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SCOR Working Group Proposal 

Title:    Atmosphere-waves-current interactions and oceanic extremes 

Acronym:   EXTREMES 

Abstract 

Both observations and climate predictions anticipate that, although possibly decreasing in the 
mean, atmospheric and oceanic extreme events will move towards a substantial intensification. 
This change is connected to the greater amount of energy (increased temperature and humidity) 
contained in the atmosphere with climate change. A proper analysis of the extreme events and 
their future development and impacts can only be done employing fully coupled atmosphere-
wave-ocean models, as the research of the last ten years has clearly demonstrated. While in 
recent years remarkable progress has been achieved on modeling capabilities, many crucial 
aspects of coupling are still to be explored and defined, both in terms of physics and more so as 
implementation in operational models (Cavaleri et al. 2007). In this SCOR Working Group we 
plan to bring together some of the leading experts in this field to frame and clarify some of the 
critical aspects still limiting the accuracy of the present analyses and forecasts. The problem has 
many facets. We will focus mainly in two directions: “freak waves” in the ocean and in shallow 
coastal waters, and a deeper coupling between atmospheric and oceanic models towards a better 
operational system for: a) understanding and forecasting the conditions for the possible 
appearance of freak waves, and b) a fully coupled coastal system providing improved forecasts 
of the coastal extremes (especially under storm and surge flooding conditions). At the same time, 
we will monitor the present trends derived from satellite data using the data available in the next 
four years. 

 

Scientific Background and Rational 

Atmospheric and oceanic modeling have been separated for a long while. Starting from the 
research and operational models of the 1960s, for about three decades, using the words of Erik 
Mollo-Christensen, “meteorologists considered the ocean as a wet surface, oceanographers 
considered the atmosphere as a place where wind blows”. It was only at the end of the 1980s and 
early 1990s that cooperative efforts between oceanographers and meteorologists led to the 
realization that interactions at the sea surface are much more complex than previously supposed. 
It was obvious that a tight coupling between atmospheric and wave models would lead to better 
predictions of the immediate future for both types of models. However, the ocean was, and partly 
still is, mostly used in climatic terms as only a boundary condition to the atmosphere. 

Today, more than ever, a tight coupling between atmospheric, global circulation and wave 
models is needed. This is due to various aspects, including the growing concern about climate 
change and the consequent need of secular projections; the evidence from long-term measured 



 

2 

time series of a growing level of the extreme conditions; the longer term projections of the 
operational meteorological systems (towards seasonal forecasts); the increased vulnerability of 
the coasts, and the more intensive use of the ocean (ship traffic and oil rigs are obvious 
examples). All these aspects demonstrate the need for a better fundamental understanding of the 
first principles governing the coupling between the ocean and atmosphere. This understanding 
should then be followed by an advanced operational forecast of atmospheric and oceanic 
conditions for the short term, as well as for climate projections. 

Wind waves and the flow of water and air by their moving surfaces are appearing more and more 
as a key element for all the above-mentioned targets. This comes in view of the fact that sea 
surface conditions control, within orders of magnitudes, the intensity and the integrated amount 
of all the exchanges (energy, momentum, heat, gas, solid particles, water, aerosol, etc.) between 
the atmosphere and ocean. Hence, wind waves are a crucial component in that they determine the 
physics and, via their modeling, our capability to provide medium-term forecasts, as well as 
climatic projections. 

Among the advancements in atmospheric and oceanic prediction, accurate forecasting of extreme 
weather events is of specific interest due to their great potential to inflict loss of life and 
property. Unfortunately, the trends derived from recent observations show that there are reasons 
for concern. A detailed analysis of altimeter data over the last 30 years has shown that there has 
been a global increase in the magnitudes of the higher values of both wind speeds and resulting 
wave heights. In particular, it is the extreme events which are increasing most rapidly (Young et 
al., 2011). A corresponding analysis of hurricanes and typhoons, in the past and in climate 
projections, shows that the average intensity of tropical cyclones is increasing. It is predicted that 
by 2100 the mean intensity of tropical cyclones will increase from Category 3 (today) to 
Category 4 (Mei et al., 2015). A key global problem is the high concentration of human 
populations near the coast and in low-laying coastal areas (40-50% of the population). It is 
mandatory to quantify, in a reliable manner, wave energy and forces acting on the coast.  As sea 
level rises and climate change impacts coastal areas and coastal cities (and mega-cities), extreme 
events will become more common (more surge-driven flooding and thus more urban 
infrastructure exposed to waves). 

