. 4D-Var, HRES and the EDA

The above observations are assimilated with the 4D-Var methodology (see, e.g., Rabier et al.,
2000 [27]), which uses, amongst other details, hybrid-B and a weak constraint term. A single
high-resolution (HRES) analysis and forecast are produced. The flow-dependent component of
the background error covariance matrix B comes from an Ensemble of Data Assimilations (EDA)
that solves similar 4D-Var problems but at a lower resolution and with stochastically perturbed
observations [34]. The EDA currently runs with 25 members. The HRES analysis is performed twice
daily over a 12 hour analysis window from 2100Z (0900Z) to 0900Z (2100Z). The 4D-Var is solved in
incremental form with three outer loops, such that each inner loop minimisation is performed on a
lower-resolution grid. From each analysis, a 10-day coupled ocean–atmosphere forecast is produced.
For more details on the configuration, see Haseler (2004) [35].

2.3. OCEAN5

OCEAN5 is a reanalysis–analysis system with two streams—behind real-time (BRT) and real-time
(RT) [36]. The three-dimensional ocean Nucleus for European Modelling of the Ocean (NEMO) model
and the Louvain-la-Neuve 2 (LIM2) sea ice model are coupled and used as the model within OCEAN5.
The OCEAN5 analysis is initialised from a behind-real-time ocean and sea ice coupled reanalysis,
known as ORAS5 [37] (see purple boxes in Figure 3). The variables temperature, salinity, and horizontal
currents (T, S, U, V) are analysed using the 3D-Var First Guess at Appropriate Time (FGAT) assimilation
technique. The length of the assimilation window varies from 8 to 12 days and is split into two chunks
(see blue boxes in Figure 3), the first of which is 5 days long. In parallel, a separate minimisation is
performed to analyse sea ice concentration using the same 3D-Var FGAT method.

Observations that are assimilated currently are in situ profiles of temperature and salinity, and
satellite-derived sea level anomaly and sea ice concentration observations. For SST, a relaxation is
performed toward the OSTIA operational SST product in the OCEAN5 RT analysis.

The ocean and sea ice analysis system requires forcing fields in the form of a surface wind field,
surface temperature and humidity fields, as well as surface fluxes. These come from the HRES analysis
(and forecast for the final day of the OCEAN5 assimilation window). The surface fluxes consist of
downward solar radiation, thermal radiation downwards, total precipitation, and snowfall. From the
wave model, the ocean requires forcing fields of significant wave height, mean wave period, coefficient
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of drag with waves, 10 metre neutral windspeed, normalized energy flux into the ocean, normalized
wave stress into the ocean, and Stokes drift. A full description is given in Zuo et al. (2018) [37].

Analysis day
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Atmos, land, and waves Ocean BRT Ocean RT chunk 1 Ocean RT chunk 2

Figure 3. Weakly coupled assimilation system information flow. Horizontal bars represent the analysis
window for the various different components of the system. This is a simplified plot ignoring a 3 h
offset of the systems. Orange arrows show the existing transfer of forcing from the atmosphere to the
ocean. Magenta arrows show the addition using the OCEAN5 fields as the lower-boundary condition
for the atmospheric analysis, thus forming the weakly coupled data assimilation (WCDA) system.
The highlighted region is discussed in an example in the text.

2.4. Uncoupled Approach/Workflow

From the above description, we can see that the HRES system can stand alone. It does not require
any information from the OCEAN5 analysis. OCEAN5, on the other hand, requires forcing fields from
an atmospheric analysis to operate.

Under this system, observations in the atmosphere will modify the atmospheric state. This change
in atmospheric state will lead to a change in the forcing fields by which the ocean analysis is driven.
This will lead to a change in the ocean analysis.

Observations of the ocean (unused by OSTIA, such as observations of currents) will not modify
the atmospheric state, as no information from the ocean model is propagated back to the atmosphere.
This system as a whole can be thought of as a “one-way” coupled assimilation system. The flow of
information from the atmosphere to the ocean is depicted in the diagram in Figure 3 by orange arrows.

2.5. WCDA

We have seen that the atmospheric analysis requires the provision of an SST field and a sea ice
field for use as its lower boundary condition. Similarly, the ocean analysis requires a set of atmospheric
forcing fields to drive the ocean-only analysis.

To form a weakly coupled ocean–atmosphere data assimilation system, fields from the OCEAN5
analysis are used as the lower-boundary conditions for the atmospheric analysis over the ocean, rather
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than taking fields directly from the external OSTIA product. This will mean that observations of the
ocean and the sea ice which previously would only influence the ocean analyses will also modify the
atmospheric analysis via the lower-boundary conditions. The effect is not realized within a given
assimilation cycle, but it is delayed.

Figure 3 shows the information flow between atmosphere and ocean. Consider an atmospheric
observation on day 11 (within the highlighted region). This will change the analysis fields of the
atmosphere on day 11, which will lead to the forcing fields that drive the ocean to change. Hence, this
observation will have an effect on the latest ocean analysis valid at the start of day 12 (which, in this
diagram, has an 11-day window from day 1 to day 12).

