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Introduction

Knowledge of historical wave conditions is necessary for many human endeavours, such as
offshore structure design, coastal hazard assessment, and renewable energy applications to
name a few. Studies of wave climate require datasets of sufficient duration and resolution,
qualities that vary according to the specific application. Numerical wave models provide a
valuable means of supplementing the sparse historical observation record.

Until recently, the quality of available wave hindcast data was relatively poor, which is
primarily a reflection of the quality of the available reanalysis winds. The release of the
Climate Forecast System Reanalysis (CFSR: Saha et al. 2010) heralded a step-change in
resolution and accuracy, spurring a series of subsequent wave hindcasts (e.g. Chawla et al.
2012; Durrant et al. 2014; Rascle and Ardhuin 2013). This wind improvement coupled with
advances in wave model physics (e.g. Ardhuin et al. 2010; Tolman et al. 2013; Zieger et al.
2015) resulted in a significant improvement in the quality of data available. The recently
released ECMWF Reanalysis 5th Generation (ERA5) provides another such step change.

CFSR was known to suffer from inhomogeneities through time, due to changes in the
assimilated observations, to which the waves are particularly sensitive (e.g Chawla et al.
2009). Most notably, a stepwise reduction in the upper percentile winds is noted around
1993, as well as an increase in the latter years of the hindcast which can be directly seen in
the wave CFSR driven hindcasts (e.g. Chawla et al. 2012; Durrant et al. 2014; Rascle and
Ardhuin 2013) reducing their efficacy in climate climate applications (e.g. Hemer et al. 2016).
Overall, the issues associated with temporal consistency in CFSR is greatly improved with
ERA5.

ERA5 is produced by the European Centre for Medium-Range Weather Forecasts
(ECMWF). It uses the Integrated Forecast System (IFS) CY41R2 (ECMWF 2016),
assimilating an unprecedented amount of historical observations using 4D var assimilation.
The system is run with 137 hybrid sigma/pressure model levels in the vertical, with the
top-level at 0.01 hPa. The IFS is coupled to a soil model and an ocean wave model. Winds
and ice concentration data are available at a 31 km resolution at hourly intervals. ERA5
represents a significant upgrade from the previous ECMWF’s reanalysis product, the
ERA-Interim.

The quality of waves is critically dependent on the quality of the winds (e.g. Durrant et al.
2013; Cardone et al. 1996; Rogers 2002), and indeed preliminary global results indicate
globally averaged improvements in Significant Wave Height root-mean-square error of
around 20% compared to CFSR when verified against altimeter data. Initial validation also
indicates that it does not suffer from inhomogeneities through time due to changes in the
assimilated observations that plagued CFSR driven wave hindcasts in the context of climate
applications (e.g. Durrant et al. 2014; Chawla et al. 2012; Hemer et al. 2016).
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The ERA5 wind dataset currently covers the period from 1979 to present, the same period
covered by CFSR. However, this will soon be extended back to 1950, making it possible for
the first time to produce wave hindcasts of 70 year duration using high-resolution consistent
forcing. This increase in both quality and duration combine to provide a compelling
opportunity for application in wave hindcast studies.

The Oceanum Global Wave Hindcast
Oceanum have used the ERA5 dataset to produce a global wave hindcast of unprecedented
quality. The hindcast was performed with the third-generation spectral wave model
WAVEWATCH III (Tolman 1991). Originally developed at the National Centers for
Environmental Prediction (NCEP), WAVEWATCH III is now a widely used model with many
contributors within the global scientific community (e.g Tolman et al., 2013) and has been
extensively used for global and regional scale hindcasting (e.g. Chawla et al. 2012; Rascle
and Ardhuin 2013; Durrant et al. 2014; Perez et al. 2017).

The Oceanum hindcast was run using the recently released version 6.07 of WAVEWATCH
III. ST4 source terms were used (Ardhuin et al. 2010), which have been established over the
past decade as the most suitable for global application (e.g. Stopa et al. 2015), producing
significant improvements over the previous generation WAM cycle 4 terms (Bidlot et al.
2005; Janssen 1991) and Tolman and Chalikov (1996) terms (e.g. Ardhuin et al. 2010; Perrie
et al. 2018). Other options include:

● The discrete interaction approximation (DIA) of Hasselmann and Hasselmann (1985)
for computation of the non-linear wave-wave interactions.

● The SHOWEX bottom friction (Ardhuin et al. 2003).
● Depth-induced breaking dissipation of (Battjes and Janssen 1978) with a Miche-style

shallow water limiter for maximum energy.
● Third order Ultimate Quickest propagation scheme (Leonard 1979, 1991) including

the correction for spurious effects of spectral discretisation (the garden sprinkler
effect), as suggested by Tolman (2002).

● Blocking of wave energy not explicitly accounted for using the subgridscale blocking
approach of (Tolman 2003).

A detailed description of these model components is not provided here, and interested
readers are referred to the papers listed. However, a short qualitative description of the
Ardhuin et al. (2010) source terms follows. These terms consist of a modified wind input term
based on (Janssen 1991), and a new dissipation term. Novel features of these terms
include:

● Separate accounting of swell dissipation due to negative wind input from that due to
breaking, following Tolman and Chalikov (1996).

● A non-linear swell dissipation based on observed dissipation rates across the Pacific
from SAR data (Ardhuin et al. 2009)
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● A breaking induced dissipation based on the local saturation spectrum rather than
the total mean slope, addressing issues with the previous WAM dissipations of
Komen et al. (1984).

