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Objective
Contributions	  of	  ocean	  surface	  wave	  measurements	  to	  
global	  surface	  wave	  forecasts	  and	  global	  NWP	  products?	  

Significant	  Wave	  Height	  (SWH)
• Mean	  trough-‐to-‐crest	  height	  of	  the	  highest	  third	  waves
• Four	  times	  the	  standard	  deviation	  of	  surface	  height
• Four	  times	  the	  integral	  of	  wave	  spectrum

Sea	  and	  Swell
• Sea	  =	  surface	  waves	  generated	  by	  local	  wind
• Swell	  =	  surface	  waves	  radiated	  from	  wind	  sea



IOC-‐UNESCO,	  CGMS-‐44,	  June	  2016

Coordination	  Group	  for	  Meteorological	  Satellites	  -‐ CGMS

6/17/13 8:19 PMIntergovernmental Oceanographic Commission

Page 2 of 3http://ioc-unesco.org/

Marine Assessments
Other IOC Programmes
IOC Programme Newsletters

UN Ocean Community

UN World Ocean Assessment
UN Law of Sea
UN Oceans
UN Atlas Oceans
IOI, International Ocean Inst.

 Intergovernmental Oceanographic Commission (IOC) of UNESCO is the United
Nations body for ocean science, ocean observatories, ocean data and information
exchange, and ocean services such as Tsunami warning systems. Its mission is to
promote international cooperation and to coordinate programmes in research, services
and capacity building to learn more about the nature and resources of the oceans and
coastal areas, and to apply this knowledge to improved management, sustainable
development and protection of the marine environment and the decision making
processes of States.

Read more...

IOC Upcoming Events
Meeting of the Regional Subsidiary Bodies of IOC
24 June 2013
Paris, France

46th Session of the IOC Executive Council
25 June 2013
Paris, France

27th Session of the IOC Assembly
26 June - 5 July 2013
Paris, France

IOCINDIO Regional Committee Member States meeting
26 June 2013
Paris, France

First session of the Intergovernmental Board on Climate Services
1 - 5 July 2013

2nd Workshop of the Global Ocean Acidification Observing Network
24 - 26 July 2013

Coordination	  Group	  for	  Meteorological	  Satellites	  -‐ CGMS

Progress	  of	  Global	  Wave	  Model	  Performance
• No	  assimilation	  of	  

satellite	  data

• Referenced	  to	  in-‐situ	  
data	  at	  19	  buoy	  sites

• At	  initial	  time,	  2016	  
range	  of	  S.I.	  =	  12-‐20%

• Day-‐5	  forecast,	  2016	  
range	  of	  S.I.	  =	  30-‐38%

• ECMWF	  winds	  used	  
by	  SHOM	  (Service	  
Hydrographique	  et	  
Océanographique	  de	  la	  
Marine	  de	  France)	  and	  
METFR	  (Météo	  France)• Slow,	  steady,	  incremental	  progress	  in	  NE	  Pacific

• No	  improvement	  in	  Western	  Mediterranean	  Sea

Bidlot	  (2016)
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all centres (Figure 5). Nonetheless, the quality of wave 
forecasting as a whole has improved quite dramatically. 
There is obviously room for further advances. It is 
believed that institutions engaged in wave forecasting 
will continue to benefit from this type of inter-validation 
in the same way as NWP centres have benefitted from 
the exchange of forecast verification scores under the 
auspices of the WMO.

Outlook
There has been a slow, yet steady increase in the 
availability of in-situ wave observations. Space-borne 
altimeter wave height data have been shown to be of very 
high quality and are now commonly available (Abdalla 
& Zuo, 2016). The intercomparison should ideally be 
extended to include these data. The JCOMM Expert Team 
on Waves and Coastal Hazards has recommended that 
the current Wave Forecast Verification project should be 
formalised by establishing a Lead Centre for Wave Forecast 
Verification (LC-WFV). ECMWF has responded positively 
to this request. The designated LC-WFV would coordinate 
efforts to gather a set of selected model fields relevant to 
wave forecasting activities under an agreed data exchange 
protocol. Once the process of gathering the relevant fields 
is in place, the routine verification against in-situ data will 
be more flexible and adaptive. Moreover, it will become 
much easier to include new observational datasets and 
verification metrics.