Now, instead, consider an ocean or sea ice observation on day 11. This directly changes the
ocean/sea ice analysis for that day, but, as there is no feedback to the atmosphere until the end of
the window, the atmospheric analysis for day 11 is unchanged. The impact of that ocean or sea ice
observation is only detected by the atmosphere on day 12, when the updated sea ice analysis is seen as
the lower-boundary condition for the atmosphere (magenta arrow in Figure 3).

Recall the definition of Weakly Coupled DA (WCDA): assimilation is applied to each of the
components of the coupled model independently, while interaction between the components is
provided by the coupled forecasting system. Clearly, the assimilation is applied independently
to the atmosphere and the ocean/sea ice. Interaction between the components is not provided by a
coupled model (i.e., a single parallel task on the supercomputer) but by the coupled forecasting system.
That is, over a 24 hour period, the forecasting system passes forcings from the ocean to the atmosphere,
and lower-boundary conditions are passed from the ocean/sea ice to the atmosphere. Hence, we
categorise this as a weakly coupled data assimilation system for the ocean–atmosphere interaction.

Partial Coupling

The analysis of SST and sea ice concentration from OCEAN5 may not always be better than the
OSTIA product. In particular, there are known deficiencies in the OCEAN5 analysis that can lead
to degradations in forecast performance. For example, in the extratropics, the position of western
boundary currents, such as the Gulf Stream, are known to be less accurate in the OCEAN5 analyses
compared with OSTIA [37]. Hence, for WCDA, as with the model, flexibility has been developed so
that ocean fields can be taken only over specific regions and not globally.

The sub-optimality of the ocean analyses are due to a well-known model bias in the ocean model
which has been recognised already in the coupled model used to produce the 10-day forecasts [38–41].
The solution to this problem has been to use, for the model, a “partial coupling” approach, where the
tendencies, rather than the absolute values, of SST are passed to the atmosphere. Partial coupling is
required at latitudes (>25◦) where the ocean model is unable to resolve eddies. Partial coupling can be
described by the following equations.

SSTIFS(t) = SSTNEMO(t) + α(t) (SSTREF(0)− SSTNEMO(0)) (1a)

where α(t) is a function of lead time, with α(0) = 1 decreasing to 0 by the end of the forecast.
The reference field at initial time, SSTREF(0), is given by

SSTREF(0) = βSSTOSTIA(0) + (1− β)SSTNEMO(0), (1b)

where β is spatially varying and is depicted in Figure 4.
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0.0 0.2 0.4 0.6 0.8 1.0

Figure 4. β coefficient from Equation (1b) indicating that initial sea-surface temperature (SST) is
taken from the ocean analysis in the tropics (from 20◦ S to 20◦ N) and from Operational Sea Surface
Temperature and Sea Ice Analysis (OSTIA) in the extratropics. The 5◦ transition regions can be seen as
the bands consisting of intermediate colours.

Equation (1) evaluated at t = 0 gives an initial SST field of

SSTIFS(0) = βSSTOSTIA(0) + (1− β)SSTNEMO(0) (2)

which is the SST from NEMO in the tropics and the SST from OSTIA in the extratropics. For WCDA,
we have therefore chosen to align the SST in the analysis with that used to initialise the forecast, i.e.,
following Equation (2).

3. Experimental Setup

A set of two experiments were conducted: the first is a control which does not use weakly coupled
assimilation, and the second is an experiment with weakly coupled assimilation. Both experiments are
based on IFS cycle 45R1. They were run at a 9 km global resolution (TCo1279), and both used the same
uncoupled atmospheric EDA. The time period of the investigation is from 9 June 2017 to 21 May 2018.
From each analysis, a 10-day coupled ocean–atmosphere forecast is produced.

3.1. Control—Uncoupled Assimilation

The initial conditions for the ocean component were taken from an ocean-only analysis, which
takes its forcing fields from the operational HRES system, i.e., the same resolution but atmosphere
only and driven by OSTIA boundary conditions. The atmospheric analysis used OSTIA SST and CI
fields globally as its lower-boundary conditions.

3.2. Experiment—WCDA

An ocean analysis was run alongside the atmospheric analysis. The sea ice concentration field
used for the lower boundary of the atmospheric analysis comes from the ocean analysis. Similarly, the
sea-surface temperature field comes from the ocean analysis, although this is restricted to the tropics
only, as described in Equation (2) and Figure 4. That is, the SST comes from the ocean analysis between
20◦ S and 20◦ N, OSTIA outside of 25◦ N(S), and a linear interpolation of the two in the 5◦ band from
20◦ N(S) to 25◦ N(S).

The atmospheric analysis is otherwise identical to the control run. Similarly, except for the forcing
fields coming from the atmospheric analysis rather than the operational HRES system, the ocean
analysis is identical to the ocean analysis used in the control experiment. A comparison of the WCDA
experiment and the uncoupled control setup is shown in Figure 5.
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atmosphere

analysis

Experiment
ocean

analysis

Control
atmosphere

analysis

Control
ocean

analysis

10 Day
Forecast

10 Day
Forecast

SST/CI
HRES

Uncoupled DA WCDA

Figure 5. Schematic of experimental design. On the right is the experiment, with the weakly coupled
DA passing information between atmosphere and ocean analyses. On the left is the control atmospheric
analysis getting its SST and sea ice concentration (CI) from the external OSTIA product, with the forcing
field for the control ocean analysis coming from the operational HRES system.