The U.S. East, Gulf of Mexico, and north European coasts provide alarming examples for this 
trend. In the last 10 to 20 years these coasts have been affected by severe storms that caused 
serious damages in the coastal zones (e.g., Hurricanes Katrina, Ike, and Sandy in the United 
States). Additionally, different human activities, such as the offshore wind power and oil 
industries and coastal recreation, necessitate information about the sea state in the coastal ocean 
with high resolution in space and time. There seems to be a consensus that high-quality 
predictions of extreme events like storm surge and flooding caused by storms could 
substantially contribute to avoiding or minimizing human and material damages and losses 
(see, among others, Brown et al., 2001 and Wolf et al., 2011). Therefore, reliable forecasts and 
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long-term statistics of extremes are of utmost importance for coastal areas. This cannot be 
achieved by further neglecting wind-wave-current interactions, both in the open and coastal 
ocean operational forecasting. 

A different, but growing aspect of concern are “freak waves”, that is, the anomalously large 
waves that sometimes seem to appear out of nowhere in the ocean and also in coastal zones. 
While related measurements are unavoidably limited, a deeper knowledge has now been 
achieved based on the nonlinear processes of wind waves. However, at the same time it is 
becoming clearer that a proper estimate of the conditions favorable to their appearance can be 
obtained only with the use of deeply coupled atmospheric-wave-ocean models. The interaction 
between waves and current is obvious, and its relevance for freak waves has been extensively 
shown by analyzing cases reported along the Agulhas Current (see Peregrine, 1976; White and 
Fornberg, 1998; Lavrenov and Porubov, 2006; and Toffoli et al., 2015). However, the other 
classical area for these events, the North Sea, has no such strong current, and here freak waves 
seem to be related uniquely to the nonlinearity of wave processes, once the combined 
atmosphere-wave action has created the conditions suitable for the events. 

On the whole, there is a strong need for a deeper, more detailed coupling, in terms of the 
physics, between the atmospheric, wave and ocean models and in monitoring the global trends 
in surface winds and wave conditions (see Toffoli et al., 2005, for the warning criteria for 
ships). The need for this is clearly reflected in past and present SCOR Groups, from WG 83 
“Wave Modeling”, WG 101 “Influence of Sea State on the Atmospheric Drag Coefficient”, 
WG103 “The Role of Wave Breaking on Upper Ocean Dynamics”, WG 110 “Intercomparison 
and Validation of Ocean-Atmosphere Flux Fields”, WG 111 “Coupling Waves, Currents and 
Winds in Coastal Models to the present WG141 “Sea-Surface Microlayers” and WG 143 
“Dissolved N2O and CH4 Measurements”. Especially the two last groups cannot really sort out 
the proposed problems if the crucial effects on wind and wave interactions are not considered. 
Indeed, there seems to be a lack of a solid approach towards a better definition of the physical 
processes at the interface, of the reciprocal interactions between the actors at play, that is, wind, 
waves and currents, and of the derived role for both the problems cited above and the ones 
dealt with in the present SCOR working groups. 
 
 

Terms of References 
 

The problem is multi-faceted and it would be absurd to suggest a full solution in the next four 
years. We plan to focus on the presently most urgent and crucial aspects. The main points of 
our actions will be 
 

1. Develop a more refined physical description of the interaction between waves and 
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ocean currents to quantify their reciprocal influence. Currents affect waves and waves 
affect currents. This description will be published in a peer-reviewed journal. 

2. Develop observational and theoretical approaches to describe the presence of vertically 
sheared currents and their influence on the characteristics with which waves and their 
energy propagate on the ocean. Vertically sheared currents are not presently 
considered aspect in observations and theory. The related description will be published 
in a peer-reviewed journal 

3. Develop coupled atmospheric-waves-current-surge models suitable for coastal zones. 
The models will be made openly available. 

4. Improve the understanding of the physics of freak waves, i.e of wave of anomalous 
height believed to be the reason of many ship losses.  

5. Verify this physics hindcasting (i.e., re-evaluating a posteriori) the storms of historical 
large freak events and verify that indeed we would have been able to forecast the 
conditions suitable for a freak event. All these findings (ToR 4 and 5) will be 
published in peer reviewed journals 

6. Update the altimeter database of wind and waves over the oceans providing to the world 
community a cross-validated highly verified dataset, with also estimates of long term 
climate trends in wind and waves. Results to be published in peer reviewed journals. 

