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An Application of NEMOVAR for
Regional Wave Model Data
Assimilation
Andrew N. Saulter* , Christopher Bunney, Robert R. King and Jennifer Waters

Met Office, Exeter, United Kingdom

The benefits of applying data assimilation to a regional wave model for the northwest
European continental shelf have been assessed. The assimilation method uses a 3D
variational scheme commonly used in ocean model data assimilation, NEMOVAR,
coupled to a regional configuration of WAVEWATCH III deployed on a Spherical Multiple-
Cell grid with rotated pole. Significant wave height forecast skill was positively impacted
over lead times of up to 12 h, in both offshore and coastal areas of the model.
Assimilation experiments tested the impacts of applying both satellite altimeter and
in situ platform observations of significant wave height as the state variable. Addition
of in situ data introduced an improvement in model skill versus assimilating altimeter
measurements only, but these improvements were relatively short-lived in lead time
(on the order of a few hours). Extending observation coverage into the coastal zone
introduced a benefit for only the first 1–2 h of forecast lead time at coastal sites.
Although impacts on significant wave height forecasts were substantial at short lead
times, the relatively short ‘system memory’ of the assimilation suggests that, in the case
of the northwest European shelf region, the best application of wave data assimilation
is in a rapidly cycling short range forecast system used to generate nowcasts, or for a
reanalysis product.
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INTRODUCTION

For the Numerical Weather Prediction and Ocean Modeling communities, assimilation of
observations, used to derive the most accurate possible initial conditions for the model forward run,
is an essential component in both forecast and re-analysis systems (Bannister, 2017; Kwon et al.,
2018; Moore et al., 2019). In operational wave modeling and forecasting, however, assimilation
is less common. For example, a review of models contributing to an international wave forecast
verification exchange, run on behalf of the World Meteorological Organization (WMO) by the
European Centre for Medium-range Weather Forecasts (ECMWF) Lead Centre for Wave Forecast
Verification (LC-WFV1; Bidlot, 2016) finds that only 4 of the 14 systems regularly contributing
data are run with data assimilation (J. Bidlot, ECMWF, pers. comm.). This variation in usage

1 https://www.ecmwf.int/en/newsletter/161/news/wmo-lead-centre-wave-forecast-verification-established-ecmwf#:~:
text=With%20more%20than%2020%20years,intercomparison%20(see%20ECMWF%20Newsletter%20No.&text=The%
20role%20of%20Lead%20Centre,improvements%20to%20the%20wave%20model
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of assimilation reflects both the relative importance of boundary
versus initial conditions in wave models, for which effects of
uncertainty in wind forcing strongly affect accuracy of wave
development (Cavaleri and Bertotti, 2006; Janssen, 2008; Cavaleri
et al., 2018), and the comparative scarcity of observations
available to existing assimilation schemes. In some cases,
observations may be too spread out either in space or time,
relative to local correlation lengthscales, to achieve an initial
wave condition where all grid points in the model have been
significantly influenced by the observations.

Advances in the quality and availability of satellite
observations from polar orbiting platforms (conventional
and synthetic aperture radar altimeters; Ardhuin et al., 2019)
and the quantity of information that can be provided in the open
ocean has led to operational wave assimilation being mainly
associated with global applications (e.g., systems run at ECMWF,
Meteo France, Deutsche Wetterdienst and Japan Meteorlogical
Agency). In a global model the potential for ‘system memory’
of corrections, made in either the storms that generate swells
crossing global ocean basins or the swell data themselves (Breivik
et al., 1998; Aouf et al., 2006), to persist in regions where forcing
and wave conditions become more disconnected (e.g., in the
tropics) is reasonably high. Assimilation of wave data in the
setting of regional seas may be more challenging for several
reasons. First, localized wind-sea development and dissipation is
likely to be less long-lived in seas where fetches are short, when
compared to the open ocean. Second, the relative footprint and
recurrence frequency of satellite overpasses may lead to a less
regular and impactful observation of wave conditions within
the model domain than occurs for open ocean applications.
Finally, for coastal seas, effects of the land-sea interface and
strong gradients in the wave field introduced by shallow water
processes can restrict both the coverage of observations that can
be used in an assimilation scheme (e.g., Cavaleri et al., 2019) and
the lengthscales over which observational information can be
applied to correct the model.

Despite these difficulties, it is important to regularly re-assess
the benefits that data assimilation can bring to regional wave
modeling, as availability of wave observations and the state
of the art in models and assimilation methods change. This
study represents one such assessment, set in the context of the
regional seas of the northwest European continental shelf (NWS,
Figure 1). This domain covers the continental shelf seas of the
North Sea, English Channel and Irish Sea, and is bounded by deep
open waters of the North Atlantic (to the north and west) and the
Skagerrak shelf sea region in the eastern part of the North Sea.
Overall, the region presents modeling challenges across multiple
scales, since it comprises areas of very deep (Atlantic) and
very shallow water (southern North Sea); long and constrained
fetches; and includes locations subject to high tidal ranges (Bristol
Channel) and strongly structured current regimes (e.g., to the
west of the continental shelf break and in the English Channel).
Figure 1, which shows a domain wide snapshot of significant
wave height (SWH) from the high-resolution model assessed in
this study, illustrates a number of these effects. For example, the
SWH field is structured west of the continental shelf break, due to
the effect of current fields on the waves (e.g., Ardhuin et al., 2017);

SWH is dissipated in the southern North Sea; and significant
sheltering occurs downstream of islands and coastal headlands
within the model domain.

The state of the art in operational systems is represented by
the various components used in the assimilating wave model.
Here the focus is on the third-generation community wave
model WAVEWATCH III R©, which was been configured for these
experiments using a Spherical Multiple Cell grid (SMC grid; Li,
2011, 2012) to enable refinement of coastal cells; the NEMOVAR
assimilation scheme used in operational ocean forecasting
by numerous European operational centers; and the latest
generation of satellite altimetry missions including JASON-3 and
Sentinel-3. The majority of large area operational wave models
including an assimilation component are based around the WAM
model and assimilate based on an Optimal Interpolation (OI)
scheme (e.g., Aouf and Lefèvre, 2015; European Centre for
Medium-range Weather Forecasts [ECMWF], 2020). OI is also
used for assimilation the JMA wave model (Kohno et al., 2011).
Work with other assimilation techniques, including Ensemble
Kalman Filter (EnKF; Siddons et al., 2009; Almeida et al., 2016;
Fujiwara et al., 2019), Ensemble OI and 3DVAR (Siddons et al.,
2009) and 4DVAR (Orzech et al., 2013; Song and Mayerle, 2017)
have mostly been linked to the Simulating WAves Nearshore
model (SWAN; Booij et al., 1999). Although WAVEWATCH III R©

has been run with data assimilation in research studies (e.g., Li
and Zhang, 2020, using an OI scheme) the application in this
study builds on the relatively recent addition of a spectral update
module in the model’s public release, which enables community
development of an assimilation capability for the model.