4. Results and Discussion

For brevity, we show normalised differences in root-mean-square error (RMSE) as a measure of
forecast errors [42]. Normalised RMSE differences (dRMSE) for an experiment e compared with a
control experiment c is defined as

dRMSE =
||xe

f (T : T + t)− xe
a(T + t)|| − ||xc

f (T : T + t)− xc
a(T + t)||

||xc
f (T : T + t)− xc

a(T + t)|| ,

where x f (T : T + t) and xa(T + t) refer to forecasts of length t and analyses valid at time T + t, and
the norm || · || is the root mean square throughout the number of samples through time.

4.1. Atmospheric Performance

Figure 6 shows the impact of WCDA on atmospheric humidity and temperature. There are
three distinct regions of impact—the tropics and the poles—coming from the separate influences
of WCDA through tropical SST and CI, respectively. The areas of hashed shading indicate that the
differences in forecast errors are statistically significant. It is clear that the impact of WCDA does not
have long-range impacts on the upper troposphere or on the spatial regions where WCDA is not active.

In the tropical region of Figure 6, we can see that the impact of the tropical SST is detected from
the surface up to around 850 hPa in both temperature and humidity. The hashed shading shows that
these improvements, indicated by blue colours, are statistically significant. The maps in Figure 7
show clearly that the improvement from SST is restricted to the latitudinal band for which the WCDA
SST is active. Within this band, there are variations in how much benefit we get from WCDA. For
instance, with the temperature at 1000 hPa, the strongest positive impacts are seen in the Arabian Sea,
the Eastern Atlantic and Eastern Pacific (associated with cold tongues [43]).

In the Arabian Sea, there is evidence of improvement in other variables, such as in low-level
winds and significant wave heights (not shown). This indicates that the SST WCDA has improved
the position of the summer monsoon, which is known to be difficult to forecast well. The regions of
positive impact in the Atlantic and the equatorial Pacific are regions that tend to have high cloud cover.
This persistent cloud makes observing the SST from satellites difficult, and so it may be that the use of
the ocean model within the OCEAN5 analysis system is able to effectively fill the observational gap.

In the polar regions, we see significant improvements in forecast errors due to the weakly coupled
assimilation. Figures 8 and 9 show that the improvements due to sea ice encompass the entire extent of
the sea ice cover and are not simply confined to the ice edge. The areas of negative forecast impact in the
sea ice variables (final row in Figures 8 and 9) are likely an artefact of the mask used to compute these
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scores. In regions where both the analysis and forecast have no sea ice concentration, the forecast errors
are identically zero. Hence, in the case where the control has a smaller extent than the experiment, we
can find artificially high negative scores around the ice edge, which is what is seen in Figures 8 and 9.

The small region of negative impact seen in humidity around 80◦ S (Figure 6a) is restricted
to the areas around the Ross Ice Shelf and the Filchner-Ronne Ice Shelf (Figure 8, second row).
The zonally averaged diagnostics give disproportionately large weight to areas at high latitudes.
These ice shelves are mainly outside the domain of the ocean model which is currently used, and
so interpolation between the ocean grid and the atmospheric grid is delicate in this area. Before
operational implementation, a modified interpolation scheme was developed for this area to eliminate
this negative signal.

The influence of the WCDA CI extends up to roughly 700 hPa (Figure 6). This is further vertically
than the impact of SST seen in the tropics. This can be explained by considering Figure 10, which
shows the usage of microwave humidity soundings in the southern hemisphere. Such soundings
are rejected over sea ice, and rejecting more contaminated soundings could lead to a more consistent
atmospheric state in these regions. Further area-averaged dRMSEs of forecast error are shown in
Appendix A.
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Cross−hatching indicates 95% confidence with Sidak correction for 20 independent tests.
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(b) dRMSE of temperature
Figure 6. Latitude–pressure diagram of the zonally averaged normalised difference in RMSE between
WCDA and control for humidity (top) and temperature (bottom) forecasts at 12h (left) and 24h
(right) lead times, for the period 20170609 to 20180521. Hashed areas indicate statistically significant
differences.

Figure 6. Latitude–pressure diagram of the zonally averaged normalised difference in root-mean-square
error (RMSE) between WCDA and the control for humidity (top) and temperature (bottom) forecasts
at 12 h (left) and 24 h (right) lead times, for the period from 9 June 2017 to 21 May 2018. Hashed areas
indicate statistically significant differences.
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Figure 7. Spatial maps of the normalised difference in RMSE between WCDA and the control for
temperature at 1000 hPa (top), skin temperature (middle) and sea-surface temperature (bottom)
forecasts at 12 h (left) and 120 h (right) lead times (48 h lead time for temperature at 1000 hPa), for the
period from 9 June 2017 to 21 May 2018.
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Figure 8. Spatial maps centred on the Antarctic of the normalised difference in RMSE between WCDA
and the control for 1000 hPa temperature (top), 1000 hPa humidity (middle) and sea ice concentration
(bottom) forecasts at 12 h (left) and 24 h (right) lead times (120 h lead time for sea ice concentration),
for the period 9 June 2017 to 21 May 2018.
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Figure 9. Similar to Figure 8 but focused on the Arctic.
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Figure 10. Observation usage of MWHS-1 in the southern hemisphere for the WCDA experiment
(black) and the uncoupled control (red). Figure (a) shows the normalised observation usage and figure
(b) shows the absolute numbers.

