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Foreword

An important aim of climate research is to better understand the processes at the 
ocean-atmosphere interface, since air-sea exchange processes play an important role in 
the dynamics of the climate system. They are crucial when coupling Ocean and 
Atmosphere General Circulation Models, which provide the basis for reliable climate 
change predictions. The ever-increasing resolution of numerical climate models 
requires detailed description and computation of the air-sea fluxes and their 
perturbation by the ocean surface wave field on a global scale.

Observations based on satellite retrievals have become the main data source, 
satisfying the growing demand for continuous global measurements of ocean waves 
and other climate relevant parameters. The development and application of advanced 
wind-wave data assimilation systems combining satellite observations, field and 
model data, is also an important milestone towards improved model predictions. It is a 
particular useful tool for model validation and development. Also, measurements in 
wind-wave channels add to the understanding of the physical processes. Further 
progress in this research area requires the combination of these tools and the close co­
operation o f experimentalist and modellers.

The present publication is a result o f an EC project under the Environment and 
Climate Programme of DGXII. Research teams of 8 European institutions have 
combined their experiences to tackle this complex issue. The results of this project 
prove the usefulness o f satellite data for wave predictions and model development 
underpinning the importance of air-sea exchange processes for climate model 
predictions.

We congratulate the authors on their achievements and are confident that this report 
will find the expected resonance in the scientific community.

A. Ghazi and C. Brüning 
Climate and Natural Hazards Unit 

DGXII/D/2 
Environment and Climate Programme 

European Commission
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PREFACE

The atm osphere and the oceans respond a t very different rates to stimuli such as 
additions of heat. This allows climate, over the short term , to be predicted by calcu­
lations of atm ospheric conditions th a t are largely uncoupled from calculations of the 
general oceanic circulation. Over the long term , however, the oceans act something 
like flywheels, storing information about past climatic conditions th a t cumulatively 
im pact their large-scale motions. Therefore, for century-long clim ate predictions, in­
teractions between the atmospheric and the oceanic circulations become critical. In 
fact, a key uncertainty in such predictions arises from incomplete understanding of the 
atm osphere-ocean coupling, which entails exchanges of heat, m om entum  and mass.

The rates a t which such exchanges occur affect quantities, vital to  climate, such as 
atm ospheric concentrations of water vapor and greenhouse gases like CO 2 , as well the 
oceanic circulation itself -  which is largely driven by stresses a t the surface imposed 
by the wind, i.e. by m omentum exchange w ith the atmosphere.

The lack of understanding, and hence, of reliable quantitative estim ates of ocean- 
atm osphere exchange rates is related to  the complex nature of the interface between 
the two systems. The interface moves and deforms into waves w ith a substantial range 
of lengthscales, some of which may break, forming spray and entraining bubbles. This 
makes it difficult to measure relevant quantities like concentrations of various species, 
fluid velocities and tem perature. It is as difficult to  develop theories, the problem 
being exacerbated by both the atmosphere and ocean being turbulent -  a state  th a t 
continues to baffle researchers even in its simplest m anifestations far from boundaries.

The problem is compounded by the different length scales of fluid motion th a t 
im pact the exchanges. For example, momentum exchange occurs prim arily due to 
drag exerted by the wind on the ocean surface. The drag itself depends on the state 
of the surface, i.e. the sizes and lengths of the waves -  which in tu rn  depend on the 
drag. A portion of the drag is prim arly associated w ith the form of the waves -  the 
“form” drag -  and is controlled by the relatively large am plitude waves with lengths of 
the order of meters. A portion of the drag is also associated w ith the friction between 
the wind and the water, and this “frictional” drag is affected prim arily by waves with 
length scales of the order of millimeters and centimeters, rather than  meters.

If we consider now the other exchanges of interest, the controlling resistance to 
m oisture transfer, in the absence of sprays, lies in layers w ith thickness of the order 
of millimeters -  similar to the length scales affecting frictional drag, bu t two or three 
orders of m agnitude smaller than  those of prim ary interest for form drag. On the other 
hand, exchanges of gases, like CO 2 , are controlled by resistances in layers, now on the 
water side, th a t have thickness of the order of one hundredth of a millimeter -  length 
scales, therefore, four to five orders of m agnitude smaller than  those of prim ary interest 
for form drag.
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These considerations associated w ith ocean-atmosphere coupling, and its im por­
tance in climate prediction, prom pted a group of meteorologists, oceanographers, fluid 
dynamicists and chemical engineers to initiate an informal dialogue on the subject in 
early 1991. The rationale for forming such a multidisciplinary group arose naturally  
from the m ultiplicity of scales involved in the exchange processes. At one end of the 
spectrum  were members of the group interested in modelling the general circulation of 
the atm osphere and oceans, and the nature of the global wave field — meteorologists 
and oceanographers. At the other end were chemical engineers interested in the micro­
physics of transport processes dom inated by fine-scale turbulence, e.g. in gas exchange 
which is controlled by layers of the order of one hundredth of a m illim eter thick.

O ut of this dialogue arose the PISA (Pisa-coordinated Investigation of Sea/A ir 
Coupling) project funded by the EU under Contract EV5V-CT93-0291 (DG XII). The 
project has been coordinated by Consorzio Pisa Ricerche, a research institu tion  asso­
ciated w ith the University of Pisa. The other members of the consortium and active 
participants were the Max Planck Institu t für Meteorologie, Hamburg, Germany, and 
from the UK, the Meteorological Office, Reading University and Im perial College, Lon­
don. At a later stage, the Royal Netherlands Meteorological Institu te  (KNMI) acted 
as a subcontractor.

The main scientists involved in the project were: Paolo Andreussi, Sanjoy Banerjee, 
Paolo Lombardi, Valerio De Angelis, M aria V ittoria  Salvetti, Angela Rossodivita and 
François Beux from Consorzio Pisa Ricerche; Klaus Hasselmann, Patrick Heimbach and 
Georg Barzel from Max Planck Institut, V ladimir Makin and C. M astenbroeck from 
Royal Netherlands Meteorological Institute; Geoffrey Hewitt and M artin P attison  from 
Imperial College; Stephen Belcher, Derek Stretch and Nicola Harfield from University 
of Reading; Julian Hunt, Steve Foreman and Nigel Wood from UK Met Office.

The present work tries to summarize the main results of the project, avoiding deriva­
tions and details which are believed to  be of minor im pact to  the scientific community 
to  which this work is addressed. In order to have a more complete understanding of 
the project, reference should be made to the three Annual Reports, which contain the 
periodic reports from individual partners, and to  the list of scientific papers generated 
by or directly related to  the project, here enclosed.

This report is organized as follows: C hapter 1 presents a brief survey of what 
was known about air-sea interactions when the project was initiated. C hapter 2, 3, 
4 and 5 report the main results obtained at the Max Planck In stitu t (C hapter 2), 
Reading University w ith support from the Royal Netherlands Metheorological Institu te  
(C hapter 3), Consorzio Pisa Ricerche (Chapter 4) and the Im perial College (Chapter 
5). To the extent possible, the discussions in Chapters 2, 3, 4 and 5 have been made 
“stand-alone,” i.e. they are relatively self-contained, and can be read w ithout reference 
to  the others. The last chapter presents the conclusions and main achievements of the 
project. The directions in which further work is desirable are also indicated.

The developments themselves, of course, have already proved useful and will be 
incorporated in coupled-atmosphere-wave-ocean models in the future. This was the 
main objective of the present project and the results obtained allowed this objective 
to  become within reach.

Paolo Andreussi and Sanjoy Banerjee 

Pisa, July 1997.
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CHAPTER ONE 
OVERVIEW OF THE PROJECT

1.1 Issues and State of the Art

Reliable prediction of changes to  the global climate, in response to  both hum an activ­
ities and natural causes, is crucial to  the development of policies to  m itigate effects on 
the economy and society. A lthough the climate system is very complex, considerable 
progress has recently been made in modelling its changes and understanding its sensi­
tiv ity  to m any phenomena and processes. Clearly the ocean has an enormous influence 
on the atm osphere, from m oderating the diurnal cycle to  controlling the clim ate of 
continents. This necessitates good representations in models of climate of the internal 
dynamics, therm odynam ics and biology of oceans, and of the fluxes across the ocean 
surface.

The overall objective of this project was to  elucidate the mechanisms governing 
exchanges of m omentum, heat and chemical species (C O 2 , moisture, etc.) between the 
atm osphere and the oceans, as these appeared to  be crucial in making reliable long­
term  clim ate predictions. In particular, the role of ocean-surface waves in m ediating 
these exchanges was to be clarified, as this appeared to  be an aspect th a t was poorly 
understood a t the tim e the PISA project was initiated. At the outset, it was clear 
th a t m om entum  exchange rates and the ocean-wave field were strongly coupled, and 
therefore, further development of numerical wave-forecasting models was an essential 
ingredient of the work.

Global climate change studies are increasingly turning to Coupled Ocean-Atmosphere 
General Circulation Models (CGCMs) for improved simulations, e.g. W ashington and 
Meehl (1989), Stouffer et al. (1989) and Hasselmann (1991). These CGCMs repre­
sent significant advances over atmosphere general circulation/m ixed-layer ocean models 
used previously to  estim ate climatic response to increased greenhouse gas concentra­
tions by Hansen et al. (1988), M anabe and W etherald (1987) and W ashington and 
Meehl (1984). A key uncertainty in CGCMs relates to the fluxes of m omentum, energy 
and species (e.g. water vapour and CO 2 ) a t the air-ocean interface — the coupling 
between OGCMs and AGCMs prim arily being through these fluxes.
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Except very recently in regional simulations like ECAWOM (about which, more 
later), the present state  of the art is almost entirely to phrase these fluxes in term s 
of local (grid-averaged) param eters. The ocean state  (or the wave field) is not explic­
itly introduced into the expressions — though it is implicit, in th a t the wind speed 
dependence in the flux expressions is thought to capture the ocean state. However, 
the ocean-surface wave-field depends on the spatio-tem poral history of the wind and 
therefore requires solution of a transport equation for the two-dimensional wave spec­
trum . The transport equation has source and sink term s related to  wind input and 
dissipation. Consequently, the ocean-surface wave field, which is known to  influence 
the air-ocean fluxes, cannot be simply related by algebraic relationships to the wind 
and various stability  param eters — which is the present approach! It is clear th a t good 
coupling models between Ocean GCMs (OGCMs) and Atmosphere GCMs (AGCMs) 
m ust be dynamic in the sense th a t at least a simplified transport equation is solved 
for the global wave field, and the expressions for the fluxes explicitly contain wave 
param eters in addition to  the conventional ones, such as wind velocity, sea surface 
tem perature (SST), air tem perature and air humidity.

In more detail, consider th a t the following fluxes must be estim ated:

•  Air-side sensible and latent moisture heat fluxes.

•  M omentum flux.

•  CO 2 and other greenhouse gas fluxes.

We include in the latent heat/m oisture flux a contribution due to  evaporation of sprays. 
Alternatively, a droplet flux can be separated out with evaporation calculations being 
done in the AGCM rather than  in the air-ocean coupling model. Certainly, for predic­
tion of latent heat/m oisture, sensible heat, m omentum and greenhouse gas fluxes, the 
ocean-surface sta te  is likely to be im portant in mechanistically-based expressions.

At present, for heat and momentum exchange the usual framework adopted for 
the calculation of the fluxes is based on Monin-Obukhov theory (Businger, 1973), 
or some variation th a t is related to  it. This results in vertical profile functions for 
wind velocity, tem perature and hum idity (water vapour concentration) which involve 
a num ber of constants and stability param eters (the Monin-Obukhov length which 
requires the surface stress and heat flux). The expressions also involve “roughness” 
length scales. Models such as those of Liu et al. (1979) essentially solve the system 
of equations by iteration, given wind speed, sea surface tem perature, air tem perature 
and air humidity. Im plicit in these calculations is th a t the ocean-surface sta te  is in 
equilibrium with the wind, i.e. is only a function of the current wind conditions, not 
of the history of the wind.

Reviews of similar m ethods of estim ating the exchange coefficients have been pro­
vided by Blanc (1985) and Smith (1989). W ithout going into detail, suffice it to  say th a t 
these expressions are extremely difficult to  verify since open-ocean flux measurements 
are difficult.

In particular, it is clear th a t very large deviations are obtained from the various 
models e.g. Liu et al. (1979), Geernaert et al. (1990) and Kondo (1975, 1976), in 
conditions when the wind speed is changing. See for example the very large deviations 
in drag coefficients, from the predictions, measured by Bradley et al. (1991) and which 
they a ttribu ted  to rising winds in the period preceding the runs. It is precisely because
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the ocean-surface state  is not in equilibrium with the wind in such situations, th a t a 
dynamic wave model is needed for predictions of the various fluxes.

A second factor th a t complicates calculation of the latent heat/w ater vapour flux at 
the ocean surface arises from the form ation of sprays from breaking waves. There are 
two m ain mechanisms by which droplets are produced. Breaking waves entrain air and 
the resulting bubbles rise to  the surface where they burst, forming small droplets. At 
wind speeds above about 9ms-1 , the stress on the waves becomes high enough to tear 
liquid directly from the wave crests, forming spume drops — this is believed to  be the 
prim ary mechanism of spray generation a t high wind speeds. The bursting of bubbles 
has been studied experimentally by, for example, Blanchard (1982) and Resch and Afeti 
(1992), and the mechanisms by which the droplets are produced are now relatively well 
understood. Much less is known about the form ation of spume droplets, though some 
photographic observations have been made in a wind/wave tank  by Koga (1981, 1987). 
The underlying mechanism is thought to  be the Kelvin-Helmholtz instability.

The key problem in quantifying the spray contribution to  the fluxes is th a t the 
ra te  a t which droplets are produced is not a t all well known. To this end, a number of 
experiments have been performed in which droplet concentrations and size distributions 
have been measured. These have included both  field trials (e.g. DeLeeuw, 1990 and 
Sm ith et al., 1990) and laboratory-scale investigations using wind/wave tanks (e.g. 
Lai and Shemdin, 1974; Wang and Street, 1978). A number of researchers have used 
such d a ta  to construct models for the rate of droplet generation, but the predictions 
of different models vary by several orders of m agnitude (Wu, 1993).

We tu rn  now to the subject of air-ocean gas transfer. This subject has been ex­
tensively researched but there remains large differences between JASIN, BOMEX and 
GEOSECs when the gas transfer velocity is correlated with wind velocity (see Liss and 
Merlivat, 1986; Takahashi, 1989; Murphy et al., 1991). The GEOSECS A ntarctic Sum­
mer and A ntarctic W inter experiments are a t relatively high wind speed (>10m s-1) 
whereas JASIN and BOMEX are well below 10ms-1 . P art of the problem undoubtedly 
arises from using wind velocity as a correlating param eter — instead of, as we will 
discuss later, the wind stress — and part, may be due to  bubble entrainm ent becoming 
an im portan t transport mechanism at high wind velocity. The situation requires clar­
ification, particularly in view of the rapid developments in our understanding of near 
surface turbulence structure th a t have occurred in several laboratories (e.g. , Komori et 
al., 1989; Banerjee, 1990a). These developments emphasize the need for knowledge of 
the ocean-surface state, as discussed earlier. This is also highlighted by M urphy et 
al. (1991) who show the variability in gas transfer flux when correlated against wind 
velocity, w ithout directly introducing the ocean-state effects.

To repeat, the wind velocity, which is conventionally used, is in any case the wrong 
correlating param eter to  collapse the d a ta  and second, under the higher winds there 
may be breaking waves giving rise to entrainm ent of bubbles. The first is a serious 
problem since, as will be shown later, form drag plays almost no role in affecting heat 
and mass transfer. The bubble entrainm ent effect must be taken into account (see 
Broecker and Siems, 1984 and Merlivat and Memery, 1983 for early discussions of the 
effect) and also requires explicit consideration of the ocean surface state.

To summarise, most current models for the coupling fluxes are phrased in terms 
of algebraic relationships between averaged variables (such as wind speed, SST, air 
tem perature and air humidity). However, consideration of the ocean surface state  
is necessary. This requires solution of a t least a simplified wave evolution equation.

3



From this, grid-averaged wave param eters may be obtained and explicitly included in 
expressions for the fluxes. W ith regard to latent heat/m oisture  flux, it is necessary 
also to consider the formation of sea spray.

1.2 Modelling approaches

W ith the advent of ever more powerful computers, many of the mechanisms governing 
transport processes are becoming amenable to elucidation by approaches th a t combine 
com putation and experiments. For relatively low Reynolds numbers, or phenomena 
governed by length scales such th a t they can be characterized by low Reynolds numbers, 
Direct Numerical Simulation (DNS) becomes possible. These are essentially “numerical 
experim ents” provided resolution and numerical accuracy are m ade sufficient. Since 
scalar transfer a t continuous interfaces occur over length scales th a t lead to relatively 
low Reynolds numbers when these are based on thicknesses of the layers containing the 
main resistances DNS may well clarify the im portant transport mechanisms for such 
problems. On the other hand, DNS cannot be done, in the foreseeable future, over 
length scales like those governing form drag -  or the upper end of the range affecting 
frictional drag. Here, models are required for the turbulence in the fine scales, and 
only the large flow structures can be com putationally resolved. Such Large Eddy 
Simulations (LES) can indicate, for example, w hether separation occurs behind wave 
crests, and can, also, indicate w hat types of simpler models might be most successful 
in capturing the governing phenomena. Such LES depends, to  some extent, on DNS 
for the subgrid scale models — an area in which much research is still necessary before 
reliable results can be expected.