NEMOVAR is an incremental first guess at appropriate
time three-dimensional variational (3DVAR-FGAT) scheme co-
developed by ECMWF (Mogensen et al., 2009, 2012), Met Office
(Waters et al., 2015), Centre Européen de Recherche et de
Formation Avancée en Calcul Scientifique (CERFACS) and Inria.
Primarily its operational use has been for data assimilation in
ocean models. Therefore, successfully demonstrating the use
of NEMOVAR for wave assimilation would not only further
evidence 3DVAR as a valid alternative method to the more well
documented OI and EnKF methods, but would also enable a
unified approach to assimilation to be adopted in operational
coupled wave-ocean models using a single code base.

In addition to assessing the forecast benefits of assimilating
satellite altimeter observations, the study also seeks to evaluate
the potential advantage of including in situ observations in the
process. The hypothesis is that for the NWS region in situ
observations may be particularly influential, since coverage of
regions such as the North Sea is substantial (if not complete)
and these data provide a consistent source of observations to
complement satellite altimetry’s wider areal coverage.

The remainder of this paper is set out as follows: Section
“Model, Observations and Assimilation Scheme” documents the
modeling, assimilation, observations and processing schemes
used in the assimilating model; Section “Assessments” describes
the experiments run and verification methodology; results are
presented in Section “Results” and discussed further in Section
“Discussion”; a summary and conclusions are given in Section
“Conclusion.”
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FIGURE 1 | Example significant wave height field (in meters) from the AMM15S (3–1.5 km grid scale) wave model (control run without assimilation). The contours on
the chart denote 1,000 m (dash-dot white) and 500 m (solid white) isobaths demarking the shelf break and activation of shallow water effects for the lowest wave
frequencies, whilst the 40 m contour (dotted yellow) marks the extent of the region in which gird cells are refined to the 1.5 km scale.

MODEL, OBSERVATIONS AND
ASSIMILATION SCHEME

Wave Model and Boundary Conditions
The modeling set-up focuses on a regional configuration of the
wave model WAVEWATCH III R© at version 6.07 (Wavewatch
III R© Development Group, 2019), which was run forced by winds
from a global configuration of the Unified Model (UM; Brown
et al., 2012) and a regional configuration of NEMO (Nucleus
for European Modeling of the Ocean; Madec, 2008). The
NWS regional wave configuration (termed AMM15S) has been
designed to provide skillful predictions of wave conditions for
both inshore waters, designated in the United Kingdom as within
a 12 mile limit of the coastline, and open waters further offshore.
The model uses a SMC grid based on a rotated north pole at
177.50◦E, 37.50◦N, in order to achieve an evenly spaced mesh
around United Kingdom. Two levels of grid cell refinement are
applied, at approximately 3 and 1.5 km, using refinement criteria
based on both proximity to the coast and water depth. 1.5 km cells
are used for all locations where averaged depths are less than 40 m
(Figure 1). The grid covers a region from approximately 45◦N,
20◦W to 63◦N, 12◦E and uses bathymetry and coastal masking
derived from a 1.5 km NEMO configuration (Graham et al., 2018)
and based on European Marine Observation and Data net2) Phase
I data corrected to mean sea level.

2http://www.emodnet.eu/bathymetry

In common with the most recent wave configurations
developed at the Met Office, wave source terms are based on the
ST4 package following Ardhuin et al. (2010), whilst non-linear
terms use the Discrete Interaction Approximation (DIA) package
following Hasselmann et al. (1985). Trials with this configuration
led to setting the ST4 BETAMAX parameter to 1.36 in order to
optimize results when forced by Met Office wind data. Shallow
water physics are applied, parameterizing bottom friction using a
JONSWAP formulation (Hasselmann et al., 1973), with gamma
set to 0.038; and depth induced wave breaking based on the
Battjes and Janssen (1978) scheme, with a coefficient set to 0.2
in order to mitigate a previously observed limiting of significant
wave heights during high energy storms. The propagation scheme
associated with the SMC wave model grid is based on a 2nd
order upstream non-oscillatory scheme (Li, 2008) with Garden
Sprinkler Effect (GSE) alleviation based on a hybrid swell age
diffusion and averaging scheme (Wavewatch III R© Development
Group, 2019). Further details of the model are given in Saulter
et al. (2017).

Lateral boundary conditions are provided by (one-way)
nesting the regional wave model configuration to a global model
(Saulter et al., 2016) resolved at approximately 25 km along the
regional model’s western boundaries. In this study, forcing at
the atmospheric (sea-surface) boundary used 10 m wind data
from the Met Office global configuration of the UM run for
Operational Suite 383. This model provided wind fields with a

3https://code.metoffice.gov.uk/trac/nwpscience/wiki/ModelInfo/global/PS38
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temporal resolution of 1 h and a horizontal spatial resolution
over the NWS domain of approximately 17 km. At the ocean
surface boundary, hourly surface current data were retrieved
from the 1.5 km resolution NWS regional configuration of
the NEMO ocean model (AMM15; Graham et al., 2018) run
operationally at the Met Office to provide physical ocean forecasts
for the Copernicus Marine Environment Monitoring Service
(CMEMS4). For the regional ocean, lateral boundary conditions
are taken from a NEMO global Forecast Ocean Assimilation
Model (FOAM; O’Dea et al., 2012), with tidal forcing on the open
boundary generated via a Flather radiation boundary condition
(Flather, 1976). Ocean surface forcing (heat, moisture, wind
speed, and surface pressure data) came from the same global
atmospheric model used to force the waves. Both wind and
surface currents are interpolated to the 3 km cell scale for
compatibility with the base resolution SMC grid cells. In this
form, the overall system mirrors the operational wave model
used, since November 2018, to deliver NWS wave forecast
products to CMEMS; except for using forcing from the Met
Office global atmosphere model rather than ECMWF’s Integrated
Forecasting System.