 
 

Working plan 
 
The Group will act according to the field of expertise of each person, but with a strong 
continuous interaction to obtain, along the way and at the end, a set of self-consistent and self-
supporting results. The necessary expertise is suitably distributed throughout the Group and the 
proposed Working Group Members have a long history of cooperation in scientific and 
operational activities.  
 
In the following description of the Working Plan we refer to the ToR (Terms of Reference) 
above and the names of the different Members listed in Table 1 shown later. The Working Plan 
is distributed over 4 years. For each Year and ToR the participants are listed in the order of the 
Members list. 
 
Year 1  
ToR1 – refinements for wave and current interactions (Fan, Qiao, Breivik, Smith, Bidlot), 
ToR2 – development of theory (Toledo), 
ToR3 – definition of new physics in the atmosphere-wave-current interactions. Special reference 
is done to the action of rain and on its implications for the physics of wind wave generation and 
dissipation. (Cavaleri, Fan, Breivik, Bidlot), 
ToR4 – development of theory, experimental work using optical approach with focus on both 
open ocean and coastal shallow waters (Onorato), 
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ToR5 – collection of data of the main documented freak wave historical events (Cavaleri, 
Breivik, Bidlot, Onorato), 
ToR6 – collection of data (Cavaleri, Young, Bidlot) 
 
Year 2  
ToR1 – implementation of theory into operational models – application to the Gulf of Mexico, 
North Sea, and Mediterranean Sea (Fan, Qiao, Breivik, Smith, Bidlot), 
ToR2 – development of theory and laboratory experiments – report of results (Breivik, Toledo), 
ToR3 – implementation of the new physics into the coupled modeling system in the North 
Atlantic Ocean and the Mediterranean Sea – results of the experiments (Cavaleri, Fan, Qiao, 
Breivik, Smith, Ocampo-Torres, Bidlot), 
ToR4 – validation of the theoretical approach – paper (Cavaleri, Onorato), 
ToR5 – application of the coupled system to the hindcast of the storms in connection with the 
selected freak events – results of the experiments (Cavaleri, Breivik, Bidlot, Onorato, Monbaliu), 
ToR6 – collection of data – statistics of the trends (Cavaleri, Young, Bidlot) 
 
 
Year 3  
ToR1 – hindcast of selected storms in the Gulf of Mexico, North Sea and Mediterranean Sea 
(Fan, Breivik, Staneva, Smith, Bidlot), 
ToR2 – validation of theory - paper (Breivik, Toledo), 
ToR3 – intercomparison of the results obtained with the previous approach and the one derived 
from the new physics - papers (Cavaleri, Fan, Qiao, Breivik, Staneva, Smith, Ocampo-Torres, 
Bidlot, Monbaliu), 
ToR4 – further testing of theory and possible further theoretical developments – paper (Cavaleri, 
Onorato), 
ToR5 – use of the hindcast results for freak wave simulation and check of the related probability 
- paper (Cavaleri, Breivik, Bidlot, Onorato, Monbaliu), 
ToR6 – collection of data – update of the database and of the trends – paper (Cavaleri, Young, 
Bidlot) 
 
Year 4  
ToR1 –intercomparison of the results obtained with the previous and new coupling – paper – 
results and theory available (Fan, Qiao, Breivik, Staneva, Smith, Bidlot), 
ToR2 – final framing of the basic results – paper – theory and method available (Breivik, 
Toledo), 
ToR3 – examples and results available – papers (Cavaleri, Fan, Breivik, Staneva, Smith, 
Ocampo-Torres, Bidlot, Monbaliu), 
ToR4 – final framing of the basic results – paper – theory and method available (Cavaleri, 
Onorato), 
ToR5 – final framing of the basic results – paper – theory and method available (Cavaleri, 
Breivik, Bidlot, Onorato), 
ToR6 – collection of data – new database and possible trends available – paper (Cavaleri, 
Young, Bidlot) 
 
 
Deliverables 
 



 

6 

The list of Deliverable is strictly connected to the above Terms of References 
 
D1 (ToF 1) – A more advanced physics of the interaction between waves and current, in 
particular for what concerns the evaluation and the effects of Stokes drift and Coriolis effects – 
one or two papers will be produced. 
D2 (ToF 2) – Experimental results on the effect of a vertically sheared current on the propagation 
of surface waves – development of the related theory – two papers will be produced. 
D3 (ToF 3) – A coupled atmosphere-waves-current-surge model – examples of its application to 
the North Sea – two papers will be produced – when available and verified the model will be 
available to the scientific community. 
D4 (ToF 4) – Improved theory of freak waves and two papers. 
D5 (ToF 5) – Meteorological and oceanographic reconstruction (hindcast) of at least two 
historical storms during which exceptionally high freak waves have been measured - application 
of the theory developed at ToF 4 – verification of the capability of forecasting, in operational 
conditions, the possibility and the probability of freak waves – two papers. 
D6 (ToF 6) – Cross-validated and verified long-term data base of altimeter wind and waves on 
the whole world with estimate and updating of the climate trends – one paper. 
 