For more routine calculations, averaging of motions over all scales is necessary 
leading to  w hat are called Reynolds-averaged models. These usually cannot clarify 
physical mechanisms, but when “tuned” against experiments and DNS, may provide 
sets of results on turbulence statistics th a t are valuable for mechanistic and theoretical 
developments th a t lead to  relatively simple param etrizations for the coupling fluxes.

At the end of the process th a t builds on such a cascade of approaches, starting  
w ith DNS and progressing through perhaps LES and Reynolds-averaged modelling to 
m echanistic/theoretical models, is the requirement th a t the results be simple enough to 
incorporate in coupled general circulation models. Ideally, the resulting model or theory 
m ust be phrased in term s of the variables calculated by atmospheric and oceanic general 
circulation models, and perhaps a wave model of the type incorporated in ECAWOM.

In the chapters where the coupling fluxes are discussed, some subset of these ap­
proaches will be adopted. For example, DNS will be of value in developing simple 
param etrizations for the scalar fluxes when there is no wave breaking or spray forma­
tion, whereas Reynolds-averaged models will be used in studying the effects of sprays, 
and m om entum  and heat exchange over waves. LES is of less utility  a t present, though 
attem pts were made to  use it during this project to study m om entum  exchange over 
waves. From the results it is clear th a t more resolution and better subgrid scale models 
would be needed.
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CHAPTER TWO
DEVELOPMENTS RELATED TO MODELLING 
AND REMOTE SENSING OF OCEAN WAVES

2.1 Introduction

Recent developments in climate modelling confirm the central role played by the air- 
sea interaction processes in the dynamics of the climate system. W ith  the advent 
of sophisticated Coupled atmosphere-ocean General Circulation Models (CGCMs) of 
ever increasing spatial and tem poral resolution, the accurate description of the air-sea 
fluxes has become very im portant. However, the simple bulk formulae used presently 
to  param etrize the coupling fluxes ignore the detailed influence of the wave field on the 
transfer processes a t the air-sea interface. These include, for example, modifications of 
the drag coefficient and roughness length through the wave induced stress, a changed 
heat transfer and enhanced gas exchange rates due to white-capping dissipation, a 
modified sea surface albedo for rough sea surfaces and the form ation of sea-salt aerosols 
in sea spray. A necessary step in using field d a ta  on exchange rates is then to  predict the 
wave field using a well-verified wave-forecasting program. Validation of such models, 
therefore, is an im portant ingredient of the PISA project.

To reiterate global continuous measurements of the sea surface sta te  represent an 
indispensable ingredient in understanding and interpreting transfer processes field ex­
perim ents a t the air-sea interface, in the presence of surface waves. The only way to 
obtain d a ta  which meet these requirements is by means of satellite measurements. One 
main objective, therefore, was the development of algorithms to enable a correct in­
terpreta tion  of these data, a quantitative retrieval of geophysical param eters and their 
efficient use in models through appropriate da ta  assimilation schemes. Since the launch 
of the first European Remote Sensing satellite ERS-1 in July 1991 and of the Franco- 
American TO PEX /PO SEID O N  mission in December 1992, d a ta  sets are available on 
wind speed and direction from the ERS-1 scatterom eter, on significant wave height and 
the sea surface level from the ERS-1 and TO PEX  altim eter, on two-dimensional wave 
spectrum  and sea surface images from the ERS-1 SAR. A necessary prerequisite for 
using these was the development of accurate sensor algorithms. Of particular interest
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Figure 2.1 : ERS-1 SAR Wave Mode geometry.

was the development of an algorithm  to retrieve 2-D ocean wave spectra  from SAR 
im agette spectra (section 2.2).

An appropriate way to  combine observation and model da ta  for model validation 
and improvement, is by means of da ta  assimilation techniques. Different m ethods were 
developed which all take into account spectral properties of the principal wave systems 
w ithin a wave spectrum  (section 2.4). Complementary, several global and regional 
statistical intercomparisons were performed to validate both satellite measurements 
and model results. These include integral comparisons of altim eter d a ta  from ERS-1 
and TO PEX  with ERS-1 SWM-derived da ta  and spectral comparisons of the la tte r 
d a ta  w ith WAM model da ta  (section 2.3). The overall process is sketched in Figure 2.2

A further m ajor task was the development and use of an adjoint model of the 
wave model WAM (section 2.5). The adjoint modelling technique offers a variety of 
applications-related model testing and tuning, including sensitivity analyses, inverse 
modelling for testing and optimizing free model param eters, calculation of instable 
modes of dynamical systems and dynamically consistent d a ta  assim ilation in the sense 
of a 4-D variational approach.

The benefit of the afore mentioned efforts for the development of coupled atmosphere- 
wave-ocean models such as the ECAWOM is described in section 2.6. The PISA project 
adds notably to  this overall goal in th a t it provides new insights into the air-sea in­
teraction processes which lead to new param etrizations th a t can be tested with the 
ECAWOM model.
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Figure 2.2 : Sketch of the data assimilation and forecasting system.

2.2 Retrieval of wave spectra from ERS-1 SA R  data

W ith the development of the th ird  generation wave model WAM a powerful tool has 
become available for research and forecasting applications (WAMDI, 1988, and Komen 
et al., 1994). The model runs a t many operational forecasting centres such as the 
ECM W F in Reading, UK, and is implemented a t more than  100 research institutions. 
A lthough the model has been extensively validated in the past, prior to the first Eu­
ropean Remote Sensing satellite ERS-1 launched on 21 July 1991, no d a ta  had been 
available which provided both dense global coverage and inform ation on the full 2-D 
ocean wave spectrum  over a long time period. Thus, validation of the WAM against 
observations was limited to a few field experiments and sparse wave buoy data. The 
operation of the ERS-1 Synthetic A perture R adar (SAR) in the in term ittent sampling 
mode, so-called “SAR Wave Mode” (SWM), provided for the first tim e global 2-D 
wave spectral da ta  in near real-time. During SWM operation 10 x 6 km snapshot 
im agettes are collected every 200 km along the satellite track (see Figure 2.1 ) which 
are processed to polar wavenumber power spectra and disseminated via the Global 
Telecommunication System (GTS) together with altim eter and scatterom eter data as 
fast delivery product (FDP) in near real-time to the m ajor forecasting services. An 
example of a one day coverage of ERS-1 SWM data  is given in Figure 2.3 . On 21 April 
1995 ERS-2 was launched replacing ERS-1. The continuity and operational application 
of global SAR wave d a ta  will be ensured in the future through the launch of ENVISAT 
sheduled for 1999 which will deploy an Advanced SAR (ASAR).

The retrieval of ocean wave spectra from the SWM im agette spectra is not straight­
forward, since the SAR imaging mechanism is strongly nonlinear due to the distortions 
induced by the long-wave orbital motions (so-called “velocity-bunching” mechanism). 
Nevertheless, the derivation of a closed nonlinear integral describing the mapping of 
ocean wave spectra into SAR image spectra and the development of an efficient inver­
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a) WAM MODEL FIRST GUESS SPECTRA
2 m —  young windsea —  old windsea —  mixed w 7s —  swell —

120°E 100° U O P V /  60°W 0° 80°E 120°E

b) ERS-1 SAR  W A V E  M O D E R E T R IE V E D  S P E C T R A
2m —  young w indsea —  old windsea —  mixed w /s  —  swell —

40°S

0° 60°E

Figure 2.3 : Example of a one day coverage of WAM model first guess spectra (panel a), 
collocated to ERS-1 SAR wave mode retrieved spectra (panel b).

sion algorithm  based on the iterative minimisation of a least square error cost function 
by Hasselmann and Hasselmann (1991) has enabled the im plem entation of a reliable 
retrieval algorithm  within the com putational constraints of real-tim e operational appli­
cations. Despite the successful validation of the original inversion algorithm  (Brüning 
et al., 1994) shortcomings were occasionally revealed. The algorithm  has therefore 
recently been improved (Hasselmann et a l,  1996a/c and Heimbach et al., 1996a/b). 
The input spectrum  is now iteratively modified with the aid of a spectral partitioning 
scheme which subdivides a complex spectrum  into its principal wave systems. Fur­
thermore, the lim itation imposed by the azim uthal smearing is partially  overcome by 
including an explicit penality term  in the minimisation cost function for errors in the 
azim uthal cut-off. Figure 2.4 depicts the interm ediate steps of the retrieval of an ocean 
wave spectrum  from an ERS-1 SWM spectrum  including the inversion and partitioning 
procedure in 2-D wavenumber domain. An example of the wave spectral partitioning 
is given in Figure 2.5 . The retrieval algorithm  was applied to some 1.2 million ERS-1 
SWM spectra for the period 1 January 1993 to 31 December 1995.
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Figure 2.4 : Example showing the intermediate steps of the retrieval of an ocean wave spec­
trum from a SAR imagette spectrum in 2-D wavenumber domain. Each column represents 
an inversion cycle of the nonlinear spectral transform. The last row depicts the inverted wave 
from the inversion after the partitioning and readjustment procedure, which serves as new 
input spectrum in a subsequent cycle.
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Figure 2.5 : Wave spectral partitionings.

2.3 Global validation of satellite and W AM  m odel data

2.3.1 A nalysis o f a ltim eter data

A system atic cross-validation of all available altim eter da ta  from 1978 to 1994 (from 
SEASAT, GEOSAT, ERS-1 AND TO PEX ), together with WAM model da ta , was per­
formed by Bauer and Staabs (1996) to obtain an estim ate of changes in wave statistics 
from the various altim eters. The purpose was both to  estim ate the degree of accuracy 
between the different instrum ents by a cross-validation and to see whether climate 
trends in the wave height statistics could be detected. This study provided a sound 
basis for the accurate in terpretation of a detailed comparison of ERS-1 SAR wave mode 
d a ta  w ith collocated altim eter da ta  from ERS-1 and TO PEX  (Hansen et a i,  1994 and 
Bauer and Heimbach, 1996). An example of the validation is shown in Figure 2.6 .

Significant wave height d a ta  retrieved from ERS-1 SWM d a ta  for the period 1994 
were compared to altim eter wave heights from the TO PEX  and the ERS-1 collocated 
in space and tim e. This study represents a first global continuous one-year validation 
of ERS-1 SW M -retrieved data. The values of SWM-derived m onthly mean significant
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Figure 2.6 : One year time series of monthly mean significant wave heights derived from 
different altimeters. Corresponding Hs of WAM are also shown for reference.

wave heights are generally higher than  those of the ERS-1 altim eter and slightly lower 
than  those of the TO PEX  altim eter. The agreement to the TO PEX  altim eter data  
which are well calibrated is found to be very good, especially in the Tropics, deviations 
being limited to ±  5 to 10 percent. The system atic deviations w ith respect to the ERS-1 
altim eter data  is explained by a system atic low bias of the ERS-1 altim eter after a new 
sensor algorithm  had been implemented in January 1994 (see Bauer and Heimbach, 
1996). Thus, for the significant wave height as the main single wave param eter the 
SAR retrieval algorithm  could successfully be validated, as shown in Figure 2.3.1.
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Figure 2.7 : One year time series of significant wave heights (middle columns) and standard 
deviations (right columns) retrieved from ERS-1 SWM (dotted lines), derived from the ERS- 
1 (upper part of Figure) and the TOPEX (lower part of Figure) altimeters (solid lines) and 
computed with the WAM model (dashed lines) for the Northern Extra-Tropics (top row), the 
Tropics (middle rows) and the Southern Extra-Tropics (bottom rows).
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2.3.2 A three year global validation o f the W AM  m odel using ERS-1 SW M  
spectra

A statistical analysis of ERS-1 SWM-retrieved spectra was carried out for the three- 
year period January  1993 to December 1995 and the d a ta  compared with WAM model 
spectra. Com plem entary to the validation of significant wave height d a ta  described in 
the previous section, a combined quality analysis of the satellite d a ta  and performance 
analysis of the retrieval algorithm  was performed. The assessment yielded about 75 % 
successful retrievals (Heimbach et a i, 1996a/b and Hasselmann et a l,  1996). Compar­
ison of significant wave height revealed good overall agreement. Typical seasonal and 
regional synoptic conditions were represented. However, a more detailed investigation 
of the windsea and swell content of the spectra revealed a small but system atic model 
overprediction of windsea and a small underprediction of swell systems. W hereas the 
overpredicted windsea can be a ttribu ted  to incorrect wind fields as suggested by data  
assim ilation studies (Bauer et a l,  1996b and Hasselmann et al., 1996b) the underpre­
dicted swell could be due to  an incorrect dissipation behaviour in the WAM model at 
low frequencies. Several detailed investigations support this hypothesis.

«0

Mu u

•VI

-M -VI M i l  »

WAM m o d e l  (ECMWF w in d s )

» Ji U U

E R S -1  SAR W ave M ode
•)II

Figure 2.8 : Seasonal mean directional windsea (top panel) and swell (bottom panel) energy 
distribution in different parts of the South Pacific for JJA 1994. Blue curves: WAM model, 
red curves: ERS-1 SWM retrieved.
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FRS I SAR wave  m o d e

a  WAM m o d e l  (ECMWF w inds )

a WAM m o d e l  (ECMWF w i n d s )

b  ERS I SAR wave  m o d e

a  WAM m o d e )  (ECMWF w i n d s )

b ERS- 1 SAR w ave  m o d e

a WAM m o d e )  (ECMWF w in d s )

a WAM m o d e l  (ECMWF w inds) a WAM m o d e l  (ECMWF w in d s )

b ERS 1 SAR wave  m o d e b ERS I SAR wave  m o d e

Figure 2.9 : Global maps of seasonal mean windsea wave heights (top panels), seasonal wave 
heights of swell of longest wavelengths (middle panels) and seasonal mean swell wavelengths 
(bottom panels) for DJF 1993/94 (left row) and JJA 1994 (right row). Map pairs represent 
WAM model (a) and ERS-1 SWM retrieved (b) data.
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Figure 2.10 : Time series of monthly mean significant wave heights between January 1993 
and December 1995 for different ocean basins.
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Figure 2.11 : Same as Figure 2.10 for monthly mean windsea and swell wave heights.
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2.4 Assim ilation of satellite data into the W AM  m odel

Before wave d a ta  assimilation schemes for SAR wave mode spectral d a ta  were developed 
experiences with the assimilation of altim eter wave heights were gained. Although 
a single param eter is of lim ited value in updating the full 2-D wave spectrum , its 
assimilation already yielded improved results (Bauer et al., 1992).

2.4.1 T he optim al interpolation schem e

At ECM W F an 01 scheme was implemented operationally for altim eter d a ta  (Lionello 
et al., 1992). This scheme can be readily generalized to wave spectral d a ta  derived from 
ERS-1 SWM spectra (Hasselmann et a i,  1996b). For this purpose, both the WAM 
model and SAR-retrieved wave spectra are partitioned into a small num ber of windsea 
and swell systems, each of which is characterized by a few mean wave param eters. 
After cross-assigning the observed and model wave systems, analysed fields of the wave 
system param eters can be constructed by standard optim al interpolation. The updated 
full wave spectra in the vicinity of the observation point are recovered by superimposing 
the corrected wave systems. From the corrected windsea, errors in the driving wind 
field can be inferred using empirical laws for growing windseas. Figure 2.12 shows the 
example of the wind correction in the A tlantic inferred from a 6 hour assimilation.

A t l a n t i c  -  U 10 wind

T im e: 9 2 - 1 1 -  3 12: 0

IV

- 6  0 - 5  0 - 4 .0  -3 .0  -2 ,0  - 1 .0  0.0 1 0 2.0 3.0 4 0 5,0 6 0

Figure 2.12 : Correction of local wind vector along the ERS-1 satellite track inferred from 
a 6 hour assimilation of SWM retrieved wave spectra via optimal interpolation.
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2.4.2 The Green’s function assimilation method

Bauer et al. (1996a/b) take a step further towards a dynamical ra ther than  inter- 
polative assimilation scheme using a Green’s function method. The basic idea is to 
correct the wind field which drives the wave field, thereby obtaining dynamically, and 
m utually consistent, corrected wind and wave fields. Both windsea and swell da ta  are 
used, the wind being corrected also in the past. An analysis for the entire Atlantic 
revealed substantial errors in the driving wind fields. The m ethod was corroborated 
by the repeated identification of the same wind corrections a t the same position from 
different observed spectra a t different times and places (see Figure 2.13 . Using the 
wave age for each spectral grid point it is possible to trace back the erroneous swell 
system to its origin in space and time, i.e. to the original, erroneous windsea.