Assimilation Method
For the wave data assimilation, the NEMOVAR 3DVAR-FGAT
scheme is used to assimilate measurements of significant wave
height as a scalar variable representing ocean surface wave energy.
NEMOVAR generates model increments for this state variable
based on minimizing the 3DVAR cost function. The NEMOVAR
set-up for the regional wave model has been established based
on a number of configuration experiments and comprises the
following elements, which have been adapted from the approach
used for NEMOVAR in the Met Office Forecasting Ocean
Assimilation Model (FOAM; Waters et al., 2015) to emphasize
the high degree of spatial variability in wave fields over the NWS
domain:

(1) Background error correlations are modeled using a
diffusion equation. Successive applications of the diffusion
operator are used to simulate the matrix multiplication
of a Gaussian correlation matrix (Mirouze and Weaver,
2010). This is applied using lengthscales derived from a
fit to covariances established using the Canadian Quick
Covariance method (Polavarapu et al., 2005) based on
a 1-h lag between SWH fields. Generic homogeneity
and isotropic assumptions, i.e., that the lengthscales are
universal in direction for a given location and will be similar
across the domain, are not physically realistic (Greenslade
and Young, 2004) and are particularly unlikely to hold
within a regional sea, due to variations in fetch and
gradients in bathymetry. In this case a domain variant
isotropic lengthscale scheme is applied instead, using
correlation lengthscales that vary within the domain from
approximately 60 km in coastal regions and the eastern
English Channel and Irish Sea, to 150–200 km in the
North Sea and western part of the northwest European

4http://marine.copernicus.eu

continental shelf, and to 250–300 km in deeper waters
of the North Atlantic (Figure 2). This contrasts with the
two lengthscale approach (1 constant, 1 spatially variable)
used for FOAM and emphasizes the role played by the
spatial variability component in the wave model scheme
(Mirouze et al., 2016).

(2) Background and observation errors can be quantified
based on estimates made in triple collocation studies
(Janssen et al., 2007). Palmer and Saulter (2013) found
consistent error standard deviations of 8, 12, and 15%
of climatological background significant wave height,
respectively, for satellite altimeter, in situ data and model
in the vicinity of the northwest European shelf. The
assimilation set-up applies these error factors as scaling to
the background wave field from cycle to cycle, such that
the error standard deviation for model and observations
varies in magnitude with each analysis cycle whilst the
linear relationship between these values remains constant.
To simplify observations processing a standard error factor
of 10% was used for both in situ and altimeter data in
these experiments, with background errors based on the
15% factor. This differs from the approach used for FOAM
which uses absolute error values, but better represents an
increase in errors generally found in association with more
energetic wave conditions.

(3) A 6-hourly analysis cycle is chosen, and increments
generated by NEMOVAR are applied to the wave model
via direct initialization; i.e., the full increment is applied
to initialize wave conditions at the start of the subsequent
forecast cycle. This again contrasts with the approach in
FOAM, where 3D adjustments to the model are introduced
incrementally over the assimilation window (Incremental
Analysis Update, Bloom et al., 1996). However, given
the high propagation speeds for both the most energetic
frequencies of the wave field and the synoptic scale
atmosphere systems that primarily influence the wave
conditions relative to the size of the model domain, a high
update frequency and direct initialization was anticipated
to be suitable for this initial implementation. The approach
also enables a simple practical fit of the assimilation scheme
to the standard method of initializing WAVEWATCH III R©

from a restart file, along with a separation of model and
assimilation tasks in the modeling cycle’s workflow.

(4) Due to the nature of the available observations only a
single state variable, SWH, is incremented by NEMOVAR.
For the SWH increments to be used by the wave model,
they must then be applied over the two-dimensional
(frequency-direction) spectral energy density grid used to
describe wave field statistics at each spatial grid cell in the
model. Prior to the spectral update, the significant wave
height increments are quality controlled in order to ensure
consistency in the resulting wave field, e.g., by checking
that the increments will not result in zero or negative
wave energy. In addition to the model’s parameterizations,
sources of error in the wave spectrum will include varying
contributions from wind and current forcing fields and the
water depth. However, the principle source of uncertainty
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FIGURE 2 | Domain variation of correlation lengthscales used for significant wave height assimilation.

is the forcing wind and associated wind-sea growth.
One option for distributing the significant wave height
correction is across the spectral domain is to use a simple
rescaling of the wave energy in each bin. This adjusts
energy and conserves the spectral bin in which peak energy
frequency resides, but does not explicitly recognize wind
sea or conserve overall wave steepness. More sophisticated
methods, such as Lionello et al. (1992) and Kohno et al.
(2011) adjust both energy and peak frequency in line
with predicted wave growth relationships and apply the
corrections to a targeted subset of spectral bins dependent
on the dominance or otherwise of wind-sea. In these
experiments a flavor of the Lionello et al. (1992) method
for targeted wind-sea and swell component correction
has been adopted. Prior to correction, wave spectra are
tested for wind-sea or swell dominance by calculating the
relative contribution to wave energy by spectral bins for
which the speed of wave propagation is less than that of
the (direction relative) wind speed. For spectra where the
wind-sea contribution to overall energy is 70% or greater
only the wind-sea energy bins are adjusted. The wind-sea
adjustment includes the use of Toba (1972)’s relationship
to calculate a balance between significant wave height and
peak period for growing wind-seas. For example, where
wind-sea energy increases so will peak period, which leads
to a redistribution of energy across the wind-sea part of the
spectrum’s frequency domain. For cases where the wind-
sea is not dominant, the correction of energy is evenly
distributed throughout the wave spectrum and without
any redistribution in frequency space. Associated with the

change in wind-sea energy, Lionello et al. (1992) balance the
forcing wind-speeds based on a predetermined wind speed-
wave growth relationship. In the case here, where there is no
direct coupling between the wave model and atmosphere
model, any change in wind speed at initialization of the
wave model is almost immediately overwritten by the
development of the atmosphere model winds. The result
is that some inconsistency will be introduced, either in the
first step between initialized and free-running wind fields
when the wind balance is applied, or between the initialized
wave and wind fields when the balance is not applied. For
these experiments the simpler option of neglecting the wind
balancing was taken.