The author would like to thank Andy Saulter (UK Met Office), 
Paul Wittmann (FNMOC), Natacha Bernier (ECCC), Arun 
Chawla (NCEP), Lotfi Aouf (Météo-France), Thomas Bruns 
(DWD), Aihong Zhong (BoM), Fabrice Ardhuin (SHOM), Nadao 
Kohno (JMA), Sanwook Park (KMA), José María García-
Valdecasas Bernal (PRTOS), Jacob Woge Nielsen (DMI), Richard 
Gorman (NIWA), Ana Carrasco (METNO) and Paula Etala 
(SHNSM) for their contribution to the comparison project and 
for providing the data that has made this article possible.
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Figure 2 Forecast performance of different centres for forecasts initialised at 00 UTC and 12 UTC showing (a) the long-term evolution of 
5-year running mean scatter index values for day-5 significant wave height forecasts when compared to buoy observations over the North-
East Pacific and (b) the buoy positions and the number of observation–model collocations used relative to the maximum number of possible 
collocations over the 21-year period.

5-‐year	  running	  mean	  values	  of	  5-‐day	  SWH	  
forecasts	  from	  1996	  to	  2016

Northeast	  Pacific	  Ocean
38°N-‐58°N,	  175°E-‐135°W
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15 Years using Altimeter sea state products

2 Description of the Sensor and Calibration

The radar altimeter is a nadir looking active microwave device instrument. This instrument emits pulses, and by
measuring the travel time of the return pulse, after extensive corrections for atmospheric delays, and accurate
determination of the satellite orbit, for example, information on the mean sea level may be obtained. To a good
approximation the backscattered return, which may be described by specular reflection, is inversely proportional
to the mean square slope of the sea surface. As according to Cox and Munk (1954) mean square slope is closely
related to the surface wind speed, the radar backscatter is a good measure for wind speed. Finally, the radar
altimeter also provides a measure of the significant wave height through the distortion of the mean shape of
the return pulse. The earlier return from the wave crests and the retarded return from the wave troughs leads
to a deformation of the return pulse which can directly be related to the significant wave height. To determine
the mean pulse shape, in the order of one thousand pulses are averaged, yielding one significant wave height
measurement about every 7 km along the satellite track. For a Gaussian sea surface, the relation between pulse
shape and the mean square slope (rms) sea surface displacement can be determined theoretically (although
there are small corrections needed caused by deviations from Normality, cf. Janssen, 2000; Gómez-Enri et
al., 2007). This model has been confirmed by numerous comparisons with in situ measurements. The typical
accuracy of significant wave height of the older generation of radar altimeters is thought to be the maximum of
0.5 m or 10% of wave height in the range of 1 to 20 m, while the windspeed accuracy is between 1.5 and 2 ms�1
(for windspeed in the range of 0 to 20 ms�1). As will be discussed in the paper, based on a triple collocation
technique, nowadays the accuracy of significant wave height is thought to be 6% of significant wave height,
while the error in wind speed is less than 1.25 ms�1.

The radar altimeter is an important component of the payload of a number of satellites such as Seasat, Geosat,
ERS-1/2, Topex/Poseidon, GEOSAT Follow On (GFO), ENVISAT and Jason-1. For operational models, the
data need to be available in near-real time (i.e. within three hours). ERS-1/2, ENVISAT and Jason-1 provide

  
 

Figure 1: Spatial distribution of significant wave height data from Jason-1 and ENVISAT along tracks during a six hour
period. The coloured bars indicate the observed wave height at the location of the tracks.

4 Technical Memorandum No. 552

6-‐h	  Sampling	  Distribution	  From	  Two	  Satellite	  ALT

SWH	  (m)

• Many	  storms	  would	  
be	  undetected

• A SWH	  value	  is	  
computed	  in	  1	  s	  (5-‐
7	  km)	  by	  averaging	  
100s	  – 2000	  pulses	  	  

• In	  operational	  wave	  
models,	  10	  SWHs	  
(super-‐observation)	  
averaged	  alongtrack

• First	  NRT	  SWH	  by	  
ERS-‐1	  in	  1991

Lefevre	  et	  al.	  (2006)

Jason-‐1	  &	  ENVISAT
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 Global Validation of CryoSat-2 Altimeter Wind and Wave Products 
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Figure 22: Geographical distribution of significant wave height bias between altimeter and 
ECMWF model FG during the period from 12 February 2014 to 11 February 2015. The areas 
where CryoSat is operating in modes other than LRM can be clearly recognised (empty boxes). 

 

 
Figure 23: As in Figure 22 but for the standard deviation of the difference (SDD). 