Figure 10. Observation usage of MWHS-1 in the southern hemisphere for the WCDA experiment
(black) and the uncoupled control (red). Figure (a) shows the normalised observation usage and figure
(b) shows the absolute numbers.

4.2. Ocean Performance

Figure 11 shows the area average of the heat flux correction, δQ, used in the ocean analyses, which
is defined as

δQ = γ (SSTOSTIA − SSTNEMO) ,

where γ is a globally uniform restoration term of −200 Wm−2K−1. This heat flux correction is applied
to the surface non-solar heat flux. This flux correction represents the strength of the relaxation toward
the OSTIA SST product. One can see that the flux correction in the extratropics is broadly similar
in both experiments, with only the northern hemisphere extratropics showing a slightly smaller
flux correction in July and August in the WCDA experiment. In the tropics, the flux correction is
consistently substantially smaller in WCDA than in the uncoupled. This shows that the SST coupling
in the tropics is leading to an SST field that is more consistent than the uncoupled analysis, requiring
less corrections. We postulate that this could be due to the improved timeliness of the the SST that the
atmospheric component uses (for the uncoupled analysis, the OSTIA SST field is only available on the
day after its valid time); however, this requires a more detailed investigation that is outside the scope
of this paper.

Figure 12 shows the area-averaged surface temperature increments in the ocean from the
uncoupled and weakly coupled assimilation experiments. Similar to Figure 11, the larger benefits
from WCDA appear to be seen in the tropics with the coupling of SST, showing reduced increments
compared with the uncoupled analysis. However, in the northern hemisphere extratropics, the weakly
coupled assimilation increments are consistently smaller than the increments in the uncoupled system.
For the southern hemisphere extratropics, the picture is mixed, and it seems like the two systems are
behaving very similarly.
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Surface Heat Flux Correction
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(c) Northern Hemisphere Extratropics
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(d) Southern Hemisphere Extratropics
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Figure 11. Monthly averaged ocean heat flux correction from the uncoupled analysis (red) and the
weakly coupled analysis (black). This is split by region showing global (top left), the tropics (top
right), the northern hemisphere extratropics (bottom left) and the southern hemisphere extratropics
(bottom right).
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Assimilation Increment of Temperature at 0.50576 m
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Figure 12. As in Figure 11 but for surface assimilation temperature increments.

4.3. Operational Impacts—Baltic Sea Detailed Sea Ice Investigation

Here, we take a detailed look at the spatial distribution of sea ice in the Baltic Sea, a particularly
challenging area for sea ice concentration analyses. We show results for 2 separate days, as this is
sufficient to highlight the behaviour of the different sea ice products in various scenarios throughout
the winter season. Figure 13 shows different representations of the sea ice on 17 February 2018 from
different sources. Figure 13a is a manually produced ice chart from FMI/SMHI showing sea ice
concentration at the north of the Gulf of Bothnia, as well as in the eastern end of the Gulf of Finland.
Figure 13b shows the available OSI SAF L3 sea ice concentration observations in the area. Note that
because of the geography of the area, observations are only available in the centre of the Gulfs; coastal
contamination requires that those points near the coast be masked from the product.

Figure 13c,d show the sea ice from uncoupled assimilation and WCDA experiments. One can
see that the uncoupled analysis effectively smooths out the L3 observations and does not capture the
high ice concentrations along the northern coastlines. WCDA, on the other hand, does a much better
job at capturing the structures seen in the manual ice chart. In particular, the use of the background
information coming from the dynamical model gives a much more realistic spatial distribution of the
ice field. Figure 14 is similar but on 5 March 2018, the date of maximal sea ice extent in the Baltic Sea
for the 2017/2018 season.
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Vessels bound for Gulf of Bothnia ports in which traffic restrictions apply shall, when passing the latitude
60°00'N, report their nationality, name, port of destination, ETA and speed to ICE INFO on VHF channel 78. This 
report can also be given directly by phone +46 31 699 100.

Vessels bound for ports in the Bay of Bothnia shall report to Bothnia VTS on VHF channel 67 20 NM before 
Nordvalen lighthouse.

The traffic separation schemes in the Quark are temporarily out of use from 25.01.2018.

The transit traffic west of Holmoarna is temporarily prohibited.arna is temporarily prohibited

Fartyg destinerade till hamnar med trafikrestriktion i Bottniska viken ska, vid passage av latituden 60°00'N,
rapportera enligt instruktionerna för vintersjöfarten till ICE INFO på VHF-kanal 78 eller per telefon +46 31 699 
100.

Fartyg destinerade till hamnar i Bottenviken ska 20 nautiska mil före Nordvalen rapportera till Bothnia VTS på 
VHF-kanal 67.

Trafiksepareringssystemen i Norra Kvarken är tillfälligt ur bruk från 2018-01-25.

Transittrafiken väster om Holmöarna är tillfälligt förbjuden.

Aluksen, joka on matkalla Pohjanlahden satamaan, jossa on voimassa liikennerajoitus, on ylittäessään
leveysasteen 60°00'N tehtävä talviliikenneohjeen mukainen ilmoitus ICE INFO:lle VHF-kanavalla 78 tai 
puhelimitse +46 31 699 100.