In its native form, the SMC grid model is both unstructured
(i.e., uses a one-dimensional cell array in which adjacent cells are
freely distributed) and, for this configuration, specified relative
to a rotated pole. However, a virtue of the grid is that it can
be very efficiently mapped from its native form to a regular
grid, due to being based on regular latitude-longitude cell types.
At the same time, NEMOVAR is readily configured to be run
using a regular grid within a rotated pole reference frame. As
a result, the model was interfaced with the assimilation scheme
in a comparatively straightforward manner, by first converting
model outputs of SWH to a regular latitude-longitude form
keeping the rotated pole, running the NEMOVAR step, and
then mapping back to the SMC grid cell array for the spectral
update step. For the NEMOVAR step, model background fields,
covariance lengthscale arrays and the resulting increment fields
were re-gridded into the rotated pole regular latitude-longitude
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form at the SMC grid’s highest cell resolution (approximately
1.5 km). In terms of computing time, component task costs
were distributed almost equally between the (6-h) forward wave
model run, generation of innovations, the NEMOVAR step and
subsequent update of the wave initial conditions. However, it
should be noted that little specific work was undertaken to
optimize the computational efficiency of the set-up in these
experiments; for example a set number of 30 iterations was
used to reach convergence of the cost function in NEMOVAR,
whilst the existing code for updating the wave initial conditions
presently runs on a single processor.

Observations
In situ Data
In situ data are based on collections in the Met Office
meteorological observations database. Significant wave
height, period and (where available) direction data are
sourced from three key collections. The majority of open
waters data are sourced from datasets transmitted over
Global Telecommunications System (GTS). These comprise
measurements from a variety of wave buoys, and fixed platforms
that use downward facing laser altimeters or radar. Coastal wave
data are sourced from two coastal observatory programs running
networks of spectral wave buoys around the United Kingdom;
the Channel Coast Observatory5 and Wavenet6. A number of the
Channel Coast Observatory buoys are sited particularly close to

5http://www.channelcoast.org
6https://www.cefas.co.uk/cefas-data-hub/wavenet

the coastline, in water depths of 10 m relative to Admiralty Chart
Datum (datum at Lowest Astronomical Tide). An overview of
the geographic distribution of in situ data is given in Figure 3.

Satellite Altimeter Data
Satellite altimeter observations of significant wave height were
sourced from the Centre ERS d’Archivage et de Traitement
(CERSAT) merged altimeter dataset (Queffeulou, 2013) and
CMEMS7. The former data collection includes, for the period
assessed, data from Jason-2, Cryosat and SARAL-Altika missions.
CMEMS provided data from newer missions, namely Sentinel-
3A and Jason-3. Of particular interest are altimetry data from
the Sentinel-3 mission8. One expectation is that these new
observations enable significant wave heights to be retrieved
from closer to the coastal zone than is traditionally accepted
for altimeter data (Cavaleri et al., 2019), enabling an improved
coverage for coastal assimilation.

Application in Assimilation Scheme
In order to ensure a similar representation scaling in the different
observation types (e.g., Janssen et al., 2007) altimeter data
were super-observed to an approximately 20 km lengthscale
as part of the assimilation pre-processing. This is equivalent
to three 1 Hz soundings and is anticipated to be broadly
representative of a 20–30 min sample of waves measured by an

7http://resources.marine.copernicus.eu/documents/QUID/CMEMS-WAV-
QUID-014-001.pdf
8https://sentinels.copernicus.eu/web/sentinel/missions/sentinel-3

FIGURE 3 | Locations of in situ observations incorporated into the assimilation scheme (gray circles) and used in verification (colored symbols).
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in situ instrument. Innovations (observation minus background
values) provided to NEMOVAR were derived using a nearest-
neighbor approach as the observation operator. For collocation,
the wave model background field was defined every half hour
and at a horizontal resolution of 1.5 km. At these resolutions
it is expected that the model and observations are sufficiently
collocated to enable a direct match. The match-up method is
also consistent with the triple-collocation method used by Palmer
and Saulter (2013) to determine observation and model error
standard deviations.

Quality control rejected observations with very low significant
wave height (order of centimeters) or low altimetry signal to
noise (measured by root mean square of high frequency ku-
band wave heights). The match-up process also included site
blacklisting for in situ observations and, for altimeter data,
applying a coastal mask to the background field at match-up
time in order to remove any observations within a given distance
of the coastline.

In addition to blacklisting bad observations, in situ
observation processing included the option of a ‘greylisting’
procedure, which was used to vary the amount of data
applied to the assimilation. Greylisted observations were
accepted by the assimilation system, but only after sub-
sampling using a random draw of observations from the
in situ dataset. The intention of adopting this sub-sampling
approach was to increase the levels of independence between
data used in the assimilation and in subsequent verification
of the model. In these experiments a simple sub-sampling
scheme was employed where data were randomly drawn from
the full (offshore or coastal) collection of available in situ
observations available from each 6-h matchup dataset. Results
of preliminary greylisting experiments indicated that using
50% of in situ observations enabled a reduction in assimilated
observations without significantly affecting the assimilation’s
impact on model skill.

ASSESSMENTS

Forecast impact experiments using the high-resolution regional
wave model were conducted for a 2-month run period
covering February–March 2017. The model run cycles comprised
four 6-h assimilating update cycles per day, with the 00Z
cycle on each day triggering a 24-h forecast run. For each
experiment a different observational set-up was used, as
described in Table 1. The variation in data assimilated for
each experiment, measured in terms of unique locations

used in generating the innovations, is shown in Figure 4.
Samples of data from altimeter, offshore in situ platforms
and coastal platforms are similar overall. However, variability
in sampling between individual update cycles, introduced by
the number of altimeter passes within a given update cycle
window, is of the same order as the sample size. This is
due to the relatively infrequent repeat cycle for the altimeter
instruments (e.g., 10 days for Jason-3, 27 days for Sentinel-
3A, 35 days for SARAL-Altika) and limited size of the
regional model domain.

Assimilation impact is assessed by measuring the change
in predictive skill between forecast runs from the assimilating
model experiments versus a free-running (non-assimilating)
control. The control run is constrained, as per the present Met
Office operational models, purely due to the quality of analyzed
wind fields generated in the Met Office atmospheric Numerical
Weather Prediction (NWP) analysis cycles. The observed truth
dataset used to verify the data comprised a subset of in situ
observations representing different regions of the domain; not
only geographically, but also in terms of physical processes
contributing to wave field development and density of in situ
observations (Figure 3):

(1) Offshore Atlantic Approaches; open waters with long fetch
(from west) and low density of in situ observations.