 

1-‐y	  mean	  SWH	  bias	  (m)	  between	  6-‐hr	  averaged	  CryoSat-‐2	  ALT	  
and	  ECMWF	  initial	  state	   • Bias	  =	  5%	  or	  

2.5	  cm	  for	  
SWH	  of	  0.5	  m	  
(older	  ERS-‐1	  
data,	  10%)

• Trend	  in	  N.	  
Atlantic	  =	  2.5	  
cm/y	  (Bouws	  
et	  al.,	  1996)

• Non-‐uniform	  	  
geographical	  
distribution,	  
e.g.,	  Southern	  
OceanAbdalla	  (2015a)

• Large	  bias	  at	  5°N	  caused	  by	  impact	  of	  currents	  on	  
ocean	  surface	  waves
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Global Validation of CryoSat-2 Altimeter Wind and Wave Products 
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Figure 28: Impact of assimilating various altimeter SWH products on error reduction of wave 
model analysis and FC SWH as inferred from comparisons with in-situ measurements in the 
Tropics during the period from 14 February to 30 April 2014. Forecast range of 0 hour represents 
the model analysis. 

 

 
Figure 29: Same as Figure 28 but for the extra-tropical buoys (mainly in the NH typically at the 
locations shown in Figure 7). 
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ALT	  SWH	  Data	  Assimilation	  Impact	  on	  ECMWF	  SWH	  
• Accuracy	  of	  initial	  wave	  forecast	  increased	  with	  the	  number	  of	  satellite	  altimeters

• Influence	  of	  multiple	  satellite	  ALTs	  was	  negligible	  at	  forecast	  times	  >	  1	  day	  

• Assimilation	  of	  SWH	  data	  has	  a	  longer	  (shorter)	  memory	  in	  the	  tropics	  (extra-‐
tropics)	  where	  local	  wind	  has	  less	  (more)	  of	  an	  influence.
Ø In	  the	  tropics,	  swell	  is	  an	  important	  component	  of	  surface	  waves	  and	  local	  

wind	  is	  not	  related	  to	  swell	  

Abdalla	  (2015a)

Tropics	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Extra-‐tropics
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In the present article, two impact studies have been selected
and discussed in detail, one for ozone products and the other for
wave data. The experiments were run for the period December
2011–March 2012, which preceded the loss of the ENVISAT
satellite. To avoid spin-up issues, only the results for the
January–March 2012 period are shown.

The two selected studies made use of two different approaches
to assess the impact of the ENVISAT observations. For the wave
observations, the impact of adding ENVISAT wave information
to a baseline configuration was assessed for one instrument at the
time. In this case, the following experiments were run:

• Base: A baseline experiment that used neither the RA-2
significant wave height (SWH) data nor the ASAR Wave
Mode (WM) level 1b spectra;

• ENV RA2: Base plus the RA-2 SWH data; and
• ENV ASAR: Base plus all ASAR WM level 1b spectra.

No other wave information was considered in these
experiments.

In contrast, for the assessment of the impact of the ENVISAT
ozone products, two experiments run at a reduced horizontal
resolution of T511 on the standard L91 levels using a denial
approach are presented. We refer to these experiments as follows:

• IFS/Ctrl: this represents the control experiment run that
used all observations assimilated in the HRes, including
the ENVISAT ozone data; and

• IFS/NoENV O3: like IFS/Ctrl after withdrawing all ozone
observations from SCIAMACHY and MIPAS.

It is noted that negligible impact was found from withdrawing only
SCIAMACHY data, most likely because of the strong constraint
of other assimilated observations, e.g. OMI TCO3.

Compared with previously published studies, the results
presented here were obtained with a more recent version of
the ECMWF model using the last four months of data availability
before the loss of ENVISAT. The choice of period was made
for two reasons: (i) to understand whether the quality of the
observations, assessed through their assimilation, could point to
an anomaly that caused the satellite loss and (ii) to quantify the
reduction, if any, in ECMWF forecast skill and analysis quality
due to the sudden unavailability of ENVISAT data.

A pair of experiments equivalent to IFS/Ctrl and
IFS/NoENV O3 were also run using the MACC system at a res-
olution of T255 with 60 levels. The results of these experiments
showed only a marginal impact from the loss of ENVISAT ozone
products and are therefore not presented here. The marginal
impact is due to the fact that the MACC ozone analyses benefited
from the assimilation of MLS ozone profiles, which provide a very
strong constraint, particularly on the stratospheric ozone. The
differences in use of the available satellite observations between
the MACC system and the ECMWF forecasting system result
from the different scopes of the two systems and will be discussed
in more detail in section 4.3.