 
 
Capacity Building 
 
The final and lasting results of the four-year activity of the EXTREMES SCOR working group 
are represented by the (final) results listed in the above Working Plan and Deliverables. These 
can be summarized in the following basic, but very important, points: 
 

1. We will provide the basis for a more detailed theory of the interactions between waves 
and currents with the possibility of better forecasts of the meteorological and 
oceanographic conditions on the ocean and in coastal areas. 

2. The application of these results to the operational models will produce better forecasts, 
in particular in coastal areas, with a better anticipation, as quality and forecast time, of 
potential floods, hence earlier warnings to the population. The model will be applied, 
among others, by FIO (China) and CICESE (Mexico) (see the Full Members list) to 
improve the local modelling, particularly in extreme (hurricane and typhoon) conditions.. 

3. One of the Members meeting, during the third year of the project, will be held in China 
(FIO, see Full Members list), combining it with the periodic oceanographic and climate 
course there held. In this way the many attending students from developing countries will 
be able to take advantage of the new findings. 

4. There will be a better understanding of the physics of freak waves and of the conditions 
under which their appearance may become more likely. There will be a better capability 
of issuing warning to ships and open sea oil platforms of the possibility of anomalously 
large waves in an incoming storm, particularly during hurricane and typhoon conditions, 
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respectively in the Gulf of Mexico and Caribbean Sea, and in the South China Sea 
respectively..  

 
Working Group composition 
 
We have included in the proposed Group major experts and active players in the discipline of 
atmosphere-wave-ocean coupled systems, satellite data and their use for long-term analysis, and 
freak waves. The geographical distribution is spread throughout four continents (Italy, Belgium, 
China, Norway, Germany, Israel, Great Britain, USA, Mexico, and Australia). No scientific 
discipline is associated to a single Member, but we have carefully distributed the tasks and 
responsibility reflecting the competence in also the different countries. Attention has been given 
to the gender distribution that reflects, with increased female participation, the distribution of the 
researchers and experts in the considered field. Two valuable scientists from transition economy 
countries (Mexico and China) will contribute to the final results. 
 

Table 1 – Full Members 
 

Name Gender Place of work Expertise relevant to 
proposal 

1 – Luigi Cavaleri 
       Chair 

M ISMAR, Venice, Italy wave modeling, coupled 
system, hindcast, measured 
data 

2 – Yalin Fan 
    Vice-chair 

F  U.S. Naval Research 
Laboratory, Stennis Space 
Center, MS, USA 
 

air-sea interactions and 
their effects in coupled 
models 

3 – Fangli Qiao M First Institute of 
Oceanography, Qingdao, 
P.R China 
 

non-breaking waves 
induced mixing and their 
influence in circulation and 
climate models 

4 -   Oyvind Breivik M Norwegian Meteorological 
Institute, Bergen, Norway 

fully coupled atm-wave-cur 
systems 

5 – Johanna Staneva F Institute for Coastal 
Research, HZG, Germany 

coupled wave-current 
system in coastal waters, 
forecast systems 

6 – Yaron Toledo M Tel-Aviv Univ., Tel Aviv, 
Israel 

basic wave theory, 
nonlinear processes in wind 
waves 

7 – Jane Smith F US Army Eng, Res. 
Develop. Center, 
Vicksburg, MS, USA 

fully coupled systems and 
oceanic extremes, physics 
and applications, non-linear 
waves 
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8 – Ian Young M Univ. of Melbourne, Vic 
3010, Australia 

basic physics of wind 
waves generation and 
dissipation, long term data 
sets, long term climatology 
of wind speeds and wave 
heights on the oceans  

9 – Francisco Ocampo-
Torres 

M Dpt.Phys.Oceanogr., 
CICESE, Ensenada, 
Mexico 

physics of wind waves, 
waves-current interactions, 
generation and dissipation 
of wind waves 

10 – Jean-Raymond Bidlot M Research Dpt, ECMWF, 
Reading, U.K. 

operational global and 
coupled models, physics of 
atmosphere-wave –current 
interaction, long term use 
of satellite data 

 
 
 