(2) Offshore North Sea; open waters fetch limited region with
high density of in situ observations.

(3) United Kingdom East Coast; coastal, shallow water
fetch limited region with high density of observations
further offshore.

(4) United Kingdom South Coast; coastal, shallow water
fetch limited region with low density of observations
further offshore.

For the Atlantic Approaches, United Kingdom East and
South Coasts, the limited availability of in situ measurements
necessitated that experiments where in situ data were used
in the assimilation included sites used in the verification.
Although observations were greylisted, this clearly reduces the
levels of independence between the assimilating model and
the verifying observations. This will be discussed further in
Section “Discussion.”

Due to the variations in fetch and physical processes in
different parts of the model domain, wave climate varies
significantly between each of the regions verified. Therefore, in
order to reduce the influence of background variability in wave
conditions on metrics and allow a comparison across the verified
regions, the assimilation impact on SWH is measured in a relative

TABLE 1 | Experiment identifiers and use of observations.

Experiment ID Altimeters Offshore in situ Coastal in situ

amm15s None None None

amm15s-acma Apply 40 km coastal mask None None

amm15s-aext Apply 8 km coastal mask to Sentinel-3 and Jason-3; 40 km coastal mask otherwise None None

amm15s-acma-ig05 Apply 40 km coastal mask Greylisted at 50% None

amm15s-aext-cg05 Apply 8 km coastal mask to Sentinel-3 and Jason-3; 40 km coastal mask otherwise Greylisted at 50% Greylisted at 50%
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FIGURE 4 | Total number of unique geographic data locations used for significant wave height (SWH) innovations: experiment amm15s-acma (offshore altimeter
only, red); amm15s-aext (coastal extension to altimeter, pink); amm15s-acma-ig05 (offshore altimeter plus offshore in situ, light blue); amm15s-aext-cg05 (coastal
extension for altimeter and in situ; blue).

sense via a skill score based on the Mean Squared Error (MSE)
and using the observed mean as a reference:

SkillMSE =
MSE

[
model− observation

]
MSE

[
observed mean− observation

] =
∑

(xmodel − xobserved)
2∑

(x̄observed − xobserved)
2 (1)

SkillMSE takes a range of 0, where the model perfectly replicates
the observations, to infinity. A value of 1 is used as a no-skill
threshold for the model, since this indicates that the model
predictions have the same skill as the observed (climatological)
average. The choice of MSE as the skill measure in this instance
also allows a simple decomposition of the score into parts
representing the contributions of squared bias and error variance,
i.e.,:

SkillMSE =
Bias2

+ Var [xmodel − xobserved]
Var [x̄observed − xobserved]

(2)

This decomposition enables the changes in both systematic
and random aspects of model performance to be evaluated.
Results referencing the SkillMSE change between assimilating runs
and control adopt the convention of ‘assimilation experiment
minus control.’ In these cases negative values indicate that the
assimilating model has improved forecast skill versus the non-
assimilating control and, for the bias and variance components,

that the systematic and random contributions to overall errors
have been reduced.

RESULTS

Impact of Altimeter Assimilation
Figure 5 shows the assimilation impact, for each of the four
regions verified and over forecast lead times from 0 to 23 h,
for two experiments where only altimeter data were assimilated.
The experiment identified as amm15s-acma applies the altimeter
data using an operationally typical land-sea mask, which excludes
observed values within approximately 40 km of the coast
in order to eliminate any chance of land contamination in
the data. Experiment amm15s-aext makes use of anticipated
improvements in the proximity to the coast from which Sentinel-
3 and JASON-3 data can be retrieved by reducing the land-sea
mask for these instruments to 8 km.

For both experiments, the assimilation has an overall positive
impact for the first 12 h of forecast but forecast skill tends
rapidly toward that of the control thereafter. Generally, the
change to the (squared) bias contribution is neutral, although
the North Sea verification, and to a lesser extent the Atlantic
Approaches, indicates an increase in bias versus the control in
the first 6 forecast hours (Figure 5A). This effect is most likely
due to inconsistencies in the calibration between altimeter and
the verifying in situ data, particularly in the North Sea where
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FIGURE 5 | Changes in Squared Bias (dashed line) and Error Variance (solid line) contributions to SWH SkillMSE , versus the control experiment, for assimilation
experiments using altimeter observations only (amm15s-acma), and extension of Sentinel-3 and Jason-3 data into the near-coastal zone (amm15s-aext). In these
figures a negative value demonstrates a reduced contribution from the error components, leading to an improvement in skill due to the assimilation. (A) Comparison
against North Sea in situ data; (B) Atlantic Approaches; (C) United Kingdom East Coast; (D) United Kingdom South Coast.

the in situ data include a variety of measurement platforms
and instruments, potentially with differing error characteristics
(Schulz-Stellenfleth and Staneva, 2019). For the United Kingdom
East and South Coast regions (Figures 5C,D), the variance
component of the skill difference between the control and
assimilating runs is most improved at approximately 3–4 h into
the forecast. This likely reflects the time taken for wave energy
corrected further offshore to travel to the coast and implies some
degree of system memory.

The effect of extending the coverage of Sentinel-3 and
JASON-3 on the verification was found to be almost negligible
both for offshore and coastal regions. The result is not that
surprising when short correlation lengthscales in the coastal
zone are considered, since these mean that corrections will be
highly localized. Under these circumstances, impacts would only
be found if there were regular passes of the altimeters near
to a verifying buoy. Furthermore, the extension to altimeter
coverage in experiment amm15s-aext provides only a small and
irregular increase in observed data volumes versus the amounts
already being used to increment wave energy further offshore in