Aluksen, joka on matkalla Perämeren satamaan, on 20 mpk ennen Nordvalenin majakkaa ilmoittauduttava 
Bothnia VTS:lle VHF-kanavalla 67.

Reittijakojärjestelmät Merenkurkussa ovat tilapäisesti poissa käytöstä 25.1.2018 alkaen.

Kauttakulkuliikenne Holmöarnan länsipuolitse on tilapäisesti kielletty.
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 Nystad

Trälhavet
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Gåsören

Strömmingsbådan
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Bol. Tyters

Suursaari
Hogland

Nötö 
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Mal. Tyters

Hel
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Skagsudde

Högbonden

Häradskär

Akmenrags
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Lohm
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New ice (< 5 cm)
Nyis (< 5 cm)
Uusi jää (< 5 cm)

Nilas, grey ice (5-15 cm)
Tunn jämn is (5-15 cm)
Ohut tasainen jää (5-15 cm)

Open water
Öppet vatten
Avovesi 

Very open ice
Mycket spridd drivis
Hyvin harva ajojää

Open ice
Spridd drivis
Harva ajojää

Close ice
Tät drivis
Tiheä ajojää

Very close ice
Mycket tät drivis
Hyvin tiheä ajojää

Consolidated ice
Sammanfrusen drivis
Yhteenjäätynyt ajojää

Fast ice
Fastis
Kiintojää

Rotten fast ice
Rutten fastis
Hauras kiintojää

Ice free
Isfritt
Avovesi

ATLE*

Ice thickness (cm)
Istjocklek (cm)
Jään paksuus (cm)

Jammed brash barrier
Stampisvall
Sohjovyö

Rafted ice
Hopskjuten is
Päällekkäin ajautunut jää

Ridged or hummocked ice
Vallar eller upptornad is
Ahtautunut tai röykkiöitynyt jää

Strips and patches
Strängar av drivis
Ajojäänauhoja

Floebit, floeberg
Isbumling
Ahtojää - tai röykkiölautta

Fracture
Spricka
Repeämä

Fracture zone
Område med sprickor
Repeämävyöhyke

Estimated ice edge
Uppskattad iskant 
Arvioitu jään reuna

Icebreaker ( * coordinating)
Isbrytare ( * coordinerande)
Jäänmurtaja ( * koordinaattori)

Water temperature isotherm (oC)
Vattentemperaturisoterm (oC)
Veden lämpötilan tasa-arvokäyrä (oC)

2,1o Mean water temperature
Ytvattnets medeltemperatur 
Meriveden pintalämpötilan keskiarvo
(1971 - 2000)

20-40

-

7 - 10/10

10/10

< 1/10

1 - 3/10

4 - 6/10

7 - 8/10

9 - 9+/10

10/10

9 - 10/10

-

2o

ICE CHART
Iskarta - Jääkartta

2018-02-17
No. 80

Concentration
Koncentration
Peittävyys

Ice type
Istyp      
Jäätyyppi

Symbols
Symboler
Merkinnät

Restrictions to Navigation, FINLAND
Trafikrestriktioner, Finland – Liikennerajoitukset, Suomi

Port
Hamn
Satama

Ice Class
Isklass

Jääluokka

Minimum tonnage
Minsta tonnage

Minimikantavuus

First day of validity
Datum för ikraftträdande

Voimaantulopäivä

Tornio, Kemi, Oulu IA 4000 2018-02-14

Raahe, Kalajoki, Kokkola, 
Pietarsaari

IA 2000 2018-02-12

Vaasa
IA, IB
IC, II

2000
3000

2018-01-27

Kaskinen I, II 2000 2018-01-27

Kristiinankaupunki, Pori, Rauma, 
Uusikaupunki, Taalintehdas, Förby, 
Koverhar, Inkoo, Kantvik, Helsinki, 
Sköldvik

I, II 2000 2018-02-12

Loviisa, Kotka, Hamina
IA, IB
IC, II

2000
3000

2018-02-10

Sköldvik
IA, IB
IC, II

2000
3000

2018-02-21

Loviisa, Kotka, Hamina IA, IB 2000 2018-02-21

Finnish Transport Agency (Liikennevirasto)

Restrictions to Navigation, SWEDEN
Trafikrestriktioner, Sverige – Liikennerajoitukset, Ruotsi 

Port
Hamn
Satama

Min Ice Class
Minsta Isklass
Min Jääluokka

Minimum tonnage
Minsta tonnage

Minimikantavuus

First day of validity
Datum för ikraftträdande

Voimaantulopäivä

Karlsborg - Skelleftehamn IA 4000 2018-02-07

Holmsund - Örnsköldsvik IB 2000 2018-02-07

Ångermanälven IB 2000 2018-02-07

Härnösand - Skutskär II 2000 2018-02-05

Köping - Västerås IC 2000 2018-02-03

Östra Mälaren
II
IC

2000 
1300 

2018-02-06

Vänern, Trollhätte kanal, 
Göta älv

II
IC

2000 
1300 

2018-02-07

Swedish Maritime Administration (Sjöfartsverket)

(a) (b)

(c) (d)