2.5 The adjoint m odelling technique

The adjoint technique is an efficient method to compute the derivatives of a given 
model with respect to some specific control variables, e.g. free model param eters. Such
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Figure 2.13 : Wind field correction inferred from assimilation of ERS-1 wave spectral re­
trievals by means of the Green’s function method. Corrections are also applied non-locally 
by tracing back erroneous swell in space and time to its origin of generation (cf. the different 
colors in the Figure).
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derivatives are needed for inverse modelling purposes in which model param eters are 
optimised by minimising a suitably defined cost function. Furtherm ore they are a basic 
ingredient for a dynamically consistent 4-D variational d a ta  assimilation. Finally, the 
adjoint model can serve as a tool for sensitivity analyses and for com puting the most 
unstable modes of a model (singular value decomposition). For a large set of control 
variables the adjoint technique avoids the prohibitive com putation costs incurred in 
the determ ination of the cost gradient by direct finite differences.

At the M PI a Tangent linear and Adjoint Model Compiler (TAMC) was developed 
(Giering and Kaminski, 1996) which for a given FORTRAN program  of a model au to­
m atically computes the FORTRAN code of the model derivatives w ith respect to some 
given control variables and its adjoint. This tool is of great help if different model 
approaches are to be tested and tuned.

A hierarchy of d a ta  set was established for inverse modelling and d a ta  assimilation 
purposes w ith the WAM model. These include 1-D fetch-limited data, 2-D wind and 
wave d a ta  from Lake George (Australia), d a ta  from the SWADE experim ent, carried 
out in the western part of the North Atlantic in 1991 and global ERS-1 SWM d a ta  
between January 1993 and December 19%. These d a ta  can be used for different studies 
involving the adjoint technique.

2.5.1 Application of the adjoint techique to model tuning

In a first step, an adjoint model for a 1-D version of the WAM model was developed 
and applied to inverse modelling studies (Barzel et al., 1993, and Barzel, 1994). A 
to ta l of five free param eters in the source term s of the energy balance equation were 
optimised by fitting the model to fetch-limited wave data. The latest WAM model 
cycle 4 was compared with the former WAM cycle 3 and w ith a boundary layer model. 
The comparison revealed th a t there is substantial ambiguity in the choice of the wind 
input term  in combination w ith a suitably adjusted dissipation term , a t least in fitting 
to  fetch-limited wave data. The resolution of this ambiguity requires d a ta  involving 
inhomogeneous or non-stationary wind fields and the adjoint of the full 2-D wave model. 
The extension of the adjoint to  the full spatial dimensions of WAM has been carried 
out in a jo in t work between M PI and KNMI. F irst model tests have been performed 
using d a ta  from Lake George (Hersbach, 1996 and 1997).

2.5.2 The use of SWADE data for adjoint wave modelling

W ith the availability of more complex d a ta  from the Surface Wave Dynamics Ex­
perim ent (SWADE) in the N orth A tlantic (Cardone et al., 1996), together w ith the 
2-D adjoint of the WAM, it should be possible to determ ine the source term s indi­
vidually. Instrum ents involved in the wave measurements include the SAR (Synthetic 
A perture Radar) from the Canadian Center for Remote Sensing, the RESSAC (Radar 
pour l’E tude du Spectre des Surfaces par Analyse Circulaire) from Météo-France, the



SRA (Scanning R adar Altim eter) from Goddard Space Flight Center, ROWS (Remote 
Ocean Wawe Scanner) from Johns Hopkins APL and pitch-roll buoys. All d a ta  are 
currently being evaluated.' Work to utilize them  for inverse modelling purposes is in 
progress. A hierarchy of nested model grids w ith different spatial and tem poral scales 
was set up. The prediction of the wave field was done on a I o basin scale, a 0.25° 
regional scale and a 0.05° fine-resolution scale for a limited domain. W ind field de­
scriptions were performed using six different models (ECMW F, FNOC, NMC, NASA 
and UKMO). The SWADE wind d a ta  include measurements of the surface meteorology 
of sufficient accuracy to largely eliminate the errors in the wind fields which have tra ­
ditionally hindered accurate tuning of wave models. This allows detailed comparison 
of the observed and modelled wave field to be done with high accuracy.

2.5.3 Towards an integrated wind and wave data assim ilation

As p art of the efforts to  construct an adjoint model for ECAWOM model the application 
of the adjoint model technique for wave da ta  assimilation is envisaged in the near 
future. Ultimately, a dynamically consistent assimilation scheme has to include both 
an atm ospheric and a wave model, as wind and wave field corrections are intim ately 
related to  each other and to  their respective dynamical history.

2.6 Future directions: Tests using the adjoint of WAM and 
the ECAWOM

W ithin the framework of the European Coupled Atmosphere-Wave-Ocean model project 
(ECAWOM) a community coupled model is being developed which incorporates the 
state-of-the-art model physics and provides an integrated d a ta  assimilation system for 
application in European seas.

It is m ade up of the HIRLAM (High Resolution Limited Area Model) atmosphere 
model modified with the Hamburg physics package (HIRHAM), the wave model WAM 
and the 3-D baroclinie ocean circulation model HAMSOM (Hamburg Shelf Ocean 
Model). One of the main objectives is to  study the effect of surface waves on the 
mom entum , latent and sensible heat transfer a t the air-sea interface and on the mixing 
through the upper layer of the ocean. The new param etrizations developed within the 
PISA project for the sensible heat and momentum fluxes across the air-sea interface, 
taking into account the effect of the local wave field (see Makin et al., 1995), can now 
be tested using the adjoint of the WAM and the ECAWOM model.

The efforts presented should lead to improved analyses and forecasts of global wave 
models, of wind fields which drive the ocean circulation and to  a be tter understanding 
of transfer processes a t the air-sea interface. In the long term , a significant im pact on 
the modelling of coupled ocean-atmosphere climate phenomena can be expected.
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CHAPTER THREE
MOMENTUM AND SENSIBLE HEAT EXCHANGE 

AT THE AIR-SEA INTERFACE

3.1 Introduction

One of the central issues in coupling atmosphere and ocean general circulation models 
is related to  the transfer of momentum by the wind to the ocean. This has a large 
effect both  on ocean circulation and, through the surface stress boundary condition, 
on atm ospheric motions. Similarly, sensible heat exchange between the ocean and 
atm osphere can also im pact climate dynamics -  particularly in the long term  because 
of the substantial heat capacity of the oceans.

To improve our understanding of how waves affect momentum and heat exchange 
between the ocean and atmosphere, several studies were undertaken as part of the PISA 
project. These were an example of the cascade of approaches discussed in C hapter 1, 
where modelling of varying degrees of complexity was discussed as a way to clarify spe­
cific aspects of a problem. Here, Reynolds-averaged modelling, large eddy simulation 
(LES) and theoretical approaches were all used to clarify aspects of the problem. We 
will s ta r t w ith the Reynolds averaged approach (actually based on the k — e turbulence 
model). It will become clear from the discussion th a t knowledge of the wave spectrum  
and growth ra te  are required for this level of modelling. These subjects will be taken up 
in subsequent sections, particularly with regard to  situations where waves propagate 
a t an angle to  the wind, and for the high frequency/high wavenumber portion of the 
wave spectrum .
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3.2 Reynolds averaged modelling of air-sea exchange of mo­
mentum and sensible heat

3.2.1 Interpretation of field data

The experim ental observation th a t the drag coefficient above the sea increases con­
siderably w ith increasing wind speed, while the exchange coefficient for sensible heat 
(Stanton number) remains virtually independent of wind speed, can be explained by a 
different balance of the turbulent and the wave-induced p art in to ta l flux of momen­
tum  and sensible heat. Organised motions induced by waves form the wave-induced 
stress which dom inates the surface momentum flux. Such organised motions do not 
contribute to  the vertical flux of heat. The heat flux above waves is determ ined by 
how the diffusivity of turbulence is affected by waves.

The dependence of the exchange coefficient for heat on wind speed is usually 
param etrized in term s of a constant Stanton number. However, an increase of the 
exchange coefficient w ith wind speed is not ruled out by field measurem ents and could 
be param etrized in term s of a constant tem perature roughness length. The large scatter 
of field d a ta  do not allow the determ ination of the actual dependence.

In bulk param etrization, the fluxes are related to the m easured variables (wind 
speed U, potential tem perature T)  a t the surface and a t a certain reference height via 
exchange coefficients. For the m om entum  flux r ,  the exchange coefficient is called the 
drag coefficient C d , for the sensible heat flux H,  the Stanton num ber Cu'-

-  = Cd (A U )2, (3 .1 )
Pa

—  = CHA U A T ,  (3.2 )
PaCp

In (3.1 ) and (3.2 ) pa is the air density, Cp is the heat capacity of the air and A 
denotes the difference between the variable measured a t height h, norm ally 1 0 .meters, 
and its surface value. In a neutrally stratified surface boundary layer the distribution 
of velocity and tem perature w ith height is described by the logarithmic profiles:

U(z) = -  Í n - ,  T(z)  =  —P rt In (3 .3 )
K Z0 K Z 0t  ■

is the friction velocity, k is the von Karm an constant, £* =  Zf/pQcpw* is 
the scale tem perature, P rt =  K / K t is the turbulent P rand tl number; K ,  K t are the 
turbulent diffusivity for m omentum and heat). The exchange coefficients can be now 
related to  the roughness lengths of momentum z0 (sea roughness) and heat z0t



At present it is well established th a t the drag coefficient depends strongly on wind 
speed (see the reviews of Garratt* 1977; Geernaert, 1990; recent field experiments of 
Smith et al., 1992; Anderson, 1993). In the wind speed range of 5 <  Ui0 <  20 m /s 
the drag coefficient increases roughly linearly w ith wind speed. The variation of Co  in 
this range is about 100%-150%. The increase of the drag coefficient with the wind has 
been explained using the analogy between waves and roughness elements (e.g. Phillips, 
1977). W ith  increasing wind speed waves grow and sea surface becomes rougher. The 
increase of the sea roughness with wind speed is described by the Charnock relation 
(1955):

zo = z ¿ j  (3 .5 )

where is the Charnock constant and g is the acceleration due to gravity. (The 
Charnock ‘constan t’ can in principle be a function of the sea state  (e.g. Smith et al., 
1992).

M easurements of sensible heat flux give a clear indication th a t the Stanton number 
C h  is much less dependent on wind speed than  the drag coefficient. These mea­
surem ents include open ocean measurements of Large and Pond (1982), Smith (1980, 
1989), G eernaert (1990), Anderson (1993); coastal measurements obtained during the 
H um idity Exchange over the Sea Main Experim ent (HEXMAX) and reported by Smith 
and Anderson (1988), DeCosmo (1991), DeCosmo et al. (1996), and m easurements of 
Francey and G arra tt (1979). However, the difficulties in heat flux measurements result 
in a considerable scatter of the da ta  (30%-60% of the mean), which obscures the actual 
dependence of the Stanton number on wind speed.

The m ost common param etrization of the field d a ta  is to assign a constant value 
to  the S tanton num ber (Pond et al., 1971; Smith, 1980 and 1988; Large and Pond, 
1982; DeCosmo, 1991; Anderson, 1993). However a dependence on wind speed is not 
ruled out by the field measurements. Large and Pond (1982) argue th a t for wind 
speeds above 10 m /s  the param etrization of the Stanton number in term s of a constant 
tem perature roughness length is more appropriate, though the statistical improvement 
of such a fit to  their d a ta  is not significant compared to the constant Stanton number 
param etrization. However such a choice makes a difference. W hat immediately follows 
from equation (3.4 ) is th a t Ch  ~  C ¿ / 2 which could increase the Stanton number up 
to  50% for high wind speeds, compared to the constant value of C h , and increase 
estim ates of heat exchange between atmosphere and ocean.

In the bulk param etrization the water surface is regarded as a ‘solid’ boundary with 
the principal problem being to determine the characteristic roughness lengths of the 
w ater surface. The bulk param etrization is based on empirical relationships for the 
exchange coefficients and does not explain the physics which determ ine those relations.

The first a ttem p t to obtain theoretically the drag coefficient (or the sea rough­
ness) by explicitly taking into account the sea state  and the im pact of waves on the 
atm ospheric boundary layer was made by Janssen (1989) and later by Chalikov and 
Makin (1991). However both  had to use a Charnock-type relation for the ‘background’ 
roughness param eter entering their theories. This ensures proper values of the drag 
coefficient when seas are fully developed. Caudal (1993) bypassed this problem by as­
suming th a t the to ta l surface stress is supported only by waves. This assum ption does 
not hold in general. A consistent theory to calculate the sea drag which accounts for 
balance between the wave-induced and the turbulent stress at the surface and avoids
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the use of a Charnock-type relation for the ‘background’ roughness was introduced by 
Makin et al.( 1995).

It has been shown (Janssen, 1989; Makin et al., 1995) th a t for typical sea condi­
tions the wave-induced stress a t the surface (the form drag) contributes a considerable 
fraction of the to ta l surface stress. The wave-induced flux decays rapidly w ith height. 
Therefore the turbulent stress above waves is no longer constant w ith height. In this 
way the organized wave-induced stress alters the diffusivity of turbulence above waves. 
This effect was not taken into account in Janssen (1989), Chalikov and M akin (1991) 
and Makin et al. (1995), as they used a mixing length theory to  param etrize the tu r­
bulent stress. Chalikov and Belevich (1993) use a one-equation eddy-viscosity model 
to  account for a  proper balance of the TK E bu t needed to  specify the mixing length.

In this work we introduce a model which explicitly accounts for the im pact of waves 
on the fluxes of sensible heat and momentum. The model is based on the previous 
work by Makin et al. (1995). The proper balance of the TK E and of the dissipation 
rate is accounted for by using a two-equation eddy viscosity scheme to  param etrize the 
turbulent stresses in the balance equations of m omentum and heat. ; - :

hifdt? TÜMi.) b.aoT -b; ■■ 0 - 0 0  -tp-i/wbr lin^rïo A>c¡b bbiidbui'ílhbíjrbTíUí

3.2.2 A one dimensional model J i ’ • - ' 1

The lowest p art of the marine atmospheric surface layer where the wave-induced m otion 
can be detected, is considered. The height of this surface ‘wave boundary layer’ or WBL 
scales w ith the wave length of energy containing waves. The h =  10 m etre height is a 
good estim ate for the upper boundary of the WBL (Makin et ai ,  1995). ,ni ä

The balance equation of momentum above waves is y  ̂ . ;

L v    g  i V '  ;h>
im V â& j'.} k'-h u - . —  ( t í +  t u’) =  0, i i i - . a ,  : - -  An (3.6 ). J ■ . . , d z  - ,
jLÖ uiyV Lï 'K U ii  /  w K ' i i i - ¡ I, fi !0 . i n u  b ; V;..- a . ;7. O'H? j K's\n n ; ?  >j

where the mean turbulent stress r ( is '' .r': ’ ^ : di s ihr--: ¡o
, . ’ 0 0 ; A íÍ'íí" •• >M . uolí;;

.qo irjihxii.u: m-UA -id] T*£>-nb-. T = —u'w1 , ■,,< ;; ;o roijóui (3-7 )
CIT+Cítít^-.ÍTÍ h f ' s V  : ■* . V 'O': ■ i ' : l : ' 1 • " 0  : ■ ■ ■ ■ ■ ^  ■ ' 0  t O ?  ■

the mean wave-induced stress t w can be expressed as: , . ¡ ;

, , ,0 ,  r W = r i + r a (g g }

and stresses are scaled w ith the density of air. z is a vertical coordinate and is relative 
to  (and follows) the w ater surface. Expressions for t* and r “ are given by Makin 
(1990). At z =  0, t “ =  0, and the term  is called the form drag. *
, In a stationary  WBL the to ta l stress r  =  r l + r w is constant over height t- \ 11

l i i  ba i '
Ufi ioriHÄoo'O T — Const. =  ul  ■ b'ío-o ^ 0 0 V0 íí1 •( loo; ¡ (3 , 9  )

and by definition equals the square of the friction velocity. In the upper p a rt of the 
W BL (far enough from the waves) the wave-induced stress t w =  0 and the friction 
velocity relates to the turbulent stress t K In this p art of the W BL the bulk formalism 
can be applied: by measuring the turbulent stress and the wind velocity the roughness



length follows from (3.3 ). Near the wave surface the wave-induced stress t w  supports a 
considerable p art of the to tal s tress r  and the local friction velocity related to the local 
tu rbulent stress u[(z) = ^ ^ ( z )  varies w ith height. If the turbulent stress is measured 
in the layer of the WBL affected by the waves, no bulk formalism can be applied for 
the estim ation of the sea roughness.