● A cumulative dissipation rate following Young and Babanin (2006).
● A reduced wind input at high frequencies compared to Janssen (1991), and an

intermediate input level at the peak, compared to the higher values with Janssen
(1991), and much lower values with Tolman and Chalikov (1996). This effect is
parameterised as a sheltering term, reducing the effective winds for the shorter
period waves (Chen and Belcher 2000; Banner and Morison 2010).

Validation
An extensive validation of the hindcast thas been performed, both in the setup phase and of
the final hindcast production run. Here we focus on validations made using altimeter data
due to their global coverage, and present the annual and seasonal validation statistics. In
addition, a comparison is made to a single year of the same setup forced with CFSR winds,
as well as another independent state-of-the-art CFSR driven hindcast in order to quantify the
relative improvement that this new hindcast offers (Figures 1 and 2). The model upgrade
(physics and forcings) has resulted in significant improvements (20-30%) in wave hindcast
accuracy. .

Figure 3 shows monthly hindcast statistics of Hs against all available altimeter data. In
general, agreement between the altimeters and the model increases through time. This is
due to improvements in the wind field with time due to increases in the number of
observations assimilated and improvements in the observational accuracy with subsequent
altimeter missions. Similar seasonal cycles can clearly be seen, driven primarily by seasonal
differences in the Southern Ocean. Overall, validations are excellent with global biases of
±0.05 m, SI around 12-14% (with the exception of the less accurate ERS-1 and 2 altimeters),
and RMS’s of 0.30-0.40 m. Interannual variability is relatively small.

Figure 1 The percentage improvement gained with the Oceanum Global Hindcast run over
previous configuration.
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Figure 2 Bias and RMSD for CFSR winds (left plots) and ERA5 winds (right plots) in global
hindcast runs.

Figure 3 Time series of monthly global bias, SI, RMSD and R compared to altimeter data.
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CFSR is also known to suffer from inhomogeneities through time, due to changes in the
assimilated observations, to which the waves are particularly sensitive (e.g Chawla et al.
2009). Most notably, a stepwise reduction in the upper percentile winds is noted around
1993, as well as an increase in the latter years of the hindcast which can be directly seen in
the wave CFSR driven hindcasts (e.g. Chawla et al. 2012; Durrant et al. 2014; Rascle and
Ardhuin 2013) reducing their efficacy in climate climate applications (e.g. Hemer et al. 2016).
Figure 4 shows monthly altimeter statistics of Hs for both the oceanum hindcast (same as
Figure 3) and the CAWCR wave hindcast produced using CFSR wind (Durrant et. al 2014).
For CFSR, the step change in 1993 is clearly evident, whereas there is no such feature
present for ERA5. Similarly, the increase in bias for the last 10-15 years of the CFSR
hindcast is also readily identifiable, and entirely absent from the ERA5 data. Overall, the
issues associated with temporal consistency in CFSR appear to be greatly improved with
ERA5. Consistent with results above, ERA5 is universally better than CFSR across the
entire satellite period, with the greatest divide between the accuracy of these hindcasts
occurring in the early and latter periods associated with these issues in CFSR.

Figure 4 Times series of monthly global bias, SI, RMSD and R compared to altimeter data.
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Appendix A: Gridded Variables

Variable Long Name
dir wave mean direction

dp peak direction

dpt depth

fp wave peak frequency

hs significant height of wind and swell waves

ice sea ice area fraction

lm mean wave length

pdir0 wave mean direction partition 0

pdir1 wave mean direction partition 1

pdir2 wave mean direction partition 2

pdp0 peak direction partition 0

pdp1 peak direction partition 1

pdp2 peak direction partition 2

pep0 energy at peak frequency partition 0

pep1 energy at peak frequency partition 1

pep2 energy at peak frequency partition 2

pgw0 frequency width partition 0

pgw1 frequency width partition 1

pgw2 frequency width partition 2

phs0 wave significant height partition 0

phs1 wave significant height partition 1

phs2 wave significant height partition 2

plp0 peak wave length partition 0

plp1 peak wave length partition 1

plp2 peak wave length partition 2

pnr number of wave partitions

ppe0 peak enhancement factor partition 0

ppe1 peak enhancement factor partition 1

ppe2 peak enhancement factor partition 2

pqp0 peakedness partition 0
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pqp1 peakedness partition 1

pqp2 peakedness partition 2

pspr0 directional spread partition 0

pspr1 directional spread partition 1

pspr2 directional spread partition 2

psw0 spectral width partition 0

psw1 spectral width partition 1

psw2 spectral width partition 2

pt01c0 mean period T01 partition 0

pt01c1 mean period T01 partition 1

pt01c2 mean period T01 partition 2

pt02c0 mean period T02 partition 0

pt02c1 mean period T02 partition 1

pt02c2 mean period T02 partition 2

ptm10c0 mean period Tm10 partition 0

ptm10c1 mean period Tm10 partition 1

ptm10c2 mean period Tm10 partition 2

ptp0 peak period partition 0

ptp1 peak period partition 1

ptp2 peak period partition 2

pws0 wind sea fraction in partition 0

pws1 wind sea fraction in partition 1

pws2 wind sea fraction in partition 2

spr directional spread

t01 mean period T01

t02 mean period T02

t0m1 mean period T0m1

time julian day (UT)

tws wind sea fraction

uuss eastward surface stokes drift

uwnd eastward_wind

vuss northward surface stokes drift

vwnd northward_wind
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