Figure 13. (a) Manually produced Finnish–Swedish ice chart of the Baltic Sea. © [44] Reproduced with
permission. (b) OSI SAF 401-b product. Note missing data (grey) around coastlines due to coastal
contamination in satellite retrievals of sea ice concentration. (c) Uncoupled analysis. Note the Gaussian
nature of the ice field centred on the available OSI SAF L3 observations. (d) WCDA. Note the much
more realistic structure and the good agreement with the manual ice chart. A manual ice chart (a) and
sea ice concentration values in the Baltic sea on 17 February 2018 from OSI SAF L3 observations (b),
uncoupled analysis (c) and WCDA (d).
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Second thickest ice
Näst grövsta isen

Toiseksi paksuin jää

Third thickest ice
Tredje grövsta isen

Kolmanneksi paksuin jää

Thickest ice
Grövsta isen
Paksuin jää

a b c

C =

CaCbCc =

SaSbSc =

FaFbFc =

Total ice concentration (in tenths)
Totaliskoncentration (tiondelar)
Jään kokonaispeittävyys (kymmenesosina)

Partialconcentration
Delkoncentration
Osittaispeittävyys

Stage of development
Istjocklek
Jään paksuus

Form of ice / floesize
Form av is / flakstorlek
Jään muoto / lauttakoko

S

0
1
2
3
4
5
6
7
8
9
1.

F

0
1
2
3
4
5
6
7
8

cm

-
new ice
< 10
10 - 30
10 - 15
15 - 30
30 - 200
30 - 70
30 - 50
50 - 70
70 - 120

diameter

-
< 2 m
2 - 20 m
20 - 100 m
100 - 500 m
500 m - 2 km
2 - 10 km
> 10 km
fast ice

C

Ca  Cb  Cc

Sa   Sb   Sc

Fa  Fb  Fc

Vessels bound for Gulf of Bothnia ports in which traffic restrictions apply shall, when passing the latitude
60°00'N, report their nationality, name, port of destination, ETA and speed to ICE INFO on VHF channel 78. This 
report can also be given directly by phone +46 31 699 100.

Vessels bound for ports in the Bay of Bothnia shall report to Bothnia VTS on VHF channel 67 20 NM before 
Nordvalen lighthouse.

The traffic separation schemes in the Quark are temporarily out of use from 25.01.2018.
The transit traffic west of Holmoarna is temporarily prohibited.

Kalmarsund and Öregrundsgrepen: Tranist traffic for low powered vessels is not recommended.

Fartyg destinerade till hamnar med trafikrestriktion i Bottniska viken ska, vid passage av latituden 60°00'N,
rapportera enligt instruktionerna för vintersjöfarten till ICE INFO på VHF-kanal 78 eller per telefon +46 31 699 
100.

Fartyg destinerade till hamnar i Bottenviken ska 20 nautiska mil före Nordvalen rapportera till Bothnia VTS på 
VHF-kanal 67.

Trafiksepareringssystemen i Norra Kvarken är tillfälligt ur bruk från 2018-01-25.
Transittrafiken väster om Holmöarna är tillfälligt förbjuden.

Kalmarsund och Öregrundsgrepen: Genomfartstrafik avrådes för maskinsvaga fartyg.

Aluksen, joka on matkalla Pohjanlahden satamaan, jossa on voimassa liikennerajoitus, on ylittäessään
leveysasteen 60°00'N tehtävä talviliikenneohjeen mukainen ilmoitus ICE INFO:lle VHF-kanavalla 78 tai 
puhelimitse +46 31 699 100.

Aluksen, joka on matkalla Perämeren satamaan, on 20 mpk ennen Nordvalenin majakkaa ilmoittauduttava 
Bothnia VTS:lle VHF-kanavalla 67.

Reittijakojärjestelmät Merenkurkussa ovat tilapäisesti poissa käytöstä 25.1.2018 alkaen.
Kauttakulkuliikenne Holmöarnan länsipuolitse on tilapäisesti kielletty.

Kalmarsund ja Öregrundsgrepen: Läpikulkuliikennettä ei suositella heikkotehoisille aluksille.
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ZEUS*
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ALE

KONTIO

YMER*

MURMANSK

OTSO*

PROTECTOR
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THETIS*

POLARIS*

FREJ

ATLE

VOIMA*

I. KRUZENSTHERN

URHO

IZMAILOV

BOTNICAFYRBYGGAREN

FENNICA

SCANDICA

BALTICA

NORDICA

NOVOROSSIYSK

VARMA

ERMAK
S. DEZHNEV

K. NIKOLAEV
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TARMO

SISU

TRELLE

BONDEN

MUDYUG
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2,0°
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Odense

Aalborg

Kiel
 

Sillamäe
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Warnemünde
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TALLINN
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Travemünde
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PETERBURG

OSLO
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Grums
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Ystad

Larvik

Anholt

Kolding
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Uddevalla

Karlshamn Karlskrona
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 Borgå

LOVIISA
Lovisa

TORNIO
 Torneå

Kalix
Karlsborg
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  Nådendal
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HelsingforsMAARIANHAMINA
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SUNDSVALL
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SÖDERHAMN
 

HUDIKSVALL
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PITEÅ

Gdansk

Rozewie

Norrköping

Frederikshavn

INKOO
Ingå

Swinoujscie

Simrishamn
 

Baltijsk

Karlstad

Trelleb.