experiment amm15s-acma (Figure 4). This is illustrated further
in Figure 6, which compares the mean and standard deviation of
increments applied at analysis time during the two experiments.
The mean values measure any systematic biases between the
model and assimilated observations, whilst standard deviation
measures the ‘work done’ by the assimilation scheme. Across the
domain these values will be a function not only of the magnitude
of increments being applied, but also the levels of coverage
provided by the assimilated observations. As would be expected
in this case, differentials in the increment statistics are found
around coastal areas throughout the domain, due to the increased
altimeter coverage in the amm15s-aext experiment. However,
the effects are constrained spatially due to the short correlation
lengthscales found near the coast. Figure 6B shows that changes
in the mean increment are consistent with a small (less than 5 cm)
increase in wave height introduced generally across the shelf sea
part of the region by the altimeter assimilation (Figure 6A).
However, the standard deviation of increments near the coast
in experiment amm15s-aext only increases by a few centimeters
(Figure 6D), versus a standard deviation on the wider shelf of
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FIGURE 6 | Significant wave height increment statistics and differences between the experiment assimilating offshore altimeter with coastal extension
(amm15s-aext) versus assimilation of offshore altimeter only (amm15s-acma). (A) Mean increments for experiment amm15s-aext; (B) difference in mean increments
(amm15s-aext minus amm15s-acma); (C) Standard deviation of increments for experiment amm15s-aext; (D) difference in standard deviations of increments
(amm15s-aext minus amm15s-acma).

order 10 s of centimeters (Figure 6C). This indicates that either
increments are not particularly large close to the coast or, more
likely, that the irregular over-pass of the altimeter leads to these
having a limited influence when considered over the entirety of
the 2-month evaluation period. Comparing Figures 3, 6, the main
regions where coastal increments are significantly changed are
upstream and closely located to only 2 (of 12) buoys used in the
East Coast verification and 4 (of 16) buoys used for the South
Coast. As a result, the overall impact of the coastal assimilation
may not be properly sampled in the verification in Figure 5.

Addition of Offshore in situ Observations
Figure 7 evaluates the impact of assimilation on model
skill when adding the greylisted offshore in situ observations
(experiment amm15s-acma-ig05) to the open waters altimeter
data (experiment amm15s-acma). Overall, the model forecast
skill is improved through the addition of the offshore in situ
observation for all the verifying regions, both at analysis time

(T+ 0) and for the first few hours. Inspection of the change in the
mean and standard deviation of increments generated in the two
experiments (Figures 8B,D) demonstrates that with the inclusion
of in situ observations the assimilation system makes larger, or
more regular, adjustments to the analysis field. The increase
in increment standard deviation in amm15s-acma-ig05 is of a
similar order to the overall standard deviation of increments
around the in situ observation locations (Figure 8C). These
increments should be expected to have an additional positive
impact on short-range forecast skill in those regions where
offshore verifying observations are included in the assimilation.
The improved local corrections are visible in changes to both
the squared bias and error variance in Figure 7. For the North
Sea and Atlantic Approaches, the increased bias introduced
by the altimeter-only assimilation is removed when using
combined altimeter and in situ based increments are applied
(Figures 7A,B). This lends weight to the suggestion made
in Section “Impact of Altimeter Assimilation” that increments
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FIGURE 7 | Changes in Squared Bias (dashed line) and Error Variance (solid line) contributions to SWH SkillMSE , versus the control experiment, for assimilation
experiments using altimeter observations only (amm15s-acma), and altimeter plus offshore in situ observations (amm15s-acma-ig05). In these figures a negative
value demonstrates a reduced contribution from the error components, leading to an improvement in skill due to the assimilation. (A) Comparison against North Sea
in situ data; (B) Atlantic Approaches; (C) United Kingdom East Coast; (D) United Kingdom South Coast.

derived from the altimeter assimilation may not be well calibrated
relative to a number of the verifying in situ observations,
particularly in the North Sea. The impact of including the in situ
observations is confirmed by contrasting the mean increments
in Figure 8A with those in Figure 6A. Adding the offshore
in situ observations has the effect of reducing significant wave
heights at analysis time in the North Sea and western part of the
English Channel (Figure 8A), whereas assimilation of altimeters
only reinforces the positive bias between model and the in situ
observations (Figure 6A).

Figure 7 also shows regional variations in the timescales
over which the additional assimilation of the offshore in situ
observations improves the forecasts. For the regions where
the verifying data is taken from the same offshore locations
used in the assimilation (Atlantic Approaches and North Sea),
the additional impact is concentrated in the first 3 h of the
forecast (Figures 7A,B). This is consistent with the benefits
of a highly localized correction. However, the reduction in
impact after 3 h indicates that these corrections add little system
memory over and above that achieved via the broader geographic
assimilation provided by the altimeter data. In the coastal regions

(United Kingdom East and South Coast; Figures 7C,D) no local
corrections are made in either of these experiments and the
squared bias contributions to model skill are largely unchanged.
However, the variance contributions are not only reduced, but
are retained for slightly longer (up to 6 h). This is anticipated
to be an effect of the time taken for the wave energy corrected
further offshore by the assimilation to propagate from offshore to
the coastal zone.

Assimilation of Coastal in situ
Observations
Figure 9 assesses the skill impact of including both coastal
in situ observations and extending the altimeter coverage toward
the coastal zone (experiment amm15s-aext-cg05), versus using
open waters altimeter and in situ observations only (experiment
amm15s-acma-ig05). As might be expected when considering
the relatively short correlation lengthscales in this region, the
impact of including coastal data is close to negligible for the
verification at offshore sites (North Sea and Atlantic Approaches;
Figures 9A,B). This is consistent with a relatively limited change
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FIGURE 8 | Significant wave height increment statistics and differences between the experiment assimilating offshore altimeter and in situ data (amm15s-acma-ig05)
versus assimilation of offshore altimeter only (amm15s-acma). (A) Mean increments for experiment amm15s-acma-ig05; (B) difference in mean increments
(amm15s-acma-ig05 minus amm15s-acma); (C) standard deviation of increments for experiment amm15s-acma-ig05; (D) difference in standard deviations of
increments (amm15s-acma-ig05 minus amm15s-acma).

in increment standard deviation in much of the offshore part of
the model domain (Figure 10D).