L The wave-induced stress decays rapidly w ith height. For each wave component the 
vertical decay can be approxim ated by e x p ( - z / r ( k ) ) ,  where r  is a decay length and k 
is a wave number. The 2D numerical calculations of Makin (1989), based on a mixing 
length theory to  param etrize the turbulent stress, have shown th a t the decay length can 
be approxim ated by r(k)  =  1/2A:. However, the rapid distortion theory of the turbulent 
air flow above waves (Belcher and Hunt, 1993) indicates th a t the wave-induced flux 
decays much faster due to the smearing of the wave fluctuations of turbulent stresses 
in the outer region. M astenbroek et al. (1995) have used the 2nd order LRR (Launder 
et al., 1975) closure scheme which accounts for the rapid distortion effects to model 
turbulence above waves. Their calculations show th a t the wave-induced flux indeed 
decays faster and th a t the decay length can be related to the height of the inner 
region. For short waves which support most of the surface stress (Makin et al., 1995), 
the height of the inner region and hence the decay length can be approxim ated by 
r — 1 /5k (M astenbroek et al., 1995). ■ -

The form drag a t the sea surface t£  =  and the distribution of the wave-induced 
stress t w (z) w ith height can be calculated according to:

roo rir \.Ud js , l
. T.! t w (z ) =  /  /  u ^ S ß  eos 9kd9e~z dk, < n.Kw.uejib1 (3 .10)

V I ‘ ; ": ■■ , ,,
.1 ^  ,.i?¡ ï - K / l O i  Í 3 .--.?> x-iï ¡ á l á ' í  d - i 'W i / 'ß  “WU'

Equation (3.10 ) presumes tha t: ;u / ^  ; ‘1 7^ ¡ ^?0*-

; 1 . All undulations of the sea surface are considered as waves, which can then be 
statistically  described by a directional wave spectrum  S(k ,9 ) ,  where the wave 
num ber k satisfies the dispersion relation - r  - u d d ,

' u 2 = g k  + T k 3, ~ (3-n  )

where T  is the dynamical surface water tension, 9 is the propagation direction of 
the  k  - wave component, and u  is the wave frequency. v

2. The energy input to waves from the atmosphere is known and can be described 
in term s of the growth rate param eter ß(k,  9).

3. The decay rate of the wave-induced flux of the individual wave component is 
known. Note the im portance of the growth rate param eter and wave spectrum  
in determ ining the wave induced flux.

>L It has been shown (Janssen, 1989; Makin et al., 1995) th a t for the typical sea
conditions the form drag contributes a considerable fraction of the to ta l surface stress.
The value of the coupling coefficient - the ratio of the form drag to  the to ta l stress

f   ( 3 ; 1 2
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is about 0.5 for a wind speed of 6  m /s  and increases to  about 0.95 for a wind speed of 
20 m /s  (see Figure 3 in Makin et al., 1995). W hat im m ediately follows from (3.9 ) and 
(3.10 ) is th a t the turbulent stress is significantly smaller near the sea surface than  a t 
the top of the WBL. Due to  the fact th a t the wave-induced stress decreases rapidly w ith 
height, the turbulent stress will increase rapidly w ith height compared to its surface 
value to satisfy the conservation of momentum (3.6 ). Such a distribution of r 4 will 
change the balance of the TK E and the dissipation ra te  of turbulence e, compared to 
the logarithm ic boundary layer, and will therefore influence the diffusivity of turbulence 
near the wave surface. In this indirect way the wave-induced stress has an im pact on 
the diffusivity of turbulence above waves. In order to  properly calculate the diffusivity 
of turbulence above waves the balance equations for the TK E and the dissipation rate 
are to  be considered in the description of the WBL, bu t are om itted  here, except to 
present the results. < ’*
.?a ,The wave-induced flux in the balance equation for m om entum  is calculated by 

means of (3.10 ). For this a wave spectrum  S ( k , 9 ) and the growth ra te  param eter 
ß{k,9)  are to be defined. For the wave spectrum  S ( k , 9 ) we use the model adopted 
in Makin et al ,  (1995). For the growth ra te  param eter ß ( k , 9 ) we adopt the following
relationship. firU, \hhhHH H't 'H.wHH ;ví.- "Hlpi ‘H;{t If.

s?¿ír;'ú: ß  = 16 eos2 9 -s1«  (3.13 )

where u*r is the friction velocity a t the height of the inner region r ( k ) =  1 /5 k. For 
waves travelling w ith the speed of the wind, the param etrization (3.13 ) overpredicts 
the  growth ra te  (M astenbroek et al ,  1995). M astenbroek et aí.(1995) have shown th a t 
for fast waves the energy flux is supported to a large extend by the work of tangential 
stress on the orbital velocity and is negative, meaning th a t waves lose their energy to  the 
atm osphere. We therefore take for waves travelling w ith the phase speed c >  28u* eos 9
3v&w-:adï •n-yiivj- . hJh ío  n /Ù Ï,' H i n .vhíoí.hhh;>-f : '

' / ? = - 4 ^ ^ c o s 2 e, ft H . H j  .* (3 .14)
C Ur

where ur is the wind velocity a t the height of the inner region. Note the key role of 
the  wave growth param eter and wave spectrum  in determ ining the wave-induced flow.

The m om entum  and sensible heat flux, as well as the drag coefficient Cd and the 
S tanton num ber C u  follow from the model.

O ' H ; T'THHHO. H O  ' ? UH ‘ 'HH: ;  H V H H n j  V: n :  I H I  ; ' H H -..H - - ( f r  ,V

; ' ‘ r -H'j.nn.; "Hin -alj ];:■ ;-jn :ij

3.2.3 Results v

The im pact of waves on the height dependence of the m om entum  flux is shown in 
Figure 3.1 for a wind speed of 15 m /s. The to ta l stress r  =  ul  is constant with 
height (as stress is normalized on u* it equals 1). The to ta l stress is supported by the 
wave-induced stress t w  and the turbulent r 4. In this example a t the surface more than  
60% of the stress ul  is supported by waves. The wave-induced flux decays rapidly with 
height supporting only 20% of the to ta l stress a t 0.1 m height. Correspondingly the 
turbulent stress r 4 increases rapidly w ith height. At the top of the W BL where the
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Figure 3.1 : Momentum flux. Turbulent stress t1 /u l  - dashed line, wave-induced flux t w /un­
solid line, total stress r / u l  = 1.

wave-induced stress is negligible, the turbulent stress equals ul,  alm ost three tim es the 
surface value of t*.

The TK E, which is roughly proportional to the turbulent stress, is no more constant 
w ith height as it should be in the logarithmic boundary layer. Present com putations 
relative to a wind speed of 15 m /s  show th a t in the layer about 1 m above the waves, the 
TK E experiences a 40% increase in its surface value. The dissipation rate, normalized 
by u \ / { z k ) ,  is constant w ith height in the logarithm ic boundary layer. In the W BL it 
increases to twice the surface value.

In the  mixing length model the eddy-viscosity K  is derived from the assum ption th a t 
the dissipation ra te  e = K^/ l*  (I is the mixing length) equals the TK E production due 
to the interaction of the turbulent stress and mean velocity gradient P* =  ^ d u / d z  = 
K ( d u / d z ) 2. An equation for K  then follows: K  = l2\du/dz\ .  Such calculation of the 
eddy-viscosity above waves leads to underestim ate K  near the surface. The reason is 
th a t the production of the TK E due to the dissipation of the mean m otion is only a 
part (which is small for high wind speed) of the to ta l production of the T K E  above 
waves.

The distribution of the eddy-viscosity is shown in Figure 3.2 . The eddy viscosity 
which follows from the mixing length theory is underestim ated compared to the e — e 
model. The details of the K  d istribution are im portan t as the heat flux is determ ined 
by the diffusivity of turbulence above waves. Ju st above the surface the diffusivity 
of turbulence is enhanced due to  the presence of waves. T h a t enhances the turbulent 
mixing of sensible heat above waves and the exchange coefficient of heat.

The dependence of the Stanton number on wind speed is assessed in the following 
way. The open ocean d a ta  set of recent simultaneous measurem ents of wind stress and 
sensible heat flux (Anderson, 1993) have been chosen. W ind stresses and sensible heat
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Figure 3.2 : Eddy-viscosity K/{nzu t ). e — e model (eq. 31) - solid line, mixing length model 
- dashed line. ............. . ..............

fluxes in the experim ent were determ ined by the inertial-dissipation m ethod.
Anderson reports the drag coefficient and Stanton number in the wind speed range 

of 5-20 m /s. His d a ta  show a clear 100% increase of the drag coefficient w ith wind. The 
heat flux coefficient is much less dependent on wind speed. However w ithin the scatter 
his d a ta  do not resolve whether C h  or tem perature roughness length Zot  is independent 
of wind speed. If the la tte r is true the Stanton number would increase for more than  
30% in the given wind speed range and for the reported drag coefficients. f

We need to  be able to  reproduce the experimental dependence of the drag coefficient 
C d on wind speed, which is more or less well established. Comparison of model results 
and d a ta  is shown in Figure 3.3 . The regression line of Anderson is for all d a ta  in 
the range 4.5 <  U io  < 2 1  m /s  : 103C d =  0.40 +  0.079f7io. For d a ta  in the range 
of wind speed U\o > 1 0  m /s  his regression line is 103C d =  0.59 +  0.065f7io, which is 
in close agreement w ith Large and Pond (1982) regression: 103C d =  0.49 +  0.065f7io. 
However in the range of 4 <  U\o <  10 m /s  Large and Pond approxim ate their da ta  
w ith constant value 103C d =  1.14 (standard deviation 0 .2 0 ). For wind speeds higher 
th an  10 m /s  agreement of model results with d a ta  is reasonable. In the range of 5- 
10 m /s, the model gives somewhat higher values of the drag coefficient. The model 
results in this range correspond better to  the measurements of Large and Pond (1982), 
obtained w ith the same m ethod as Anderson. Taking into account th a t conditions 
of low wind speed introduce more uncertainty into measurements and th a t the model 
results do not contradict the other d a ta  sets (Large and Pond, 1982), we conclude the 
overall reasonable agreement of model results with data. The overall increase of the 
drag coefficient in the wind speed range 5-20 m /s  is 80%.

The simultaneously calculated values of the Stanton num ber should then fall in the 
cloud of experim ental values of C h -  We then argue th a t the model results establish
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Figure 3.3 : Drag coefficient versus U\q. Regression line from Anderson (1993) - dashed- 
dotted line; his data fall in the shaded area. Regression line from Large and Pond (1982) - 
dashed line; in the wind speed range 5-10 m /s the standard deviation is shown. Model results 
- solid line.

the dependence of the Stanton number on wind speed. Modelled and m easured values 
of C h  are shown in Figure 3.4 . Considering the scatter of d a ta  it is not too surprising 
th a t the model results are well within the cloud of data.

In the  range of wind speed 3-10 m /s  we obtain the Stanton num ber which is virtually 
independent of wind speed C h  — 1 • IO-3 . It increases for about 10% in the  range of 
10-20 m /s. The increase is smaller than  th a t following from the ‘constant roughness
lengths’ param etrization. Assuming CH =  0.029C ]/2 which gives C h  =  IO- 3  for the  
wind speed of 5 m /s  we obtain an overall increase in C h  of 30% in the  wind speed 
range of 5-20 m /s. The increase is three times larger than  the model results in  the  
same range of wind speed and the difference increases for higher wind speeds. Thus 
the present theory agrees better w ith the ‘constant S tanton num ber5 param etràatiM i 
ra ther th a t the ‘constant roughness lengths’ param etrization of sensible heat flax.

In the litera ture  it is argued th a t for wind speeds higher th an  15 m /s  th e  effect <rf 
the sea spray evaporation becomes im portant and increases the  exchange codffirismtts 
for heat and m oisture (Andreas et al., 1995; Fairall et al., 1994). T he m odel results 
of Fairall et al. (1994) show th a t the contribution of spray to  air-sea flaxes beraames 
com parable to  the direct fluxes a t wind speed about 35 m /s  for sensible heat. A adw as 
et al. (1995) estim ate the spray contribution to  the heat fluxes to  be  abou t 1 Ä )  aft US 
m /s  wind speed. However, experimental evidence for such increase is laeMmg., ftítesugjh 
only few d a ta  are available a t high wind speeds. The effect o f sea spray is  n o t sutmmtts i  
for by the present model.

m
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Figure 3.4 : Stanton number versus U\q. Circles - data of Anderson (1993), compiled from 
his figure 8 (a). Model results - solid line. s l i

3.3 Air Flow over Waves: Numerical Developments

Numerical wave-forecasting models (such as the WAM model, WAMDI 1988) are based 
on the  idea th a t the random  sea sta te  can be decomposed into a collection of waves 
w ith a range of wavelengths and propagating in a range of directions to the wind. 
Hence such forecast models need to param etrise the processes th a t control the waves 
in term s of bo th  the length of the wave and direction of propagation. In particular, 
the wind supplies energy to  the waves and makes them  grow, and th is energy supply 
from the wind to the waves needs to  be understood for the whole range of wavelengths 
and propagation directions.  ̂ ,, , r . . . , /

Despite this practical need, most previous studies of air flow over waves have con­
sidered only a two-dimensional flow, where the mean wind is perpendicular to  crests 
of the two-dimensional waves. We have extended the previous analysis of Belcher & 
H unt (1993) of turbulent air flow over waves th a t propagate in the same direction as 
the wind to  analyse turbulent air flow over waves th a t propagate a t an angle to the 
wind as shown in Figure 3.5.

The main result from the analysis is a formula for the ra te  th a t energy is transferred 
from the wind to  the waves, including the variation with the angle between the wind and 
waves. This formula has a complicated dependency on the angle, bu t when plotted this 
dependency is fortuitously close to  a simple variation currently used in wave forecast 
models, i.e. th a t the growth ra te  varies approximately as cos29 (see Figure 3.6). Hence 
our work supports the param etrizations currently used. In particular, the growth ra te  
used for the Reynolds averaged model discussed elsewhere in this report is based on 
th is form of param etrization.
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Figure 3.5: Plan view of oblique air flow over two-dimensional waves.

We also developed a numerical model of the interaction between wind and a small 
am plitude water wave. This model was used to  investigate the effects of molecular 
viscosity on air flow over water waves. Our conclusion was th a t the molecular viscos­
ity can be im portant. This finding is suprising because wind blowing over waves is 
turbulent, which is usually assumed to dominate mixing so th a t mixing by molecular 
processes is negligible. However, our detailed study shows th a t processes very near the 
a ir-w ater interface control the energy supplied by the wind to the waves and th a t this 
near-interface region can be strongly affected by molecular viscosity.
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3.4 High frequency /  high wavenumber wind-wave spectra 
and breaking waves

One aspect of ocean surface waves th a t needs to be better understood is wave breaking. 
Breaking waves are believed to transfer significant momentum and energy between the 
atm osphere and ocean and, in -rough sea conditions, such breaking waves may be re­
sponsible for a substantial fraction of the to ta l gas exchange across the a ir-sea  interface. 
Hence crucial quantities in air-sea interaction are the statistics of the breaking-wave 
coverage and their variation with wind speed.

An apparently unrelated aspect of ocean waves is the form and behaviour of the 
high frequency and high wavenumber parts of the spectra of the wind-waves. These 
parts of the spectra are observed to have universal forms and hence are believed to be 
in a dynamical equilibrium. Wave forecasting models such as WAM do not compute 
explicitly these tails of the spectra, but patch param etrized models onto the resolved 
part of the spectrum.

The work developed here shows for the first tim e a link between the character and 
statistics of breaking waves and the equilibrium ranges of the wave spectra. D ata 
shows th a t breaking waves have high curvature a t their crests, and they are modelled 
here as waves w ith discontinuous slope a t their crests. Spectra are then dom inated by 
these singularities in slope. The equilibrium range is assumed to  be scale invariant, 
meaning th a t there is no privileged length scale. This assum ption implies th a t: (i) 
the sharp-crested breaking waves have self-similar shapes, so th a t large breaking waves 
are magnified copies of the smaller breaking waves; and (ii) s tatistical properties of 
the distribution of breaking waves, such as the average to ta l length of breaking-wave 
fronts of a given scale, varies with the scale of the breaking waves as a power law, 
param etrized here with exponent D.

The two-dimensional wavenumber spectrum  of a scale-invariant d istribution of such 
self-similar breaking waves is calculated and found to  vary as ^ (k )  ~  k~b+D. The 
exponent D  is calculated by assuming a scale-invariant dynamical balance in the equi­
librium  range. This balance is satisfied only when D  =  1, so th a t ^ (k )  ~  k ~4, in 
agreement with recent data. The frequency spectrum  is also calculated and shown to 
vary as $(<7 ) ~  a~4, which is also in good agreement with data. The theory also gives 
statistics for the coverage of the sea surface with breaking waves, and, when D =  1, 
the fraction of sea surface covered by breaking waves is the same for all scales. Hence 
th e  equilibrium described by our model is a space-filling saturation: equilibrium a t a 
given wavenumber is established when breaking waves of the corresponding scale cover 
a given, w ind-dependent, fraction of the sea surface.

Although both \£(k) and $ (u ) vary with the same power law, the two power laws 
arise from quite different physical causes. As the wavenumber, k, increases, ^ ( k )  
receives contributions from smaller and smaller breaking waves. In contrast, $ (u ) is 
dom inated by the largest breaking waves through the whole of the equilibrium range 
and contains no information about the small-scale waves. This deduction from the 
model suggests a way of using da ta  to distinguish the present theory from previous 
work.
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CHAPTER FOUR
GAS AND MOISTURE EXCHANGE 

AT AIR-WATER INTERFACES

4.1 Introduction

Prediction of scalar transfer rates a t the interface between immiscible, tu rbulent stream s 
has been of central im portance in many industrial operations such as gas absorption, 
condensation, evaporation, extraction and aeration. Recently, gas, m oisture and heat 
transfer a t the ocean-atmosphere interface has begun to receive attention. The prim ary 
m otivation has come from the need to param etrize coupling fluxes between the ocean 
and the atm osphere, required by general circulation models used in long term  climate 
studies.