Table 2 – Associate Members 
 

Name Gender Place of work Expertise relevant to 
proposal 

11 – Miguel Onorato M Univ. Torino, Turin, Italy freak waves, non-linear 
processes in waves 

12 – Jaak Monbaliu M Univ. of Leuven, Leuven, 
Belgium 

coastal wave modeling, 
freak waves in coastal 
waters 

 
 
Working Group contribution 
 
Luigi Cavaleri – strong experience (by direct experience in the field and with theory) in the 
physics of wind waves, their generation and dissipation. Long-term experience in wave and 
coupled modeling. 
Yalin Fan – strong theoretical and modeling experience in air-sea interactions (momentum and 
energy fluxes, Langmuir turbulence) and their effect in coupled models, Wave modeling and LES 
modeling. 
Fangli Qiao – he developed the non-braking surface wave-induced mixing theory and 
dramatically improved the crucial vertical mixing of ocean general circulation models and 
climate models. 
Oyvind Breivik – attention to both observing and modeling systems. Very strong experience in 
fully couple systems both in deep and coastal water conditions.  
Johanna Staneva – experience of wave modeling, wave-current interactions and coupled 
systems. Intensive model application in coastal and regional modeling.  
Yaron Toledo – extensive experience in the mathematical modeling of nonlinear wave-bottom 
and wave-current interactions. Strong experience both in physical oceanography and in its 
practical aspects as marine measurements and laboratory experiments.  
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Jane Smith – long-term experience on the physics and applications of wind waves. Modeling in 
both open and coastal shallow water conditions. Solid basis on fully coupled systems and freak 
waves.  
Ian Young – long-term experience in wave modeling, remote sensing, air-sea interactions and 
the statistics of environmental extremes. Handling and validation of satellite data and 
development of a related database with related statistical analysis of long-term trends.  
Francisco Ocampo-Torres – Interest in the dynamic of ocean surface waves and the related 
interaction processes, both with the atmosphere and oceanic currents. Interest and expertise in 
the processes governing the transfers between the ocean and the atmosphere.  
Jean-Raymond Bidlot - At the core of the developments of the atmosphere-wave-ocean coupled 
system of ECMWF. Validation of model performance against in-situ and altimeter data, 
including freak waves parameters. 
Miguel Onorato – long-term experience in the field of freak waves in the ocean. Solid basis on 
the related theory and also in laboratory experiments for their simulation. 
Jaak Monbaliu – long-term experience in wave modeling in coastal waters. Interest in the 
impact of extreme waves on marine constructions and in the design of offshore structures. 
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Relationship to other international programs and SCOR Working Groups 
 
All the activities and the expertise gained in the past by the Working Group Members has been 
obtained via international cooperation, large national and international projects. For instance 
Oyvind Breivik has been working for some years at the European Centre for Medium-Range 
Weather Forecasts (ECMWF, Reading, U.K.), cooperating with Jean-Raymond Bidlot and acting 
on the coupling between wave and ocean models, an activity he is now carrying and applying in 
his institute in Norway. ECMWF is the most competent operational centre at the global level in 
coupled atmosphere-wave-ocean modeling. Several of the participants took part to the MyWave 
EU sponsored project, ended one year ago, with the aim of framing the European wave modeling 
in the best way to optimize the coupling with ocean models. This activity has a follow up in the 
present Wave2NEMO project aiming at further improving the coupling, with also a specific 
attention to the coasts and coupling with storm surge modeling. 
 
As mentioned above at the end of Scientific Background and Rationale, the proposed activity is 
a natural follow-up in time of some SCOR Working Group of the past, as WG 83 “Wave 
Modeling”, WG 101 “Influence of Sea State on the Atmospheric Drag Coefficient”, WG103 
“The Role of Wave Breaking on Upper Ocean Dynamics”, WG 110 “Intercomparison and 
Validation of Ocean-Atmosphere Flux Fields”, WG 111 “Coupling Waves, Currents and Winds 
in Coastal Models”. Two present WGs that will take advantage of our proposed activities are 
WG141 “Sea-Surface Microlayers” and WG 143 “Dissolved N2O and CH4 Measurements”. 
These last two subjects, extremely interesting in themselves, may lack the specific know-how 
we aim to bring into the system concerning the dynamics and the tuning role of the sea surface 
(under wave conditions) in modulating all the exchanges at the interface. There we believe that 
our WG will enhance the capability of some of the existing ones. We look forward to active 
cooperation, as it is necessary between different, but parallel, disciplines to achieve the best 
overall results. 
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