Virpiniemi

SALO

RIGA

KEMI

Ustka

NARVA

Malmö

Rönne

Vysotsk

Liepaja

Darlowo

GÖTEBORG

Halmstad

KALAJOKI

HAAPSALU

Klaipeda

Hailuoto

VENTSPILS

Tolkmicko

Kolobrzeg

Strömstad

Mariestad

Merikarvia

Otterbäcken

Kristinehamn

VAASA
 Vasa

Kaliningrad
 

OULU
 Uleåborg

PORI
Björneborg

RAAHE
Brahestad

KASKINEN
 Kaskö

UUSIKAUPUNKI
 Nystad

Trälhavet

Blackkallen

Romsö

Falsterborev

Lysekil

Gåsören

Strömmingsbådan

Ruhnu

Ulvöarna

Bol. Tyters
Nötö 

Sov. 
Zap. 

Kumlinge 

Naissaar 

Kihnu
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Mal. Tyters
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Fårö

Mohni

Sörve
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Tärnan
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Arkona

Bogskär

Harmaja

Landsort

Söderarm

Hammaren

Porkkala

Huvudskär

Östergarn

Kajakulma

Holmögadd

Högbonden

Häradskär

Akmenrags

Yttergrund

Kalbådagr.

Finngrundet

Grundkallen

Storkläppen

Gustaf Dalén
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Ölands N udde

Norströmsgrund

Hallands Väderö
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Ruden 
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Skagen
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Hesselö

Tahkuna

G.Sandön
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Kopparst.

Darsser Ort

Svenska Björn

Lohm

Hoburg

Fladen

Rodser

Kemi 1

Malören

Drogden

Vigrund
Vaindlo

Norrskär

Tiiskeri

Rödkallen

Simpgrund

Utklippan

Irbenskij

Bengtskär

St. Karlsö
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Sälgrund

Storkallegrund

Örskär

Helsingkallan

Gran 

Nygrån 
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Ust-Luga

Helsingborg
 

Kalmar
 

HÄRNÖSAND
 

Oxelösund    
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VYBORG
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RAUMA
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New ice (< 5 cm)
Nyis (< 5 cm)
Uusi jää (< 5 cm)

Nilas, grey ice (5-15 cm)
Tunn jämn is (5-15 cm)
Ohut tasainen jää (5-15 cm)

Open water
Öppet vatten
Avovesi 

Very open ice
Mycket spridd drivis
Hyvin harva ajojää

Open ice
Spridd drivis
Harva ajojää

Close ice
Tät drivis
Tiheä ajojää

Very close ice
Mycket tät drivis
Hyvin tiheä ajojää

Consolidated ice
Sammanfrusen drivis
Yhteenjäätynyt ajojää

Fast ice
Fastis
Kiintojää

Rotten fast ice
Rutten fastis
Hauras kiintojää

Ice free
Isfritt
Avovesi

ATLE*

Ice thickness (cm)
Istjocklek (cm)
Jään paksuus (cm)

Jammed brash barrier
Stampisvall
Sohjovyö

Rafted ice
Hopskjuten is
Päällekkäin ajautunut jää

Ridged or hummocked ice
Vallar eller upptornad is
Ahtautunut tai röykkiöitynyt jää

Strips and patches
Strängar av drivis
Ajojäänauhoja

Floebit, floeberg
Isbumling
Ahtojää - tai röykkiölautta

Fracture
Spricka
Repeämä

Fracture zone
Område med sprickor
Repeämävyöhyke

Estimated ice edge
Uppskattad iskant 
Arvioitu jään reuna

Icebreaker ( * coordinating)
Isbrytare ( * coordinerande)
Jäänmurtaja ( * koordinaattori)

Water temperature isotherm (oC)
Vattentemperaturisoterm (oC)
Veden lämpötilan tasa-arvokäyrä (oC)

2,1o Mean water temperature
Ytvattnets medeltemperatur 
Meriveden pintalämpötilan keskiarvo
(1971 - 2000)

20-40

-

7 - 10/10

10/10

< 1/10

1 - 3/10

4 - 6/10

7 - 8/10

9 - 9+/10

10/10

9 - 10/10

-

2o

ICE CHART
Iskarta - Jääkartta

2018-03-05
No. 96

Concentration
Koncentration
Peittävyys

Ice type
Istyp      
Jäätyyppi

Symbols
Symboler
Merkinnät

Restrictions to Navigation, FINLAND
Trafikrestriktioner, Finland – Liikennerajoitukset, Suomi

Port
Hamn
Satama

Ice Class
Isklass

Jääluokka

Minimum tonnage
Minsta tonnage

Minimikantavuus

First day of validity
Datum för ikraftträdande

Voimaantulopäivä
Tornio, Kemi, Oulu IA 4000 2018-02-14
Raahe, Kalajoki IA 4000 2018-02-24
Kokkola, Pietarsaari IA 4000 2018-03-03
Vaasa IA, IB 2000 2018-02-26
Kaskinen, Kristiinankaupunki, Pori, 
Rauma