A fundam ental understanding of transport processes at gas-liquid interfaces has, 
however, been slow in coming about, prim arily because of the difficulties in making 
measurements, and in doing com puter simulations near mobile and deformable bound­
aries. In contrast, flows and scalar transport near fluid-solid boundaries is better 
understood because of intensive investigations over the last two decades.

Be th a t as it may, the earliest theory for mass and heat transfer was proposed 
by Lewis and W hitm an (1924), who postulated lam inar films on each side of the fluid 
boundary w ith well-mixed turbulent fluid in the outer regions. The transfer coefficients 
then, on each side, were inversely proportional to the thickness of the lam inar film and 
directly proportional to  the molecular diffusivity. Measurements, however, e.g. by 
Gilliland and Sherwood (1934), suggested th a t the transfer coefficients, a t least on 
the liquid side, tended to vary as the square root of the molecular diffusivity. This 
finding has been validated in later work, for example by McManamey et al.( 1973), and 
Vivian and King (1964), amongst others. While there is still some controversy as to 
the precise dependence of the transfer coefficients on molecular diffusivity, nonetheless, 
there is general agreement th a t it lies somewhere between the square root and the 
three-quarters power.

In spite of this, the Lewis-W hitman (1924) film theory is useful, if for no other 
reason than  th a t it affords a convenient means to visualize the scales controlling the 
various transport processes. Consider, first, transfer of sparingly soluble gases such
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as carbon dioxide and m ethane to the ocean. At wind speeds below those a t which 
wave breaking occurs, typical gas transfer velocities, controlled by the liquid side, 
are ~  O (10cm /hr). Since molecular diffusivity of such gases in w ater or sea w ater are 
~  O (IO- 5 cm2/s ) ,  it follows from film theory th a t the m ain concentration changes occur 
in layers ~  O(10~2m m )  in thickness. For moisture transfer on the air side, transfer 
velocities are ~  0 ( lc m /s )  and diffusivities are ~  O(0.1cm2/s )  so th a t concentration 
changes occur over regions of ~  O (lm m ).

Ripples and capillary waves have wavelengths O (lcm ) and it is deform ations of 
these scales th a t prim arily im pact frictional drag. Form drag, on the other hand is 
affected by wavelength 0 ( 1  to 1 0 m), though there also is some effect of waves in the 
capillary-gravity range.

One central consideration during project development was th a t since scalar transfer 
occurs over so much smaller scales than  the wave motion, it becomes possible to  ex­
amine the controlling processes, which must be turbulence centered, in isolation from 
surface deformations th a t are an order of m agnitude, or more, larger in scale. Clearly, 
capillary wave motions, and their interactions with turbulence, should be taken into 
consideration. However, in the absence of breaking, consideration of waves w ith length 
scales th a t are much larger may be deferred.

4.2 Scalar transfer models -  a brief history

As discussed, the concept of a lam inar film adjacent to a boundary, governing trans­
fer rates, was out of line with observations, leading Higbie (1935) to  speculate th a t 
the transfer processes were akin to unsteady absorption into in an essentially lam inar 
fluid for some period, after which the surface element was replenished w ith fresh bulk 
fluid. Unlike the theory of Lewis and W hitm an, Higbie predicted th a t mass transfer 
rates were proportional to  the square root of the molecular diffusivity and inversely 
proportional to  the square root of the tim e period between surface replenishments. 
Subsequently, Danckwerts (1951) modified this penetration theory to  allow a random  
distribution of surface ages and phrased the theory in term s which were more realistic 
from the viewpoint of turbulent processes. Nonetheless, the essential Higbie model only 
changed slightly with regard to  the constant of proportionality and still m aintained a 
dependence of the transfer rate, ß  {m/s),  on the square root of the ratio  between the 
molecular diffusivity, D  {m2/s ) ,  and the average tim e between surfcae renewals, r ,  i.e.

ß  = (D /T ) ll2 . (4.1)

The main unknown then related to  the mean tim e between surface renewals, which 
needed to  be based on a model for the underlying turbulence structure. For example, 
Fortescue and Pearson (1967) proposed th a t the tim e between renewals could be ap­
proxim ated by a scale related to  the integral tim e and velocity scales of the far field 
turbulence, f  =  A / V ^ ,  where A is the far-field turbulence integral scale and \ /u ^  is 
the far-field turbulence velocity scale.

A t about th is tim e Banerjee et al. (1968), and subsequently Lam ont and Scott
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(1970), suggested th a t the tim e between renewals was related, however, to  the Kol­
mogorov tim e scale, leading also to an expression for r  of the type r  =  (v /e )1!2, where 
e is the turbulent energy dissipation rate close to the interface and v is the kinematic 
viscosity. Unlike the model of Fortescue and Pearson where the renewals are thought 
to  be m ainly due to  the large eddies, Banerjee et a/.focused on the small eddies in 
the viscous dissipation range. Both of these so-called large- and small-eddy models 
predicted the d a ta  against which they were compared ra ther well. The controversy 
continued for some tim e until Banerjee (1990) used a theory due to  Hunt and Graham  
(1978) to calculate the surface divergence spectrum  and an analytical expression for 
the effect of eddy Reynolds number on mass or heat transfer rate, in the absence of 
interfacial shear, as:

s  -^ -(0 .3 (2 .3 8 # 4 /4 -  2 .1 4 r 4 /3))1/4 ( 4 -2  )
u oo R eT

Here Sc  is the Schmidt number equal to v / D , u'^ is the far-field integral velocity 
scale of the turbulence, C  is a constant of the order 1, and R ex  is an eddy Reynolds 
num ber based on the far-field integral velocity scale, length scale and kinem atic viscos­
ity. Equation 4.2 is plotted in Figure 4.1 and one can see th a t the Fortescue and Pearson 
(1967) prediction is asym ptotic a t low eddy Reynolds numbers to the curve whereas 
the Banerjee et al. (1968) prediction is asym ptotic a t high eddy Reynolds number. It 
should be noted th a t the theory proposed in Banerjee (1990) only applies strictly to 
far-field turbulence th a t is homogeneous and isotropic, and a t an unsheared gas-liquid 
interface i.e., there is no wind stress imposed. In most pratical situations, however, 
shear is imposed on the interface and the situation is further complicated by the for­
m ation of waves. Very little  was known about such problems until recently, and it is 
these topics then th a t will be discussed in the following sections.
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Figure 4.1: Variation of the mass transfer coefficient with turbulent Reynolds number. 
Eq. 4.2. The models of Fortescue and Pearson (1967) and Banerjee et are also
reported for comparison.
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4.3 Turbulence Structure near flat gas liquid Interfaces

Streaky structures have been identified in wall turbulence since the pioneering experi­
ments of Kline et al. (1978) who also observed th a t low speed regions would periodically 
be ejected in bursts. It is known th a t these bursts or ejections, and related sweeps, 
th a t come down to the wall region to  replace the displaced fluid, strongly influence 
heat and mass transfer a t a wall.

The reason for bursts form ation is still unclear, but appears to be related to quasi- 
streamwise vortices th a t form very close to the boundary. The quasi streamwise vortices 
themselves initially appear oriented in the wall-normal direction and spin up between 
the low-speed streaks and high-speed regions th a t lie very close to the wall. The 
mean flow then stretches these vortices in a quasi-streamwise direction. It appears 
th a t ejections and sweeps are associated with these quasi-streamwise vortices. The 
im m ediate question th a t arises, then, is whether such structures, observed in wall 
turbulence, occur near gas-liquid interfaces. Considering th a t the gas has ra ther low 
inertia compared to  the liquid, so th a t fluctuations on the liquid side parallel to the 
interface can proceed relatively unimpeded, they can in a sense be expected on the 
gas side since the liquid surface, to a flowing gas, looks much like a wall. However, 
to the liquid, the interface is almost a slip surface (at least for the higher frequency 
fluctuations), though mean shear is impressed due to the gas flow. Nonetheless, the 
boundary conditions a t a fluid-fluid interface are very different and it is not clear w hat 
is to  be expected.

To clarify this situation, Rashidi and Banerjee (1990), carried out a num ber of ex­
perim ents in which they investigated the flow structure in a flowing stream  of liquid, 
with and w ithout shear imposed by gas flow. Close to the gas-liquid interface a patchy 
structure a t zero shear and low-speed high-speed streaky structures which are qualita­
tively similar to those seen near a wall a t increasingly higher shear rates were observed. 
Furtherm ore, burst-like structures em anating from the gas-liquid interface, much like 
seen in wall turbulence were recorded. This led Rashidi and Banerjee to  conclude th a t 
shear rate was the prim ary determ inant of s tructure in such situations, and the details 
of the boundary condition were secondary. The finding regarding interfacial bursts and 
streaks was later confirmed by Komori et al. (1993). Nonetheless, there are im portant 
quantitative differences in the interface flow field on the liquid side from wall tu rb u ­
lence, though the qualitative features are similar. The criterion for transition  from 
the patchy structures seen a t no shear, to the streaky structures was clarified through 
direct numerical simulation (DNS) by Lam and Banerjee (1992).

Those authors also showed th a t if sufficient shear is imposed on the gas-liquid inter­
face, then the structure changes dram atically as evident also from the direct numerical 
sim ulations of Lombardi et al.(1996), carried out as part of this project. Lombardi 
et al. (1996) did a direct numerical simulation where the gas and liquid was coupled 
through continuity of velocity and stress boundary conditions a t the interface. The 
interfacial plane itself shows regions of high shear stress and low shear stress, w ith low 
shear stress regions corresponding to the low speed regions and the high shear stress to 
the high speed regions. The low shear stress regions are indeed streaky in nature with 
high shear stress islands. At the edges of the high shear stress regions, vortices are 
seen to spin up on both sides of the interface. These are initially in the plane normal 
to  the interface but subsequently are stretched in the quasi-streamwise direction by
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the mean flow. These quasi-streamwise vortices, known for playing a m ajor role in 
the ejection-sweep processes observed in wall turbulence, do the same a t the gas-liquid 
interface.

At this point it is worth considering how the high shear stress regions form. This can 
be clarified by considering a quadrant analysis of the velocity field over the interface in 
which velocity fluctuations in each quadrant of the Reynolds stesses are correlated with 
shear stress a t the interface. In the first quadrant both the streamwise and interface 
norm al velocity fluctuations are positive. In the second, the streamwise component 
is negative bu t the interface normal component is positive. This corresponds to an 
ejection of low speed fluid. In the th ird  quadrant, both the streamwise and the interface- 
norm al velocity fluctuations are negative, and in the fourth the streamwise component 
is positive whereas the interface-normal component is negative. The fourth quadrant 
then corresponds to a sweep in which high-speed fluid is brought towards the interface.

Consider now the correlation of each quadrant of such velocity fluctuations w ith the 
interfacial shear stress shown in Figure 4.2 (left) on the gas side. It is clear th a t sweeps,
i.e., in the fourth quadrant, lead to the high shear stress regions whereas ejections lead 
to the low shear stress regions. This is what is observed in wall turbulence a t a solid 
boundary and therefore the gas sees the liquid surface much like a solid boundary. 
However, if we look a t Figure 4.2 (right), it is immediately clear th a t no such correlation 
exists on the liquid side. In fact, all the quadrants have similar behavior with regard 
to the shear stress regions th a t occur below the high speed sweeps on the gas side, i.e., 
the motions th a t bring high speed fluid from the outer regions to  the interfaces on the 
gas side leads to  high shear stress a t the interface. Conversely, ejections on the gas 
side which take low speed fluid away from the interface into the outer flow, strongly 
correlate w ith low shear stress regions. The liquid does not behave in this way and does 
not dom inate the pattern  of shear stress on the interface. This is of some im portance 
as we will show in a later section.
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Figure 4.2: Probability of strongly coherent events classes according to quadrant as a 
function of interfacial shear stress in the region over which the events occur -left: gas; right: 
liquid.
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Figure 4.3: Velocity fluctuations in wall turbulence (experimental measurements by 
Kreplin and Eckelmann, 1979, and DNS by Kim et al., 1987) and at an air-water interface 
(DNS by Lombardi et al., R29) -left: gas; right: liquid.

The difference between the gas and the liquid phases in the near interface region 
is further clarified by observing the velocity fluctuations on each side of the interface 
as shown in Figure 4.3. The left portion of the figure is for the gas whereas the right 
one is for the liquid. The gas, as is evident, behaves much like flow over a solid wall. 
The fluctuations are alm ost identical to th a t a t a solid boundary, in all directions -  
streamwise, spanwise, and wall-normal. On the other hand, the liquid, as evident 
from the bottom  figure, has the largest fluctuations in the streamwise and spanwise 
directions right a t the interface itself. Indeed, as it was speculated before, it sees the 
interface virtually as a free slip boundary, except for the mean shear.

C ertain other aspects of turbulence on each side of a gas-liquid interface are worth 
considering. Clearly, ejections and sweeps may be expected to play an im portant 
role in determ ining scalar transfer rates so their frequency of occurrence is of some 
im portance. In the wall region, it is known th a t ejections and sweeps have a spacing in 
tim e th a t lies between a non-dimensional time of 30 and 90, 90 being the upper-lim it 
which corresponds to  those assemblages of ejections and sweeps th a t are term ed bursts. 
Rashidi and Banerjee (1990) found th a t on the liquid side of a sheared interface this 
type of param etrization held. Thus, the qualitative behavior is similar, though within 
the bursts themselves there are substantial differences between the gas and the liquid 
sides. This finding, w ith regard to  the tim e between bursts, which rem ain about the 
same as in wall turbulence, is of considerable im portance in predicting scalar transfer 
as discussed later.

4.4 Turbulence structure near wavy surfaces

T he previous discussion focused on turbulence phenomena for coupled gas-liquid flows 
«itia flat interfaces - a  situation close to the experiments of Rashidi and Banerjee (1990). 
To anderstand  the  effects of waves on the gas side -where such effects may be expected
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to be more im portan t than  on the liquid side,- the flow over a surface w ith two- 
dimensional waves (with spanwise crests and throughs) was investigated. The flow 
situations correspond to the experiments of Buckles and H anratty  (1984), so the results 
could be checked.

To allow the pseudospectral method to be used for flows over wavy boundaries it 
was necessary to m ap the flow field into a rectangular domain. This was done with a 
nonorthogonal transform ation th a t stretched the surface normal coordinate. To main­
tain  spectral accuracy in the simulations, the solution procedure adopted in the DNS 
previously described (see Lam and Banerjee (1992)) had to be modified. A projection 
algorithm  was adopted - th e  details being available in De Angelis et af.(1997a,b).

Figure 4.4: Quasi-streamwise vortices scalar indicator.

The waves introduced a streamwise length scale as indicated by the vortex struc­
ture shown in Figure 4.4 (here a scalar vortex indicator based on the eigenvector 
corresponding to the complex eigenvalues of the rate of deformation tensor is used to 
show the quasi-streamwise vortices). However, when the phase average velocities and 
shear stresses are removed from the instantaneous field, then typically streaky regions 
of high speed - low speed flow and shear stress are seen, as indicated in Figures 4.5 
and 4.6. The streak spacing is ~  100 in units nondimensionalized w ith the frictional 
drag (removing the form drag component from the to tal drag). This suggests th a t 
turbulence phenom ena near the wavy surface may scale with frictional drag, rather 
than  the to ta l drag. On examining the tim e between sweeps and bursts, a tim e non­
dimensionalized with the frictional drag, i.e. t+ = tTi//a, is seen to be between 30 and 
90, in agreement with w hat happens a t a flat wall. Here r¿ is the frictional drag, i.e. 
the form drag has been removed from the total.

m
S g g g g j

Figure 4.5: Streaky structure at a wavy wall
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Figure 4.6: Shear stress at a wavy wall.

W hen simulations are performed for air-water stream s coupled across a deformable 
interface, quasi-3D interfacial waves develop and propagate. The prim ary deformations 
are spanwise ripples with bulges imposed by turbulent motions. The streaky nature 
of the streamwise velocity field near the interface, as well as the shear stress is still 
retained as shown in Figure 4.7 and 4.8. The numerical results have not been fully 
analyzed, but the indications are th a t near-interface turbulence phenom ena scale with 
the frictional drag and kinematic viscosity, as in the case of a wavy wall.

Figure 4.7: Streaky structure at a wavy interface.

—(jíjíj . 6

Figure 4.8: Shear stress at a wavy interface.

4.5 Scalar transfer rates

4.5.1 Sim ulation Results: flat interface

Scalar transfer rates were calculated using the velocity fields discussed in the previous 
sections. For the com putations in which Sc  (or P r ) are ~  0 (1 ) the spacing of the 
collocation points used for the velocity field simulation were also used for the scalar
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Table 4.1: Scalar Transfer Calculation Parameters

Sc Resolved region z + Chebyshev modes ß
0.7 171 65 0.097
10 43 65 0.016

3.65 171 129 0.053
25 43 129 0.020

flux calculations, i.e. the scalar concentration equation was solved using the same 
number of modes in each direction. However, the simulations for higher Sc  (or P r ) 
num ber required a much finer spacing of collocation points in the interface-normal 
direction. To achieve this, the region resolved with Chebyshev modes was as indicated 
in Table 4.1.