4.1. Impact of wave data

The results from the assessment of adding the ENVISAT wave
information (from RA-2 SWH and ASAR WM L1b spectra) was
evaluated independently for each instrument against independent
in situ observations. In both cases, the results suggest a statistically
significant positive impact on the ECMWF analyses and forecasts.

Figure 5 shows the tropical random error reduction against
in situ data as function of the forecast day. This random error
reduction is computed as the relative difference between the
standard deviation of the residual between the model and in
situ SWH values for the Base experiment and that of either
the ENV ASAR or ENV RA2 experiment. Positive values mean
that the Base experiment exhibits larger model random error
than either ENV RA2 or ENV ASAR. At the analysis time, the
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Figure 5. Random error reduction (in %) in the Tropics against bouys as
function of the forecast day and computed for either the ENV ASAR (black lines)
or ENV RA2 (grey lines) experiment with respect to the Base experiment during
the period 1 January–31 March 2012. The impact is shown for SWH (solid lines)
and PWP (dashed lines).

assimilation of RA-2 SWH data leads to a reduction of about 8%
in the model random error in the Tropics. This is a significant
model error reduction, one of the strongest impacts resulted from
‘well-behaving’ altimeter data.

Figure 5 also shows that the assimilation of wave information
also triggers a random error reduction in the peak wave period
(PWP), which specifies the location of the peak of the wave
spectrum. This is because the SWH contains information about
the wave total energy irrespective of its distribution within the
wave spectrum. Thus, the assimilation of this data also improves
the distribution of the wave energy within the wave spectrum.

In the case of ASAR, the assimilation of its L1b spectra also
reduces the random error by about 4% for SWH and 3% for
PWP at the analysis time. The model error reduction can also be
seen in the forecasts up to day 5 for both datasets. A similar, but
somewhat less persistent, impact was found in the extratropics,
where the assimilation of the ENVISAT wave data could lead to a
reduction of the model random error visible up to forecast day 2
(not shown). The wave fields in the extratropics (especially during
winter) are usually dominated by wind sea, with active influence
of the generating wind. Thus, the memory of any correction to
the model wave field is lost in a relatively short period of time.
On the other hand, the Tropics are usually dominated by swell,
thus the waves are not under the direct impact of their generating
winds. So any correction to the wave model is retained for a
longer period of time.

4.2. Impact of ozone

The results from the assessment of withdrawing ozone infor-
mation from HRes showed a statistically significant negative
impact on the ECMWF ozone field and only a limited impact on
the main meteorological variables (e.g. temperature, winds). This
is because the ozone–radiation coupling and the dynamical link
through the 4D-Var data assimilation scheme are not exploited,
although the prognostic ozone is used in the radiative transfer
model used for the radiance assimilation. Because of this limited
feedback, the loss of the ENVISAT atmospheric instruments
mainly affected the quality of the ozone analyses.

Figure 6 shows the comparison of the ozone analyses with
the independent, unassimilated (version 2.2, v2.2) MLS ozone
retrievals. The plots present zonally averaged cross-sections of
the mean difference between the MLS retrievals and the co-
located ozone analyses over the period January–March 2012 for
(a) IFS/Ctrl and (b) IFS/NoENV O3 experiments. Note that the
v2.2 MLS retrievals were only used down to 215 hPa, as per the
data disclaimer. Figure 6 suggests that the ENVISAT ozone data
substantially improved the mean ozone state, particularly in the

c⃝ 2014 Royal Meteorological Society Q. J. R. Meteorol. Soc. (2014)

Impact	  of	  ALT	  and	  SAR	  SWH	  on	  ECWAM	  Forecasts

Tropics

• PWP	  =	  peak	  wave	  period

• ENVISAT

• Referenced	  to	  
in-‐situ	  buoy	  
data

• At	  initial	  
state,	  ALT	  
impact	  was	  
twice	  larger	  
than	  SAR	  
impact

• At	  1	  day,	  ALT	  
impact	  was	  
20%	  greater

Dragani	  et	  al.	  (2014)
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Assimilation	  of	  Satellite	  SWH	  into	  NWP	  Forecasts	  378 S. Abdalla

Figure 10. Mean impact of assimilating bias-corrected SARAL SWH in addition to Jason-2 SWH
on the anomaly correlation of the model 500 hPa geopotential height forecast in (a) the Northern
Hemisphere and (b) the Southern Hemisphere with respect to operational analysis for the period from
14 February to 1 April 2014. Vertical bars are the 95%-level of statistical significance.