IA, IB
IC, II

2000
3000

2018-02-28

Uusikaupunki
IA, IB
IC, II

2000
3000

2018-02-26

Naantali, Turku I, II 2000 2018-02-26

Taalintehdas, Förby
IA, IB
IC, II

2000
3000

2018-02-28

Hanko I, II 2000 2018-02-28

Koverhar, Inkoo, Kantvik, Helsinki
IA, IB
IC, II

2000
3000

2018-02-28

Sköldvik IA, IB 2000 2018-03-04
Loviisa, Kotka, Hamina IA 2000 2018-03-04

Finnish Transport Agency (Liikennevirasto)

Restrictions to Navigation, SWEDEN
Trafikrestriktioner, Sverige – Liikennerajoitukset, Ruotsi 

Port
Hamn
Satama

Min Ice Class
Minsta Isklass
Min Jääluokka

Minimum tonnage
Minsta tonnage

Minimikantavuus

First day of validity
Datum för ikraftträdande

Voimaantulopäivä
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Figure 14. (a) Manually produced Finnish–Swedish ice chart of the Baltic Sea. © [44] Reproduced with
permission. (b) OSI SAF 401-b product. Note missing data (grey) around coastlines due to coastal
contamination in satellite retrievals of sea ice concentration. (c) Uncoupled analysis. Note the Gaussian
nature of the ice field centred on the available OSI SAF L3 observations. (d) WCDA. Note the much
more realistic structure and the good agreement with the manual ice chart. As in Figure 13 but on 5
March 2018, the date of maximum sea ice extent in the region for the season.
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5. Conclusions and Future Plans

This study investigated the impact of weakly coupled ocean–atmosphere data assimilation
on the ECMWF forecasts. The WCDA approach allows components of the Earth system with
different timescales and assimilation methods to be linked together. As an alternative to using
purely observation-based L4 products for the lower boundary of the atmosphere, with their associated
latencies, WCDA allows dynamical models of the ocean and sea ice to fill the gaps in observations and
propagate fields to the appropriate time. The results presented show that the use of WCDA improves
the coupled forecasts in the regions near the interface of the variables being coupled.

In particular, it was shown that near-surface temperatures and humidities have smaller forecast
errors in the WCDA system than the control experiment. Due to changes in the sea ice field, it was
shown that the usage of satellite microwave sounder data within 4D-Var changes, as this data is
screened based on the presence of sea ice. Statistics from the ocean analyses were compared and
showed reduced analysis increments in the WCDA system, an indication of a more consistent analysis.

ECMWF’s operational upgrade to cycle 45R1 in June 2018 saw the introduction of WCDA through
sea ice concentration. The forthcoming upgrade to cycle 46R1 is scheduled to also couple tropical SST,
as per the experiments shown in this paper.

In addition to surface temperature and ice concentration information, the ocean analysis system
can provide surface current information. Surface currents can be important for the assimilation
of scatterometer data. Scatterometers measure the backscattering coefficient of the ocean surface.
This coefficient is a function of wind velocity relative to the ocean current. In the current usage of
scatterometers at ECMWF, we assume zero ocean currents, and so a WCDA system that has knowledge
of the ocean currents should be able to make better use of scatterometer data.

There is plenty of scope to improve the partial coupling approach and its geospatial structure that
determines the extent of SST coupling in the WCDA system. At the moment, it is a simple function of
latitude. It may be beneficial for this to be basin dependent. Given the model biases in the western
boundary currents, it may be beneficial to differ in the west and east of each basin.

These are the first steps in operational coupled ocean–atmosphere assimilation at ECMWF.
A progressive approach toward implementation has been adopted rather than introducing coupling
in all variables in a single system upgrade. This weakly coupled data assimilation system is flexible
and could be applied in areas other than NWP, such as reanalysis. Whilst the weakly coupled
approach is being developed, in parallel, the outer loop coupling approach is being explored as a
possible operational system which would have a more immediate impact across the various Earth
system components.
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Figure A1. Area averaged diagram of the normalised difference in RMSE between WCDA and control
for sea ice concentration in the southern hemisphere (left), tropics (centre) and northern hemisphere
(right) for forecasts at lead times of up to 10 days.
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Figure A1. Area-averaged diagram of the normalised difference in RMSE between WCDA and the
control for sea ice concentration in the southern hemisphere (left), tropics (centre) and northern
hemisphere (right) for forecasts at lead times of up to 10 days.
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Figure A1. Area averaged diagram of the normalised difference in RMSE between WCDA and control
for sea ice concentration in the southern hemisphere (left), tropics (centre) and northern hemisphere
(right) for forecasts at lead times of up to 10 days.
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Figure A2. As in Figure A1 but for sea-surface temperature.
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Figure A3. As figure A1 but for atmospheric 2 metre temperature.
Figure A3. As in Figure A1 but for atmospheric 2-m temperature.
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Figure A4. As Figure A1 but for atmospheric relative humidity and stratified by level, 100hPa (top
row), 500hPa (second row), 850hPa (third row) and 1000hPa (bottom row).

Figure A4. As in Figure A1 but for atmospheric relative humidity and stratified by level, 100 hPa (top
row), 500 hPa (second row), 850 hPa (third row) and 1000 hPa (bottom row).
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 Confidence range 95% with AR(2) inflation and Sidak correction for 4 independent tests.
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Figure A5. As Figure A4 but for atmospheric temperature.Figure A5. As in Figure A4 but for atmospheric temperature.
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