C onstant concentration boundary conditions were used a t the interface -  corre­
sponding to the equilibrium concentration for the species being transferred. This is a 
reasonable assum ption and is always used in chemical engineering for sparingly soluble 
species. The boundary conditions a t the outer edge of the resolved region were zero 
mean concentration and zero normal fluctuating flux.

Contours of the instantaneous scalar fluxes at interfaces are shown in Figures 4.9 
and 4.10, and compared with the shear stress a t the interface for the gas and the liquid 
side calculations respectively.

Figure 4.9.a: Mass flux Sc — 10 on the 
gas side.

Figure 4.9.b: Shear stress at the interface.

8 «
Figure 4.10.b: Shear stress at the inter­

face.

It is im m ediately evident th a t the gas side fluxes correlate well w ith the shear stress 
and this is shown quantitatively in Figure 4.11. On the other hand, the flux field on 
the liquid side shows a much finer structure (see Figure 4.10) and no such correlation 
exists.

Figure 4.10.a: Mass flux Sc =  25 on the 
liquid side.
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Figure 4.11: Shear stress vs. heat flux fluctuations on the gas side.

It is of interest therefore to understand what processes control the liquid side fluxes. 
Figure 4.12 shows the instantaneous Reynold stresses u'w', the interface norm al velocity 
w', and the scalar transfer coefficient ß f  =  ß/u*  as a function of tim e in wall units. 
This is shown for two points a t the interface which are typical of all points.
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Figure 4.12.a: Time history for the liq- Figure 4.12.b: Time history for the liq­
uid of scalar transfer coefficient, ß +, and uid of scalar transfer coefficient, ß +, and
Reynolds stress, u w  . Reynolds stress, u w .

It is clear th a t when u'w'  is strongly positive and w' is positive (corresponding to a 
sweep) the scalar coefficient is high. The correlation w ith the instantaneous Reynolds 
stress is self-evident, and the  sweep essentially renews the interfacial region, giving rise 
to  high scalar transfer rates. Since, in the liquid side, sweeps do not correlate with 
the  high shear stress areas a t the interface, therefore strong correlation between scalar 
transfer rates and interfacial shear stress patterns is not to  be expected.

The tim e period between sweeps can also be estim ated from the numerical simula­
tion. O n th e  gas and  the  liquid side there are between 1  and 3 sweeps, corresponding 
to  1 “burst” , in  about 90 non-dimensional tim e units (t u l / u ), where u* =  s j r j p  and 
is the  in te rfad a l shear stress (equal for both phases). For the gas side, the result is to
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be expected, but the liquid side results -though in line with the experiments of Rash id i 
and Banerjee (1990)- indicate th a t the main turbulence phenomena in the two fields 
are uncoupled. This follows because the density and viscosity of the gas and the liquid 
are different and the dimensional tim e between the sweeps and bursts are, therefore, 
very different.

4.5.2 Simulation Results: Wavy surface

The tem porally and spatially varying velocity field obtained in the sim ulation for gas 
flow over wavy surfaces was provided for solution of the species concentration equation 
and the scalar transfer rate was determined. To date the calculations have been done 
w ith Sc  — 1 and for the gas side, as the scalar concentration gradients are spread over 
the thickest layer in this case -  and hence could be expected to be most affected by 
the wavy surface.

The objective of the simulation was to determ ine the value of ß + for comparison 
w ith the flat interface cases of Table 4.1. Since the surface is wavy, a portion of the 
to ta l surface stress is due to  the form drag, and a portion is due to  the frictional drag. 
The direct numerical simulation allows each component of the drag to be estimated. 
If we define a velocity scale based on frictional drag as u* and based on frictional plus 
form drag as as û*, then the simulation gives, ß + =  0.077 and ß  =  0.063.

4.5.3 Scalar flux parametrization

The surface renewal theory of Danckwerts (1951) may be used to param etrize scalar 
transfer rates on the liquid side, with a tim e between renewals being between 30 and 
90 shear-stress-based non-dimensional tim e units. The theory was originally developed 
for “mobile interfaces” in the sense th a t liquid motions parallel to  the interface were 
relatively unim peded. The scalar transfer rate is then:

ß  =  ( D / T +)1' 2 (4.3 )

w ith t +  =  30 to  90 { v / u l )  based on the preceding discussion. This leads to:

7T Sr0 -5
Pl ,  =  0.108 to 0.158 (4 .4 )

ut
This equation was derived by Banerjee (1990), based on the conjecture th a t sweeps/ 

bursts controlled scalar transfer rates and th a t sw eep/burst frequencies were similar a t 
a sheared liquid interface to  those observed in wall turbulence. Both conjectures are 
supported by the simulations and experiments.

Equation (4.3 ) is compared with simulation results for two different Schmidt num­
bers in Figure 4.13. It is clear th a t the numerical values agree w ith the  predictions and 
the Schmidt num ber dependence is correctly predicted.
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Figure 4.13: Mass transfer coefficient vs Sc number for the liquid.

Equation (4.3 ) is also compared w ith wind-wave tank  d a ta  for S F 6 and C O 2 transfer 
rates from W anninkhof and Blivens (1991) and Ocampo-Torres et al. (1994) in Figures 
4.14 and 4.15 respectively. Again the agreement is good noting th a t u* is probably 
somewhat overestim ated as the form drag was not separated out.

10'

O o

•310'

60.0

20.0

0.0
60.00.0 20.0 40.0 <

U.t (cm s ')
100.0

Figure 4.14: Comparison of Equation
(4.9) with the data by Wanninkhof and Bliven 
(1991). The outlying points are large ampli­
tude waves that were breaking. It has been 
assumed that pwuïw = Paula m making the 
plot.

Figure 4.15: Comparison of Equation
(4.9) with wind-wave tank gas transfer data 
(from Ocampo-Torres et al., 1994) assum­
ing Sc = 660; here ß + = ßw / u+w and 
üe* =  u+wh/v.

Turning now to the gas side, the gas sees the liquid much like a solid surface as 
discussed earlier. So a form of the surface renewal theory modified for such applica­
tions, e.g. by Banerjee (1971) amongst others, is necessary. This leads to  a different 
dependence in the Schmidt number, and the modified expression is:

ßgSc2 / 3
=  0.07 to  0.09

u:
(4.5)

Figure 4.16 compares the expression w ith DNS results. It is clear th a t the Schmidt 
num ber dependency is correctly predicted, and the numerical values are w ithin the
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range of Equation (4.5 ). Also shown in the figure is /?+ and /3+ for gas flow over a  wavy 
surface w ith Sc  =  1. It is clear th a t if the frictional drag is used to  nondimensionalize 
ßg, then the results are in line w ith the equation (4.5 ), and the wave effects are 
captured in th is formulation. However if ßg is nondimensionalized w ith the  to ta l drag, 
then the value of the LHS of Equation (4.5 ) lies well below the prediction.

The lower bound of Equation (4.5 ) is also compared w ith the m oisture transfer 
d a ta  of Ocampo-Torres et al. (1994) in Figure 4.17. The agreement, again, is good.

•  Flat interface
♦ p with total drag
■ p with frictional drag

  0 .07  Sc'*3
  0 .09  Sc'*3

101

S c
0.000 0.010 0.020 CUBE» Q M S

Figure 4.16: Mass transfer coefficient vs Figure 4.17: Mass transfer coefficient v.s. 
Sc number on the gas side. u* from Ocampo-Torres et ai.(1994).
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CHAPTER FIVE
SEA SPRAY EFFECTS ON LATENT HEAT 

EXCHANGE AT THE AIR-SEA INTERFACE

5.1 Introduction

One contribution to  the transfer of heat and mass from the ocean surface is via sea 
spray droplets, large numbers of which are generated by breaking waves, thereby in­
creasing the available interfacial area. However, the question of how significant this 
mechanism is has sparked some controversy; some researchers {e.g. Hasse, 1992) claim 
th a t there is no significant enhancement of the fluxes due to  spray, except perhaps 
for hurricane strength  winds, whilst others consider it to  be im portant a t much lower 
wind speeds (see for example the exchange between Andreas, 1994 and Hasse, 1994). 
Recent work (Fairall et al,  1994; Kepert, 1994) has proposed th a t spray evaporation 
plays an im portan t role in the development of tropical storms, based on the finding 
th a t the early evolution could not be explained w ithout the presence of liquid water 
droplets. Another reason why the production of droplets is of interest is th a t they can 
evaporate to form crystals of sodium chloride which, if carried to the higher regions 
of the troposphere, become potential nucléation sites for the condensation of water 
vapour in clouds.

At low wind speeds, the sea surface is flat, but as the wind increases, ripples appear 
on the surface due to  the development of capillary waves. As the wind speed increases 
further, the waves become larger until they finally become unstable and water tips from 
the higher regions, a process known as breaking. In experiments using wind-wave tanks 
with short fetches, wave breaking occurs for wind speeds above a  critical threshold of 
about 10-13ms_1. In the open ocean, where there is a much greater fetch, the onset of 
this phenomenon is more gradual and breaking waves first appear for wind speeds of 
2-3m s “ 1 (M onahan et al ,  1986).

Breaking waves can be classified into two m ain groups, plunging breakers and 
spilling breakers, and the two classes are illustrated in Figure 5.1. Plunging break­
ers are the type norm ally observed on beaches and in this case, the crest of the wave 
overturns, forming a sheet of water which plunges down in front of the wave, trapping 
air and generating eddies in the sea. In the open sea, the vast m ajority of breaking
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Figure 5.1 : Diagram showing breaking wave, a) Plunging breaker in which crest curls over 
and falls ahead of wave, b) Spilling breaker in which water flows down face of wave.

waves are spilling breakers, in which a turbulent flow of water moves down the leading 
face of the wave, entraining air.

Breaking waves, known as whitecaps in the scientific literature, are of interest 
m ainly due to  the fact th a t bubbles result from the entrainm ent of air, and these 
subsequently rise to the surface where they burst, producing droplets. A nother im­
portan t effect is th a t the presence of whitecaps increases the reflectivity of the sea; 
Stabeno and M onahan (1986) have shown th a t they make a significant contribution 
to  the to ta l albedo. Bubbles may also increase the transfer rates of soluble gases, and 
this is discussed by Woolf and Thorpe (1991).

The usual way in which the number of breaking waves is quantified is to use a 
param eter W ,  defined as the proportion of the ocean surface visually observed to 
be covered w ith whitecaps. The time-averaged whitecap coverage is highest in mid 
latitude winters, where it can reach 3%, and is lowest in the equatorial regions, where 
it is less than  0.5%; the global average is in the region of 1%. The whitecap coverage 
is dependent mainly on wind velocity and analysis of photographic observations by 
M onahan (1971) found th a t a t wind speeds of less than  4m s_1, W  was always less than  
0.1%. At higher wind speeds whitecap coverage increases very rapidly. This strong 
dependence on the wind speed would suggest th a t the rate a t which the spray droplets 
are produced by wave-entrained bubbles increases dram atically w ith wind speed.

5.2 Mechanism of droplet generation

The processes which take place as the bubble reaches the surface have been investi­
gated using high speed photography by, amongst others, Kientzler et al. (1954), and 
is illustrated  in Figure 5.2. As the bubble emerges from the liquid, a th in  film forms 
a t the upper surface of the bubble. This film thins by drainage and then ruptures,
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Liquid plume emerges 
from cavity

Column disintegrates, 
forming jet droplets

Figure 5.2 : Processes taking place when a bubble reaches water surface.

often producing small “film” droplets. Following this breakage, a narrow liquid column 
emerges from the centre of the cavity and rises, disintegrating to form “je t” droplets 
as the result of the development of instabilities. This behaviour has also been studied 
by Boulton-Stone and Blake (1993) and Decker and de Leeuw (1993) using theoretical 
models.

Several je t drops are produced by each bubble and are fairly consistently about 
one ten th  the radius of the parent bubble. Since the bubble spectrum  peaks a t a 
radius of 50-100/xm (Kolovayev, 1976; Cipriano and Blanchard, 1981; Johnson and 
Cooke, 1979), this suggests a typical droplet radius of several microns. Film droplets 
are more numerous and are generally smaller, typically 1 -2 /xm in radius (Cipriano and 
Blanchard, 1981; Woolf et a l, 1987), though experiments by Resch and Afeti (1992) 
have shown th a t a large number of droplets are also produced in the sub-micron size 
range. However, sub-micron droplets are too small to have any significant effect on the 
overall transpo rt rates.

In order to  gain a better insight into the bursting of bubbles, a series of exper­
iments was conducted as p art of this research programme (Rossodivita et a l, 1995, 
and Rossodivita and Andreussi, 1997). Bubbles were introduced into a 48dm3 tank  of 
fresh w ater by injecting air through a porous membrane. By using media of different 
porosities, the bubble sizes could be varied from 0.6mm to 1.5mm in diameter; the tank 
was sufficiently deep to  enable the bubbles to a tta in  term inal velocity before reaching 
the surface. An im portant feature of the experiments ,was th a t swarms of bubbles 
were generated, as would be the case under a breaking wave, whereas most previous 
investigations have involved the release of bubbles one by one.

Observations of the bubbles were made by photographic image analysis and the 
droplets were observed by means of a two-component, dual beam Phase Doppler Anal­
yser (see Bachalo, 1990 for a discussion of this technique). The apparatus enabled 
measurem ents to  be made of the sizes of droplets and their ejection velocities, for 
droplets w ith diam eters in the range 2-160/xm.

Figure 5.3 shows the distribution of droplet sizes obtained from these experiments. 
M easurements reported in the literature (e.g. Kientzler et a l, 1954) have found th a t

i
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Figure 5.3 : Probability distribution function (pdf) of droplets vs. diameter size (bD=bubble 
diameter). Height above the interface: 1mm.

je t droplets are generally about one ten th  the diam eter of the parent bubble; in the 
present experiments, peaks can be seen a t this point for the 0 .6 mm and 1 mm diam eter 
bubbles. For the 1.5mm bubbles, many droplets are generated a t th is point, but a 
large num ber of much smaller droplets are also found; these smaller droplets are likely 
to  be film droplets, which are produced in large numbers by larger bubbles.

The velocity distribution of the droplets is shown in Figure 5.4. It can be seen 
th a t the larger bubbles produce droplets with higher upward velocities, and for the 
0 .6 mm bubbles, it can be seen th a t the distribution peaks a t about 60/xm, which would 
correspond to  je t droplets. The absence of a prom inent peak in the other two curves is 
probably due to  the fact th a t larger bubbles generate proportionally more film droplets, 
which have a wider distribution of ejection angles and sizes.

Bursting bubbles are not the only sources of spray droplets; a t higher wind speeds, 
the drag exerted by the wind causes liquid to be torn  directly from the waves. The 
production of these droplets starts  a t about 9m s - 1  and increases dram atically with 
increasing wind speed. Photographic observations of the production of these droplets 
have been m ade by Koga (1981, 1987) using a wind-wave tank. It was found th a t 
near to  the crest of the wave, where the wind stress is generally highest, small projec­
tions develop which then break up to form droplets. The maximum diam eter of these 
droplets was approxim ately 3mm and was generally no smaller than  20/xm (Koga, 1981; 
M onahan et a l, 1986). Calculations made by Koga (1987) and by Bortkovskii (1987) 
have shown th a t the Kelvin-Helmholtz instability is probably responsible for producing 
these projections.

Andreas (1992) showed th a t a t higher wind speeds, the droplets w ith radii in the 
range 10-300/xm would contribute most to the heat fluxes. This size range would be 
dom inated by spume droplets, implying th a t spume generation is the m ost im portan t 
mechanism of droplet generation under these conditions.
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Figure 5.4 : Distribution of droplets upward velocity vs. diameter size (bD=bubble diame­
ter). Nominal height above the interface level: 1 mm.

5.3 Droplet production

5.3 .1  M e th o d  o f  c a lc u la tin g  d ro p le t  p ro d u c t io n

In order to calculate the fluxes due to sea-spray, an obvious pre-requisite must be to  
have an idea of how many droplets are actually produced. The detailed behaviour 
and structure of breaking waves is far too complex to allow the calculation by purely 
theoretical means and so it is necessary to look for assistance in the  form of exper­
im ental data. Several research programmes have taken m easurem ents of the  droplet 
concentrations and size distributions over the sea (Monahan, 1968; Preobrazhenskii, 
1973; DeLeeuw, 1990) and, although the quantity  of d a ta  is lim ited, th is  provides a  
good starting  point for any calculation.

If the sea were pure water, then one could calculate the spray contribution to  tin® 
fluxes directly from the droplet concentration and size distribution using standard  for­
mulae for the rates of evaporation and cooling. The salt content o f the  sea cm m p& ate  
m atters somewhat in th a t it affects the evaporation ra te  of water. T he relative husmM- 
ity over the sea is typically about 80% and a t this level, droplets shrink fey evaporation 
until they reach about half their original diam eter, at. which point th e  sodium  dnBotislte 
concentration is sufficiently high to inhibit any further evaporation.