The geographical distribution of mean SWH difference between model analysis when
bias-corrected SARAL and Jason-2 SWH are assimilated and model analysis using Jason-2
SWH only over the period between 20 February and 31 March 2014 is shown in Figure 8.
This is a result from the full IFS runs (with 55-km grid spacing). It is clear the SARAL
assimilation increases the model AN SWH by up to 0.10 m on average in most of the globe.
However, there are few areas where SARAL assimilation causes SWH reduction especially
in the Southern Ocean and near the ice edges. In particular, there is the region at latitude
70◦S and extending between 100◦W and 170◦W where SARAL causes a mean reduction in
SWH of up to 0.33 m. This is a model issue as all the altimeters on-board Jason-2, SARAL,
and Cryosat-2 indicate a drastic difference with the model at that region.

The results from the full IFS assimilation experiment using bias-corrected SARAL
and Jason-2 SWH and the similar experiment that assimilates only Jason-2 SWH were
further verified using Cryosat-2 SWH. The impact was slightly positive at all regions. As
an example, Figure 9 shows the impact of using bias-corrected SARAL SWH data on
the SWH bias, SDD and the correlation coefficient with respect to Cryosat-2 SWH in the
extra-tropical Southern Hemisphere (SH) for the period from 14 February to 31 March
2014. The slight positive impact, especially in the short forecast range, is clear.

The tight two-way coupling between the atmospheric and ocean wave models within
IFS requires that any wave model change including data assimilation does not introduce
any degradation to the atmospheric fields. As an example, Figure 10 shows the mean impact
of assimilating bias-corrected SARAL SWH in addition to Jason-2 SWH on the anomaly
correlation (which is a standard statistic used in numerical weather prediction field and
represents the correlation of the model deviations from the climate) of the model 500 hPa
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• Assimilation	  of	  SWHs	  from	  2	  
ALTs	  compared	  to	  1	  ALT	  into	  
ECMWF	  wave	  model	  coupled	  
to	  ECMWF	  NWP	  forecast	  
system	  did	  not	  significantly	  
change	  the	  forecast	  skill	  of	  
500-‐hPa	  geopotential	  height	  
within	  95%	  confidence.

• 80%	  of	  ECMWF	  surface	  wave	  
forecast	  is	  determined	  by	  
accuracy	  of	  surface	  wind	  field

• Ocean	  surface	  vector	  wind	  
field,	  research	  challenges	  and	  
operational	  opportunities,	  
was	  described	  in	  CGMS-‐40	  
IOC-‐WP-‐01

Abdalla	  (2015b)

95%	  confidence	  level

20-‐90°N

90-‐20°S
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Summary
• Satellite	  ALT	  SWH	  data	  and	  buoy	  data	  differ,	  global	  average,	  5%

• Assimilation	  of	  NRT	  ALT	  data	  from	  1	  ALT	  in	  ECWAM	  reduces	  error	  in	  initial	  state	  
by	  3-‐4%	  compared	  to	  in-‐situ	  buoy	  data.	  	  Assimilation	  of	  NRT	  ALT	  data	  from	  2	  and	  
3	  ALTs	  reduces	  error	  in	  initial	  state	  by	  additional	  2%	  and	  4%,	  respectively.

• Current	  capacity	  of	  NRT	  SWH	  is	  3-‐4	  systems	  

Ø Present	  (Jun	  2017):	  Jason-‐2	  (Jun	  2008),	  CryoSat-‐2	  (Apr	  2010),	  SARAL	  (Feb	  
2013),	  Jason-‐3	  (Jan	  2016),	  Sentinel-‐3A	  (Feb	  2016)

Ø Future	  (until	  2020):	  Sentinel-‐3B	  (Nov	  2017),	  CFOSAT	  (2018),	  Sentinel-‐6A	  or	  
Jason-‐CS	  (2020),	  Sentinel-‐3C	  (2020+)

• Assimilation	  of	  ALT	  SWH	  has	  little	  impact	  on	  ECWAM	  forecast	  beyond	  1	  day

• Assimilation	  of	  satellite	  ALT	  SWH	  has	  almost	  no	  statistically	  significant	  impact	  on	  
skill	  of	  ECMWF	  500-‐hPa	  geopotential	  height	  	  	  
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