For the coastal regions (United Kingdom East and South
Coast) the impact of including coastal in situ data at analysis
time (T + 0) is large (please note the change in scale between
these panels in Figure 9, versus Figures 5, 7), as are the coastal
zone increments local to clusters of in situ observation sites
(Figures 10B,D). Again, noting the different scales in the two
figures, the change in standard deviation of increments attributed
to the combination of coastal in situ and altimeter observations
in Figure 10D is significantly larger than the change introduced
in Figure 6D by extending the coastal altimeter coverage only.
This is most likely due to the more frequent temporal sampling
made by the in situ observations. Mean increments are less
impacted, except for an area just off the west coast of Scotland
(Figure 10B). However, the effect on forecast skill of the
additional coastal increments is lost almost immediately for
forecasts of the United Kingdom South Coast and within 3–4 h

for the United Kingdom East Coast (Figures 9C,D). This rapid
degradation is likely to be a function of both the process scales
local to the coast (including regular rapid changes in wave energy
associated with short fetch, shallow water dissipation and tidal
effects) and, as lead time increases, the influence exerted on
predicted wave conditions by wave energy directed shoreward
from the offshore regions of the model.

DISCUSSION

Verification Method
Within the region studied, the distribution of in situ observation
locations across the domain made it difficult to separate
validating observation sites from assimilated sites, particularly
in coastal areas. This is a potential issue for a traditional
Observing Systems Experiments assessment of assimilation
impact, in which it is the preferred choice for assimilated
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FIGURE 9 | Changes in Squared Bias (dashed line) and Error Variance (solid line) contributions to SWH SkillMSE , versus the control experiment, for assimilation
experiments using altimeter observations plus offshore in situ observations (amm15s-acma-ig05); and extension of Sentinel-3 and Jason-3 data into the near-coastal
zone plus offshore and coastal in situ observations (amm15s-aext-cg05). In these figures a negative value demonstrates a reduced contribution from the error
components, leading to an improvement in skill due to the assimilation. (A) Comparison against North Sea in situ data; (B) Atlantic Approaches; (C) United Kingdom
East Coast; (D) United Kingdom South Coast.

and verifying observations to be independently sourced when
verifying the analysis. In order to reduce dependence between
these datasets as much as possible, this study both limited the
number of in situ observations being used in the assimilation
(via a 50% random draw greylisting process) and only used a
subset of in situ sites for the verification. The sites used were
chosen to reflect the geographic distribution of wave conditions
through the domain.

In addition, and from a practical perspective, it is argued that
a verification of the analyzed wave conditions and subsequent
forecasts is still a useful and valid measure of assimilation impact,
even when in situ observations are included in the assimilation.
In such cases, the evaluation may no longer be an independent
assessment of the assimilation process, but instead answers the
question “will the assimilating model produce data that regularly
fall closer to the observations than in the model free run.” From
a user perspective this is a valid system requirement, since the
in situ observations tend to be considered a de facto truth that is
publicly available and easy to access and compare against issued

forecasts in near real-time. Users generally wish these data and
the predictive model to be as consistent as possible.

Through comparing experiments where offshore and coastal
in situ measurements were not used, some understanding of the
assimilation scheme’s ability to impact forecast skill at locations
independent of the assimilated observations can also be reached,
and used to infer the likely impact on skill throughout the
domain. In this case, we can consider those experiments that use
altimeters only (amm15s-acma and amm15s-aext) as a genuinely
independent test of the assimilation system’s impact throughout
the domain, whilst the experiment which incorporates offshore
in situ observations only (amm15s-acma-ig05) is independently
verified in the coastal zone. Altimeter-only assimilation and
experiments where in situ data were also incorporated showed
similar skill impacts after approximately 3 h into the forecasts
in the offshore zone. These results suggest that, not far beyond
the analysis, positive impacts on forecast skill are dominated by
the broadscale assimilation of spatially distributed observations
rather than any memory of more localized corrections. Similarly,
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FIGURE 10 | Significant wave height increment statistics and differences between the experiment assimilating altimeter and in situ data with coastal extension
(amm15s-aext-cg05) versus assimilation of offshore-only altimeter and in situ (amm15s-acma-ig05). (A) Mean increments for experiment amm15s-aext-cg05; (B)
difference in mean increments (amm15s-aext-cg05 minus amm15s-acma-ig05); (C) standard deviation of increments for experiment amm15s-aext-cg05; (D)
difference in standard deviations of increments (amm15s-aext-cg05 minus amm15s-acma-ig05).

improvements in skill in the coastal zone, found when including
coastal observations in the assimilation, reduced to a similar value
to those from using offshore observations after only a few forecast
hours. It is noted from the altimeter-only assimilation that some
increase in (squared) bias occurred in the North Sea and, to a
lesser extent, the Atlantic Approaches which was subsequently
removed when including in situ observations in the assimilation.
These results suggest that some further work would be needed
to properly cross-calibrate the two different observation types in
these regions in order to fully exploit altimeter-only assimilation.
Reviewing all the experiments holistically, it can be inferred
that the most long-lived impacts of the broadscale assimilation
improves model SWH forecast skill in terms of MSE relative to
background variability (Equation 1) by 1–2% and over the first
12 h of lead time.

Contextualizing Data Assimilation
Impacts
An abstracted Mean Squared Error skill score has been used as the
principle measure of assimilation impact in the results section.

This metric was chosen in order to focus on the relative change
in model forecast performance with and without assimilation
and because the verification was carried out over regions of
the model domain with very different wave height climates. In
order to contextualize the assimilation impacts in terms that are
relevant to practical applications of the forecasts by users, it is
important to look at both the background model skill and error
statistics quantified in parameter space (SWH in meters). For
the system being tested, the model is relatively skillful in both
offshore and coastal regions, with SkillMSE scores of order 5–8%
for significant wave height offshore and 10–12% in the coastal
zone for the control run. Thus, the inferred improvement of 1–
2% in skill when data assimilation is applied is substantive against
an already low background error. To quantify the practical
outcome, Figure 11 shows the RMS Error (RMSE) scores for
SWH against lead time, for the control (experiment amm15s),
offshore altimeter-only assimilation (amm15s-acma) and the
experiment including both in situ observations and the extension
into the coastal zone (amm15s-aext-cg05). For both assimilating
experiments the impact is clearly most substantial in the more
energetic offshore regions, with RMSE reductions of 5–10 cm in
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FIGURE 11 | Regional SWH RMSE values for control run (amm15s) plus assimilation experiments using offshore altimeter observations only (amm15s-acma); and
extension of Sentinel-3 and Jason-3 data into the near-coastal zone plus offshore and coastal in situ observations (amm15s-aext-cg05). (A) Comparison against
North Sea in situ data; (B) Atlantic Approaches; (C) United Kingdom East Coast; (D) United Kingdom South Coast.

the first 9 h of the forecast (Figures 11A,B). RMSE is only reduced
by the order of 1–3 cm in the coastal zone (Figures 11C,D).
In all regions, after an hour or two of the forecasts, the in situ
data only add order of 1 cm improvement over the altimeter-
only assimilation. Therefore, whilst the assimilation scheme is
found to positively impact the forecasts across the full domain,
the forecasts most practically benefitting will generally be those
in offshore regions with a high energy wave climate and more
regular coverage by altimeter observations.