In addition to  the size and num ber of droplets present, i t  is therefore netfissany t e  
know the droplets’ salt content. “Young” droplets will readily evaporate,, feut “bM ” 
ones which have reached equilibrium with the air can no longer exehang® t e a t  Off naae®. 
However, the available experim ental d a ta  do not include th is  inform ation 
made no distinction between young and old droplets —  so some mean® off (talkuJhitriíííg 
droplet ages is required. In order to do this, previous researchers have mafite
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of the droplet residence tim e, the period spent in the air before falling back to  the sea. 
However, the residence tim e is strongly influenced by the air flow over waves, the nature 
of which is not only complex and turbulent, but also not well known. It was mentioned 
earlier th a t there are wild variations in the predictions of droplet production rates and 
a m ajor factor behind this is the different assumptions (sometimes unreasonable) th a t 
have been made concerning the flight time.

In order to  calculate the droplet source term , a model was constructed to track the 
m otion and evolution of sea spray droplets. The model included formulations for the 
heat transfer around the droplets and the rate of evaporation. The effect of turbulence 
on the paths taken by the droplets was also taken into account. By sim ulating a large 
num ber of droplets, it was thus possible to predict w hat concentration profiles would 
result from the release of a given number of droplets w ith a particu lar initial size 
distribution. Comparisons w ith da ta  on droplet sizes and concentrations then enabled 
the source term  to  be calculated. The methodology is discussed in more detail in the 
rest of this section.

5.3.2 Flow over waves

The flow over waves is highly turbulent and the velocity of the air a t any instan t in 
tim e can be represented as comprising a mean component and a com ponent due to 
the turbulent fluctuations. If u and w represent the components in the horizontal and 
vertical directions respectively, then one can simply write them  in the form

u — 11+u' (5.1 )

w  =  w + w' (5.2 )

where the overbar denotes the time-averaged value and the prim e denotes the de­
partu re  due to  the turbulence. The turbulent component can be thought of as being 
due to the presence of circulating motions superimposed on the mean flow. These 
m otions, known as eddies, are transient phenomena which are prim arily generated by 
a t the boundary of a flow, in this case the sea surface. Over the sea, the length of the 
dom inant eddies is about half the distance from the surface and th is length is known 
as the turbulence length-scale, though in practice there exists a wide range of different 
eddy sizes. O ther quantities used to characterise the turbulence are the Lagrangian 
time-scale, T¿, which represents the lifetime of a typical eddy, and the root mean square 
value of the velocity fluctuations, a.

The application of two of these quantities can be illustrated by introducing the 
Langevin equation:

, 5 t \  , ( 2  5 t \*  e , ,
T l )  W +  ° W V~Tl )  7  S t « T L (5 .3 )

This is used to  calculate the velocity of a fluid element a t a tim e t +  St from a 
knowledge of its velocity a t a previous tim e t. The first term  on the right hand side

w '(t +  St) =
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can be thought of as being a history or memory effect and the second term  as being 
due to random  changes in the turbulence field. 7  is a random  num ber w ith a Gaussian 
distribution and unit variance (though other shapes are sometimes used) and it is 
interesting to note th a t 6t has an exponent of one half — a situation not normally 
encountered in differential equations. Expressions for the components of velocity in 
the other directions are of the same form.

Let us now consider, from a more physical standpoint, how the turbulence may 
affect the residence times. One can easily see th a t in a flow w ith no turbulence or 
upwardly moving currents, a droplet will continuously fall toward the sea under the 
influence of gravity. However, in a turbulent flow, it is likely to encounter eddies 
which may alter its direction of motion. If the droplet moves into a p art of an eddy 
where the upward fluid m otion is greater than  its term inal velocity, then it will will 
be carried up to  a higher elevation. W hen the droplet is carried through a num ber of 
such eddies, then its residence tim e will be greatly extended. In fact, the flight path  
of light particles and droplets is controlled m ainly by the turbulence; larger particles, 
which are too heavy to be lifted against gravity by the eddies are not greatly affected 
by the turbulence.

The mean flow over a surface is generally expressed as a logarithm ic profile (Paulson, 
1970; Dyer, 1974). In reality, the flow profile over steep three dimensional waves is 
ra ther more complex, but in the absence of suitable alternative models, a logarithmic 
profile was adopted for the simulations. This is equivalent to assuming th a t the flow 
stream lines run parallel to the wave profile, which is not quite the case, especially over 
steep waves.

5.3.3 Droplet simulations and estim ates of droplet production

The movement of droplets was sim ulated by assuming th a t they move relative to the 
air a t their term inal fall velocity; this is quite reasonable for the size of droplet under 
study, though for large droplets inertial effects can be significant. A modified Langevin 
equation was used to  predict the turbulent component of air velocity; the Langevin 
equation predicts how the turbulence changes in a fram e of reference moving with the 
fluid, bu t we need to know how the turbulence changes in the droplet’s reference frame. 
Since droplets do not exactly follow the streamlines, it is necessary to  correct for this 
and this was done using the model of Edson and Fairall (1994). Equations for the 
droplet evaporation ra te  and heat transfer were solved a t each tim e-step to  calculate 
the droplet size and tem perature.

Figure 5.7 shows some concentration profiles which were calculated using th is ap­
proach. Sim ulations of droplets of different sizes originating a t a height of lm  were 
performed and the resulting vertical concentration profile calculated. Each run tracked 
the pa th  of 1 0  0 0 0  non-evaporating droplets in a flow field w ith a wind speed of 2 2 ms_ 1  

at 10m. It can be clearly seen th a t the turbulence causes a significant num ber of 
droplets to be carried to higher elevations, particularly the smaller ones.

As discussed earlier, spray droplets originate from two main processes; from bursting 
bubbles or as a result of water being torn directly from the region of the  wave crests. 
In the case of je t droplets, information on the observed ejection heights was used to
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Figure 5.5 : Concentration profile resulting from release of non-evaporating droplets at lm.

determ ine their initial velocity and this was used for the initial conditions. It was 
found th a t most of the droplets spent very little  time in the air before falling back 
into the w ater and only a very small proportion reached heights of a few metres. Thus 
it appeared th a t this simple model could not explain the large numbers of droplets 
observed a t higher elevations. W ith spume droplets, the situation regarding the initial 
velocity is less clear; in the absence of other information, they were assumed to be 
ejected a t speeds of 2u* and a t an angle of 30° to  the horizontal, which w hat is found 
for sand particles which are torn from the ground by the wind (Nalpanis et al., 1993). 
However, it was found th a t again only a very small proportion of droplets reached 
heights significantly above the surface. One possible conclusion from these simulations 
is th a t a considerable number of droplets are produced, of which only a tiny m inority 
reach significant elevations. An alternative, and more probable, conclusion is th a t after 
formation, droplets are advected well above the surface by air currents which are not 
modelled in the current simulations.

Investigations showed th a t the predicted shape of the droplet concentration profile 
was independent of the height a t which droplets were released, for heights above the 
release point. This meant th a t it would be reasonable to simulate the droplet transport 
by considering droplets released a t a significant height above the surface. In the sim­
ulations, droplets were started  off a t a height of lm  and their subsequent evaporation 
and m otion tracked. For the initial velocity, it was assumed th a t the vertical compo­
nent of the air velocity had a Gaussian distribution and the droplets moved relative to 
this a t their term inal velocity; only upwardly moving droplets were considered — thus 
the calculated production ra te  could be thought of as representing the net source flux 
through a layer lm  above the surface.

The choice of lm  was somewhat arbitrary  and was determ ined partly  because of 
the erratic nature of the measurements below this level. Obviously, predictions for 
the near-surface concentrations would not necessarily be valid, bu t under conditions 
of whitecapping and high wind, this region would be expected to  be satu rated  and 
therefore spray would not significantly enhance the heat and mass transfer here. The 
main advantage of sim ulating droplets released at higher elevations was the saving in
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com puter tim e, since it was no longer necessary to track large numbers of droplets 
which rapidly fell back into the sea in order to obtain trajectories for the few th a t 
reached appreciable heights.

The next step was to  apply the code to  situations for which field measurements 
of the droplet concentration and size distribution were available. Due to the strong 
dependence of the wave structure on the fetch and history of the wind field, only d a ta  
taken from over the sea were considered. Exam ination of the literature on measure­
ments of droplet concentrations led to the selection of the da ta  of DeLeeuw (1986, 
1990) and Sm ith et al. (1993). These sets of d a ta  contained sufficient information to 
calculate the production rate and it was considered th a t the experiments had been 
carefully performed.

DeLeeuw’s d a ta  were collected in the North A tlantic and the North Sea and involved 
the use of a ro ta ting  collector w ith a silicone coating to capture spray droplets. The 
craters left in the coating were later inspected under a microscope and the concentration 
and sizes of the droplets were inferred. D ata were collected over a wide range of 
wind speeds and measurements made a t four different wind speeds were used in this 
work. In the field trials, the droplets were divided into a number of size bands, spaced 
logarithmically, and the same size bands were used for the simulations. The model was 
used to  track the evolution of a release of a large number of droplets in a particular 
size band and so determ ine what concentration profiles would result. For releases 
of droplets in the largest size bands, the model predicted th a t these droplets only 
contributed significantly to  concentrations in the original size band. For releases from 
the sm allest size bands, the droplets had sufficient tim e to evaporate significantly and 
the release would give rise to droplet concentrations in a few different size bands; 
solution of a set of simultaneous equations then yielded the production rates.

Figure 5.8 shows the calculated rate of production as a function of droplet initial 
diam eter; all wind speeds are for a height of 10m. It can be seen th a t, w ith one 
exception, the ra te  increases with wind speed, with this increase being most pronounced 
for the larger droplets. For both  the 11ms- 1  and 15.5ms-1 cases the source term  was 
found to vary roughly as d¿2'7. The values for the 12.8ins- 1  wind speed are much higher 
than  would be expected from the other sets of data; the reason for this is not clear, 
but it could be th a t the conditions had been changing, in which case history effects 
could be responsible. It should also be noted th a t due to an equipment malfunction, 
no d a ta  for the hum idity were obtained for the 22ms- 1  case. Initially, the simulations 
were performed assuming a relative hum idity of 80%, but it was found th a t no initial 
size distribution could explain the observed size distribution; the results in the graph 
were obtained using a value of 95%, and a sensitivity analysis showed th a t the error 
arising from using an incorrect humidity would be less than  about 50%.

The d a ta  of Smith et al. were taken on a tower located on the tip  of an island, 
using an optical detection method. The da ta  cover a higher range of wind speeds than 
those of DeLeeuw, but do not include measurements of the larger drops. Simulations 
were again undertaken to calculate the droplet production rates from the data, and 
the results again showed a strong increase in the rate of droplet generation w ith wind 
speed, especially for the larger droplets — the slope of the curve for the 80/zm droplets 
suggests a dependency of roughly Uf0. O ther researchers have also found a rapid 
variation w ith wind speed, for example experiments in a wind/wave tank  by Lai and 
Shemdin (1974) indicated th a t the droplet production rate varied as u*, and Andreas 
et al. (1995) proposed a model in which the dependence varied approxim ately as u*.

55



1000.0

100.0

a>

c
oo

10.0
a.
Q)
a.2
O

□— 0 1 1 .0  m/s
* ----- * 1 2 .8  m/s
A— A 15.5 m/s 
G— G 22.0 m/s

0.1
100

Droplet diam eter /  microns

Figure 5.6 : Droplet generation rate calculated from data of DeLeeuw. Units are
m_ 3 /im_ 1 s_1. Parameter is wind speed.

10000.0

1000.0

100.0Co
U3•og
a
© 10.0CLgo

* — *  24 micron diameter 
G— 0 4 0  micron diameter 
□— □ 80 micron diameter

0.1

Wind speed (m/s)

Figure 5.7 : Droplet generation rate calculated from data of Smith et al. Units are 
m -3 , /xm“ 1, s -1 . Parameter is droplet diameter.

56



A ir  temp Sea temp Relative
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Total flux F lux for 
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z>5m

DeCosmo
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15 12 80 5.2 3.8 2.7 17.8

15 12 90 2.9 2.6 2.1 101

27 29 80 7.8 4.2 2.7 515

-10 0 80 4.3 2.6 1.9 191

Figure 5.8 : Latent heat fluxes predicted for different conditions by droplet evaporation and 
with DeCosmo’s model.

The results obtained were then used to address the question of whether the spray 
contributes significantly to  the overall latent heat and mass fluxes. Calculations were 
m ade of the spray latent heat transfer at 1 1 m s - 1  and 2 2 m s-1 , using the respective 
curves in Figure 5.7 for the droplet generation function, over the range of sizes for 
which this had been calculated. In order to gain an idea of where the transfer was 
taking place, the contributions taking place above 2m and above 5m were also calcu­
lated. Comparisons were then made w ith the fluxes calculated using the formulation 
of DeCosmo (1991) relative to the overall heat flux a t the air-sea interface. Results 
for four cases, representing typical conditions over tropical oceans, m id-latitude waters 
and polar seas are reported in Fig. 5.8; the mass exchange is not given since it is 
proportional to  the latent heat transfer are shown in Figure 5.8. It was found th a t the 
fluxes were only a few w atts per square m etre — this compares w ith values often of the 
order of hundreds of w atts per square m etre (depending on the tem perature difference) 
calculated w ith DeCosmo’s formula.

The results also showed th a t the main contribution was from the larger (>60/xm) 
droplets, which would be mainly spume droplets. Since the production ra te  of these 
droplets appears to  increase very rapidly w ith wind speed, one can expect th a t droplets 
would make a very substantial contribution to  the heat and moisture budgets under 
storm  conditions. Also, it is clear th a t much of this exchange takes place well away from 
the sea surface. This is significant as many authors have claimed th a t the presence of 
spray does not significantly enhance transfer rates as an increase in evaporation leads to 
an increase in humidity, suppressing further evaporation. However, if the evaporation 
takes place over a deep layer, this is not so likely to  be the case.

There are a number of potential sources of error in the calculation of the droplet 
generation rate; one m ajor source is from experimental errors in the d a ta  on which these 
calculations are based, another lies w ith the idealised model used for sim ulating the 
droplet motion. However, w ithout more experimental d a ta  and a be tter understanding 
of the flow over waves, it is difficult to improve on this — in particular, caution should 
be used in extrapolating the production rates presented here to other conditions.
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CHAPTER SIX 
CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Wave-Climate Models

There is continuing uncertainty as to the effects of anthropogenic activities in long-term 
climate. In particular, from the early 1800s there has been an effective increase of about 
50 % in greenhouse gases (Lindzen, 1994). However, because of the delays associated 
w ith the heat capacity of the oceans, it will perhaps be decades before clim ate changes 
can be identified in the data. The historical record suggests long ocean delays, which 
in tu rn  suggests th a t the climate response to increasing greenhouse gas concentrations 
would be far from w hat might be the “equilibrium sta te” . W ith regard to  activities 
th a t generate greenhouse gases, ocean delay has a m ajor im pact on w hether we pursue 
a “business as usual” scenario (Houghton et a l, 1990) or take Draconian measures to  
curtail generation. Ocean delay, of course, depends crucially on exchanges w ith the 
atm osphere, i.e. the couplings.

Be th a t as it may, there are also significant uncertainties in translating  anthro­
pogenic production of greenhouse gases into atmospheric concentrations. Again, there 
are deviations from equilibrium concentrations, part of this being associated w ith ab­
sorption into the oceans.

To clarify these issues, large-scale com puter simulations of climate have been under­
taken. The atm ospheric and oceanic circulation calculations have become increasingly 
detailed, bu t the models coupling the two -except perhaps in some regional simula­
tions like ECAW OM - have remained primitive. This, to some extent, has come about 
because improved representations of the coupling require calculation of the global wave 
field, which adds significantly to the computing resources required for clim ate simu­
lations. Nonetheless, the rapid growth in com putational capability, and in particular, 
the advent of massively parallel machines, suggests th a t more sophisticated coupled 
modules, such as the regional model ECAWOM, will become feasible on a global scale. 
This, in tu rn , should lead to  more reliable long-term climate simulations, provided th a t 
well-validated models for the air-sea exchanges are available.

The policy implications of more dependable simulations are enormous. Not only do 
these im pact activities th a t generate greenhouse gases, bu t also im pact, as an example,

59



m itigatory and control measures th a t might be necessary for low-lying coastal areas. 
This is because an- early indicator of greenhouse-gas-related clim ate effects may well 
be increases in the frequency and intensity of severe storms, and storm  surges, and 
increase of severity in the wave climate. For the European Union, w ith its relatively 
large coastal areas and population, as well as significant offshore oil-gas production, 
these m atters are therefore of great interest.

Turning now to  work undertaken for the PISA project, the m ain findings, and 
indications as to  where work might be focused in the future, are summ arized in the 
following paragraphs. We s ta rt w ith developments related to wave forecasting, which 
also clarifies areas where more understanding of wind-wave m om entum  coupling is 
necessary, and move on to  momentum exchange, energy and species exchange, and 
finally, discuss the effect of sea spray on latent heat/m oisture  exchange.

Some of the m ain findings of the PISA project have been reported a t a conference 
titled  “Wind-over-Wave Couplings: Perspectives and Prospects” , held a t University of 
Salford, April 8-10, 1997. Specifically, these are the papers by Hunt, Cohen, Belcher 
and Wood (1997), De Angelis, Lombardi, Andreussi and Banerjee (1997a), Heimbach, 
Bauer, Hasselmann, Hasselman and Lionello (1997), Belcher and Vassilicos (1997), and 
M akin (1997). These were invited lectures and are published along w ith other invited 
lectures by Oxford University Press.

The overall conclusion of the collaboration is th a t the m ultidisciplinary nature  of the 
consortium proved beneficial, and substantial progress was made by the collaboration 
between meteorologists, oceanographers, fluid dynamicists and chemical engineers. The 
results will be applied in future generation coupled-atmosphere-wave-ocean models of 
the ECAWOM type, as well as being useful in many industrial sectors where interfacial 
transport processes are im portant, e.g. the chemical and m etallurgical industries.

6.2 Wave Forecasting

Detailed knowledge of the two-dimensional wave spectrum  is necessary for m any ap­
plications, including ship routing, offshore activities, the construction of reliable wave 
climatologies, and most crucially, an improved understanding of air-sea interaction 
processes and the development of coupled atmosphere-wave-ocean models. The syn­
thetic aperture radar is a t present the only instrum ent capable of providing such d a ta  
continuously, and w ith global coverage.

However, to reliably retrieve ocean wave spectra from observed SAR image spectra, 
the nonlinear image distortion due to orbital m otion effects m ust be taken into account. 
This problem has been successfully solved by an improved retrieval algorithm  based 
on an efficient inversion of a closed nonlinear forwards transform ation relation. The 
application of the algorithm  in assimilation schemes such as the optim al interpolation 
scheme or the Green’s function m ethods yields not only an update of the global two- 
dimensional wave spectral field, bu t provides also corrections of the driving wind field. 
The wind field corrections obtained w ith these schemes were found to  be m utually 
consistent and agreed with other d a ta  obtained through GTS.

A scheme based on the adjoint technique was also developed. Studies performed 
w ith its one-dimensional predecessor showed th a t it represents a powerful tool for
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model tuning. However, to decide unambiguously upon the param etrizations of the 
individual source term s of the energy balance equation, more complex two-dimensional 
sea-state measurem ents are necessary together w ith highly accurate wind fields. Such 
d a ta  are available from the SWADE experiment. Besides these high resolution reanal- 
ysis products, sea-state measurements from different instrum ents, including directional 
wave buoys and airborne radars, provide an ideal d a ta  set for testing, evaluating and 
optim izing alternative model source term s -a future activity!

A further step towards an integrated da ta  assimilation scheme comprising both 
wind and wave fields is achieved with the development of the coupled ECAWOM model. 
Besides its use in an integrated operational da ta  assimilation scheme it also represents a 
powerful tool for testing alternative model source term s obtained through the improved 
knowledge of air-sea interaction processes.

The statistical analysis of 2 1/2 years of ERS-1 da ta  yields good overall agreement of 
the ERS-1 retrievals w ith the WAM com putations with respect to net significant wave 
height. However, small but system atic discrepancies between the modeled and retrieved 
wave heights for wind-sea and swell systems suggest th a t the WAModel physics can 
still be improved. The WAModel has too strong dissipation a t low frequencies and too 
strong wind input source term.

The inform ation contained in the ERS-1 spectral retrievals needs to  be further inves­
tigated  to  identify the origins of the deviations found in this first exploratory statistical 
analysis. The cross-validation w ith existing altim eter da ta  and w ith d a ta  retrieved from 
NO A A helps in assessing and improving the quality of sea-state measurements from 
space and of numerical atmosphere and wave models.

6.3 Wind-Wave Momentum Coupling

Several studies were conducted as part of the PISA project in order to improve our un­
derstanding of wind-wave momentum coupling. In the first, a one-dimensional model, 
using the Reynolds-averaged (two-equation, k — e) formulation, was applied to  the air­
flow over waves. Explicit account was taken of the wave-induced m omentum and heat 
flux, and these depended crucially on the wave growth rate and spectrum  param etriza­
tions. The spectrum  was patched together with an energy-containing p art proportional 
to the inverse wave age taken to the power of 0.55, and had an age-independent tail. 
The growth ra te  param etrization also used a eos2 9 dependence on wave angle to the 
wind, and different expressions for waves travelling slower than  the wind, and faster 
than  the wind. The wave-induced stress was assumed to  decay exponentially with 
distance above the waves, and wave number.

The results obtained indicated an increasing proportion of the drag was attribu table  
to form drag, as wind speed increased. The calculated drag coefficients appeared to be 
w ithin the range of the observed da ta  and increased with wind speed -but it should be 
noted th a t the d a ta  do not contain measurements of the wave spectrum  and growth 
rate. As form drag accounts for a large portion of the to ta l drag a t higher wind speeds, 
the param etrization of the growth rates and spectrum  becomes central to validating 
the calculations.

The model also resulted in an expression for heat exchange in which the Stanton
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num ber was relatively constant w ith wind speed -perhaps in line w ith the field data, 
bu t these were too scattered to  allow reliance to  be placed in them . An interesting 
aspect of the model is th a t it takes account of the difference in mechanism between 
m om entum  and heat exchange a t the sea surface. M om entum  fluxes are substantially 
affected by the organized wave-induced motions and hence there is a substantial in­
crease in the drag coefficient as wind velocity increases, leading to substantial increases 
in to ta l drag coefficient with wind velocity . On the other hand, heat is transported  
only by the turbulent flux and the effect of waves only comes indirectly through effects 
on the turbulent diffusivity. To first order, this occurs through production of tu rbu­
lence from dissipation of the wave-induced motion near the wave surface-but the effect 
is much weaker than  the direct im pact of wave-induced m otion on the m om entum  flux- 
hence the relative constancy of the Stanton number with wind speed in contrast to 
the rapid increase of the to ta l drag coefficient. These aspects are further validated by 
the direct numerical simulations of heat and mass exchange discussed later. Further­
more, the large-eddy simulations for flow over waves, performed as p a rt of the project, 
bu t of insufficient resolution to be conclusive, also supports these findings. Improved 
param etrization of backscatter has been developed by Salvetti and Banerjee (1995) and 
will be implemented in subgrid scale models for LES in future.

The one-dimensional model, perhaps in a somewhat simplified form, is suitable for 
incorporation in ECAWOM or any other coupled-atmosphere-wave-ocean model. In 
any case, it clarifies the im portance of understanding wave growth and the high wave 
num ber tails of the wave spectrum  -subjects taken up in the next paragraph.

To be tte r understand wave growth, a theoretical study of turbulent air flow over 
waves traveling a t an arb itrary  angle to  the wind was undertaken. The study extended 
the  work of Belcher and Hunt (1993) in which two main regions were identified. In an 
inner region adjiacent to the wave surface, the wave-induced turbulence was considered 
to  be in local equilibrium with the wave-induced shear. In the outer region the turbulent 
eddies are thought to be rapidly distorted and are not in local equilibrium  with the 
shear. M astenbroek et a¿.(1995) used the second-order Launder et al.( 1975) closure 
to show th a t the Belcher-Hunt predicted rapid decay of the wave-induced stress with 
distance above the waves, and the relationship of the decay to  the height of the inner 
region, is verified. The wave growth rates of oblique flows were found to  be flatter at 
small angles than  eos2 9 and to  fall off more rapidly for larger angles -for a given c /u * —c 
being the phase speed, u* is the friction velocity and 9 is the angle to  the wind. A 
striking aspect of the results, which requires further validation, is th a t for higher values 
of c/u*, the waves with the largest growth rate move at nonzero angles to the wind! 
Another interesting aspect is th a t when the growth rate is normalized w ith its value at 
9 — 0 , and plotted  for various c/u*, the envelope approxim ates the eos2 9 dependence, 
which is the angular dependence commonly used in wave-forecasting models. The 
effects of waves of arb itrary  three-dimensional shape need still to  be analyzed, bu t may 
be possible to  investigate using Fourier superposition. The results of the analysis still 
have to  find their way into the one-dimensional modelling described previously -  and 
th is is planned for the future.

A study of the high frequency/high wave number parts of the wind wave spectrum  
was also undertaken, as this part is im portant in many air-sea exchange processes, 
bu t are not com puted by wave-forecasting models. These parts of the spectra are 
observed to  have universal forms and thought to  be in dynamical equilibrium. From 
the  analysis, assuming th a t breaking waves have discontinuous slopes a t their crests -  as
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observed, it appears the equilibrium range is dom inated by these singularities in slope. 
Further assuming a scale invariant dynamical balance in the equilibrium range leads 
to  a spectrum  with ~  ÄT4 variation, in agreement with recent data. The frequency 
spectrum  also shows ~  a~4 variation, again in agreement w ith data. Although these 
vary w ith the same power laws, the reasons are different. As the wavenumber, k, 
increases, the spectrum  receives contributions from smaller breaking waves, whereas 
the frequency spectrum  is dom inated by the longest breaking waves and contains no 
inform ation about small-scale waves. This deduction suggests a way to  test the theory 
and distinguish it from previous work -  an activity of interest for the future.

6.4 Heat and Mass Exchange

Turning back to  exchange of heat and species (C 0 2, moisture) a t the air-sea interface, 
we consider first transfer velocities a t continuous interfaces, Since the thickness con­
taining resistances to the exchanges are ~  0 ( 1  mm) or less, it is possible to  resolve 
by direct numerical simulation (DNS). In this regard, note th a t wind shear leads to 
a vortex sheet on each side of such an interface and these are remarkably resistant to 
perturbations in outer regions. (This is why wall turbulence is so difficult to disrupt 
by oscillations imposed on the outer flows). Because the regions of interest are so 
th in  com pared to  the interfaces, the first DNS were done for coupled gas-liquid flows 
with flat interfaces in order to  understand the dom inant phenomena. This immedi­
ately clarified th a t the air sees the interface something like a wall from the view point 
of the near-interface turbulence because of the high inertia of the liquid. The water 
however, sees the interface something like a slip surface w ith regard to velocity fluctu­
ations because of the low inertia of the air. Thus the interfacial velocity patterns were 
dom inated by liquid side events -  since high velocity gradients developed on the gas 
side. A parallel theoretical study using rapid distortion theory supported this view.

This insight was also in line with simulation of scalar transfer rates which gave 
transfer velocity which varied as S c ~ 2 / 3 on the air side, but as 5 c - 1 / 2 on the liquid 
side (Sc  is the Schmidt or P rand tl number which is the ratio  of kinem atic viscosity or 
m om entum  diffusivity -  to mass or heat diffusivity). The 5c - 1 / 2 dependence is appro­
priate for “clean” interfaces -  surfactant accumulation could change the dependence 
to  som ething closer to  the air side. DNS were also done for flow over wavy surfaces 
(of capillary wave characteristics) and fully-deformable cases where the interface was 
allowed to  develop capillary waves. Some of the results from these very computer­
intensive sim ulations are still being analyzed, but it appears clear th a t the results on 
the scalar transfer velocities are proportional to friction velocities. Thus the to ta l drag, 
which contains a form drag component, should not be used to calculate the friction ve­
locity. This finding is also in line w ith the Reynolds-averaged studies on heat exchange 
reported in an earlier paragraph. The form drag must be separated out and only the 
frictional drag used. This arises because the phenomenon dom inating scalar exchange 
are sw eep/bursts. A direct correlation between such events and high transfer velocities 
is evident in the DNS in all cases -  bo th  on the air side and the w ater side.

For sufficiently turbulent stream s the sw eep/burst events occur w ith frequencies 
th a t are much higher than  the frequency of capillary waves, and scale prim arly with
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the frictional drag and viscosity. This understanding leads to  “turbulence-centered” 
param etrizations th a t imply transfer velocities a  Sc-1/2«*!, on the w ater side, and 
a  iS'c_ 2 / 3 u*G on the air side. The range of the proportionality constants are also pre­
dictable. Note th a t the it*s are strictly to be based on frictional drag. Such param etriza­
tions show remarkable agreement w ith wind-wave tank  experiments, where waves were 
superimposed on the flow and measurements made in regions where wave growth rates 
were very small -  i.e. form drag was low. However to apply them  to  field data, the 
sea sta te  and wave growth rates must be known, and as discussed when discussing 
mom entum  exchange, form drag accounts for a significant portion of the to ta l drag in 
such situations. Thus the field d a ta  could be expected to  lie below the wind-wave tank 
data, unless the correlation was strictly against the frictional drag velocity -  which 
would have to be estim ated for each field situation. A further reduction may occur in 
the ocean -  particularly a t low wind velocities -  due to surfactant accumulation.

To summarize, the prelim inary findings, pending further analysis of the fully de­
formable interface DNS, clarify the dependence of the transfer velocities on Sc, different 
on the air and water sides, and show proportionality to  the frictional velocity (i.e. based 
on the frictional stress). Furtherm ore it is clear th a t the mechanisms governing the 
exchange are related to  turbulence phenomena and the effect of waves enter only in­
directly through the additional dissipation injected by turbulence production through 
wave-induced stresses.

6.5 Exchange Processes due to Marine Spray

The work on the fluxes due to spray droplets which contained both  an experim ental and 
a theoretical component. The experiments involved making observations of droplets 
formed by rising clouds of bubbles bursting a t the liquid surface. M easurements of 
the sizes and velocities of the droplets were taken and analyzed. Comparisons showed 
th a t the ejection velocities were of the order of those reported in the literature, the 
difference being th a t other researchers have generally used individual bubbles rather 
than  clouds of bubbles, as is found under breaking waves.

A model was constructed to  track the m otion and evaporation of droplets over 
a turbulent sea surface. Using da ta  for the concentration and size d istribution of 
droplets over the sea, this was then used to  calculate the ra te  a t which droplets of 
different sizes are produced for a range of different wind speeds. The results showed 
th a t the generation of droplets increased very rapidly as the wind speed increased, 
this increase being most dram atic for the larger droplets, most of which would be 
spume drops. W ith  a knowledge of the source term , estim ates of the contributions 
to  the latent heat and moisture fluxes were then made; a t a wind speed of 2 2 m s-1 , 
it was found th a t the latent heat fluxes due to  droplet evaporation were an order of 
m agnitude less than  the to ta l fluxes which have been measured. However, m ost of the 
contribution was from the larger droplets (>60/im) and, although there is not sufficient 
d a ta  to  quantitatively predict how the production rate of these will increase w ith wind 
speed, the results of this work strongly suggest th a t above about 30ms-1 , the droplets 
will play an im portant role in the exchange processes. Such high winds are normally 
associated with tropical storms.
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The approach taken toward the calculation of the droplet source term  and hence 
the fluxes requires experim ental d a ta  on the droplet concentration over the ocean and 
an understanding of the air flow over the sea surface. These have proved to be the 
lim iting factors in the estim ation of the source term; our research has found th a t the 
m ost im portan t effects of sprays will be a t high wind speeds, w ith most of the transfer 
being due to  the large drops — the few d a ta  which were available for high wind speeds 
were mainly for small drops. The acquisition of high quality d a ta  to  fill this gap would 
lead to much more reliable estim ates of the fluxes under storm  conditions. Also, the air 
flow over waves a t high wind speeds is very poorly understood, which necessitates the 
use of grossly simplified models for the air flow. Clearly, further research oft sea spray 
form ation a t high wind speed, and particularly measurements under storm  conditions 
is desirable.

6.6 Future Work

The results summ arized in the present report allow the m ain objective of the project 
-the development of a module for the coupling fluxes a t the air-sea interface to  be 
fully attainable. Future work can then s ta rt from this module and its use to assess 
the effects of wave-related processes on clim ate change. The interface module can be 
incorporated in the coupled atmosphere-wave-ocean model ECAWOM, which has been 
developed in a parallel project. To this end, ECAWOM can be modified and used 
to  elucidate the im pact of various models -particularly w ith regard to  wave-related 
processes. Numerical experiments can also be conducted with ECAWOM to elucidate 
effects of model changes and resolution on climate.

In the development of the module, further theoretical and numerical simulation 
work will be required to  improve the param etrization schemes relative to  the fluxes 
of m om entum , heat and mass. In particular, the wind-wave coupling model, based 
on the rapid distortion theory, needs to  be extended to  include effects of wave three- 
dimensionality.

The scalar flux models will incorporate wave effects through changes in the near 
surface turbulence structure. As both  m om entum  and the scalar fluxes occur a t length 
scales th a t require understanding of the high wave number tail of the ocean-wave 
spectrum , an assessment of d a ta  in this regard will also be necessary.

Finally, param etrization schemes relative to the coupling fluxes in the case of wave 
breaking need to be further developed. This problem appears to be difficult also because 
of the lim ited am ount of reliable d a ta  available. It seems possible th a t the results 
obtained in a parallel project supported by the EU and the increasing am ount of da ta  
published in the open literature may shed new light on the exchange processes a t the 
air-sea interface in presence of m arine sprays.
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