The 12-h regional system memory found here is relatively
short when compared with the up to 2-days memory cited for
global systems (Lefevre and Aouf, 2012). The more limited system
memory in the regional model is most likely due to domain size,
the quality of wind forcing being applied to the model and any
systematic biases or errors inherent in the wave model itself.
The domain size and propagation distances to coastlines and
other model boundaries affect the residence time of increments
in the model. Forcing data quality and wave model errors tend
the model toward its free running state regardless of domain size,
but in a regional model these effects can be exacerbated by short

local fetch lengths and the extent to which the conditions are
wind-sea dominated. This is illustrated by the reduced system
memory seen in the North Sea and United Kingdom East Coast
(11–12 h; Figures 11A,C) versus the Atlantic Approaches (15 h;
Figure 11B). Fetch lengths are more constrained in the North
Sea. System memory is further reduced for the United Kingdom
South Coast (8 h; Figure 11D). In certain locations and scenarios,
strong tidal influences may further reduce system memory times
by modulating the wave field through the course of a tidal cycle
(e.g., Palmer et al., 2015; Lewis et al., 2019).

When operational forecast delivery times are considered, the
comparatively short system memory for the regional wave model
is a potential issue for practical implementation. For example,
in the existing Met Office operational suite wave models are
run downstream from the forcing atmosphere model and, as
a result, may not deliver forecasts until 4–5 h after the given
analysis time (i.e., a wave forecast using the 0000Z cycle will
not be run until 0430Z and data will not be released until
0500Z). Even if the computational times were reduced in both
atmosphere and wave model, or via implementing a coupled
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system, latency of the same order (approximately 3 h) is necessary
for processing and delivery of near real-time satellite products.
In such cases, much of the benefit of the assimilation may
be lost by the time the user receives the forecast. On a more
positive note, the significant improvements in offshore SWH
prediction skill mean that the assimilation scheme would add
value in both a rapidly cycling short range forecast system
(e.g., for nowcasting lead times up to 18 h with an update
frequency of 8 times per day or more), or for a reanalysis product.
Figure 12 illustrates that, at individual analysis timesteps, the
corrections to the SWH field can be substantial (up to 0.5 m in
this example) whilst the additional use of in situ observations
(Figures 12C,D) is important in ensuring that coastal and
short fetch seas within the domain are regularly constrained by
the assimilation.

In addition to forecasts of SWH, the impacts of assimilating
the SWH increments were also validated for peak and mean zero-
upcrossing wave period forecast parameters and, where available

in the coastal zone, direction and spreading parameters. For
all these other parameters the assimilation scheme had near
negligible impact. The inference is that model-observation errors
for these parameters are strongly dominated by fundamental
errors, in either the wave model or observations, which
the analyzed increments in wave energy fail to mitigate. In
modeling terms, these parameters are harder to predict than
SWH, since both wave energy and its distribution in two-
dimensional spectral space need to be correctly represented.
In global wave models a similar lack of impact on these
parameters has been found when assimilating altimeter data,
although more positive results have been achieved where
Synthetic Aperture Radar (SAR) wave spectra are also assimilated
and make more direct corrections to the wave spectrum
(Lefevre and Aouf, 2012).

The dependency of forecast skill on forcing conditions
and lack of assimilation impact on parameters besides SWH
suggests that making longer term improvements to regional

FIGURE 12 | Snapshot of analyzed SWH fields and assimilated SWH increments from experiments (A,B) amm15s-acma and (C,D) amm15s-aext-cg05. The SWH
fields correspond to the control run field shown in Figure 1. Observations contributing to the assimilation are overlaid on the increment fields.
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wave data assimilation will need to be achieved through more
tightly associating the assimilation method with improvements
in both the forcing data and background wave model
parameterizations. For example, in a coupled atmosphere-
wave-ocean model, multi-variate assimilation might enable
a better dynamical balancing between the wave conditions
and exchanged forcing variables via correction not only
to initial wave conditions, but also the wind and surface
current fields that provide, respectively, primary and secondary
contributions to wave model uncertainty. In terms of using
observations, the application of spectral buoy data and SAR
may improve impacts on period and direction characteristics
(Portilla-Yandún and Cavaleri, 2016).

CONCLUSION

An assimilation scheme applying NEMOVAR and a northwest
European continental shelf seas regional configuration of
WAVEWATCH III R© has been successfully developed and used to
test the impacts of both satellite altimeter and in situ observations
on model forecast skill. The assimilation scheme has been
demonstrated to have a positive impact on significant wave height
forecast skill at a subset of verifying in situ platforms, over
lead times of up to 12 h. 5–10 cm improvements in root mean
squared error were found for offshore locations in the North Sea
and Atlantic Approaches and 1–3 cm improvements along the
United Kingdom East Coast and South Coast.

Observation sensitivity experiments suggest that the core,
most long lived (12 h), improvements in forecast skill give
an order 1–2% change from a free running control. These
are underpinned by a geographically broadscale assimilation
of altimeter data in open waters of the regional domain.
Addition of offshore in situ data introduced an additional 1–
2% improvement, but only in the first few hours of the forecast.
A similar result was found when extending in situ observations
coverage into the coastal zone, which introduced a benefit of
3–5% but only the first 1–2 h of the forecast.

The comparatively short system memory suggests that longer
lead time improvements in a regional model applying data
assimilation are only likely to be achievable by additionally

focusing on contributions to model uncertainty beyond the
initial wave conditions. Since the wave model forecast is strongly
influenced by the fields used to force the model, it is speculated
that further improvements might be achieved through tighter
coupling of atmosphere, ocean and wave fields in the analysis
cycle, alongside more general improvements to the model’s
internal parameterizations of wave growth and dissipation.
In lieu of these improvements, the recommended application
for this type of assimilation is in either a rapidly cycling
short range forecast system for short range nowcasts, or a
reanalysis product.
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