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LONG TERM GOALS

The long-term gods of the research are to understand and assess the effects of the atmosphere on the
detection of targets at low dtitudes over seain coastd regions using IR and radar systems. Effects consdered
are transmission losses due to aerosols and water vapor, effects of turbulent fluctuations of the air temperature
on blurring and scintillation, and effects of vertica temperature and water vapor gradients on IR and rf
refractivity.

OBJECTIVES

The objectives of the research performed in the framework of the present grant are to further andyze and

vaidate results obtained in the EOPACE experiments, in particular:

- tovdidate the aerosol source function in the surf zone;

- to quantify the effect of the surf zone on the aerosol concentrations in the coasta amosphere, in relation to
surface-produced sea spray aerosol and anthropogenic aerosol;

- to determine the turbulence and refractivity in the inhomogeneous coastd boundary layer and their effects
on imaging of low dtitude point targets,

- to improve the description of the aerosol gze didribution as function of height and meteorologica
parameters,

and to participate in the RED (Rough Evapoaration Duct) experiments in Hawaii to:

- determine effects of scintillation and refraction in the MW IR band as function of environmenta conditions
through measurements with a camera mounted ashore a a range of levels above the sea surface, looking at
a source mounted on FLIP,

- determine the effect of sea soray aerosol on IR propagation as function of environmenta conditions, i.e.
the generation of sea spray aerosol from breaking wind waves by the bubble-mediated mechanism and by
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direct tearing from the wave tops, the dispersa of freshly produced aerosol in the surface layer and the
influence of wave induced turbulent phenomena, and the subsequent transport of the aerosol throughout
the atmospheric boundary layer.

APPROACH

Data from the EOPACE I0P's (1-9) in 1996-1999 are further andyzed and interpreted. During the
EOPACE experiments in Duck, North Carolina, aerosol particle size distributions were measured at three
levels at the base of the pier, with the aim to derive surf-aerosol source functions and parameterize the results
as function of ambient parameters. This effort is undertaken in cooperation with Prof. M. Smith from the
University of Leeds (UK) who measured particle size digtributions at the end of the pier. The results will be
compared with those obtained at the Cdifornia coast. In addition, lidar measurements were made on the
aerosol plumes generated by waves breaking in the surf zone.

Furthermore, a boat was equipped with optical particle counters, a sonic, a lidar system and meteorological
indrumentation to obtain data on the evolution of the aerosol size digtributions and the coasta atmospheric
boundary layer in off-shore winds. The gods were to sudy coastd aerosol transport and to vaidate the
Coagtd Aerosol Transport mode (CAT) [Vignati et d., 2001], among others to determine the effects of surf-
produced aerosol.

TNO-FEL prepared for and participated in the RED experiments on R/P FLIP off Oahu (HI) in
August/September 2001, with aerosol and lidar experiments, and a limited set of IR propagation
measurements between Oahu stes and FLIP thus covering different lines of sght. The TNO-FEL aerosol and
lidar measurements were particularly focused on determination of the aerosol source function. For this reason,
also an optical bubble measuring system was deployed to measure bubble spectra at about 0.5 m below the
instantaneous sea surface, in combination with aerosol measurements (Sze distributions and profiles) between
0.5 and 10 m above the sea surface. In a cooperation with the University of Stockholm an aerosol flux system,
consgting of a CPC and a sonic that was earlier used in the Arctic [Nilsson et al., 2001], was deployed from
FLIP. They were complemented by smultaneous measurements of paticle sze didributions and, in
cooperation with the University of Leeds, aerosol volatility spectra (e.g., Smith [2001]).

WORK COMPLETED

Work completed in years prior to FY 01 was summarized in earlier reports. In FY 01 the following work was

completed:

- Theresults from the analysis of 10P4 have been published in Applied Optics [Doss-Hammd et a., 2002].
A publication with results from other IOP' s, focussing on refraction effects, is planned for submisson by in
FY 2003 [De Jong et al., 2002].
TNO-FEL contributed to an EOPACE overview paper that has been published in Opt. Eng. in [Jensen et
al., 2001].
The andysis of the Duck 1999 data has been continued. A publication on the aerosol and lidar dataisin
preparation.
The data from the Rough Evaporation Duct (RED) experiments off Oahu (HI) in August/September 2001
have been partly andyzed. Initid results were presented a severd scientific conferences (see liging in
‘Publications)).



RESULTS

In a cooperation with Prof M.H. Smith (Univ. of Leeds) and Dr. S. Gathman (Science and Technology
Corporation, San Diego, CA) aerosols measured during the EOPACE 10P4 and IOP7 at Naval Amphibious
Base (NAB) and Imperial beach Pier (IBP) are analyzed to determine the impact of surf aerosols and urban
pollution upon visibility and IR transmission in a coastal region. An intensive working meeting was held in
Leeds in May 2002 during which much progress was made in the data analysis. Results will be published in
a refereed journal [Gathhman et al., 2003]. The work with CAT on the intermittent production of sea spray
from breaking waves [Vignati and de Leeuw, 2001] has been scheduled for FY2003.

During the Rough Evaporation Duct (RED) experiments off Oahu (HI) in August/September 2001 aerosol
particle size distributions were measured with optical particle counters and a volatility system, particle size
distribution profiles were measured with Rotorod impaction samplers [De Leeuw, 1986], bubble size
distributions were measured with an optical bubble measuring system [De Leeuw and Cohen, 2001], lidar
measurements were made to characterise the boundary layer structure (cf. Kunz et al. [2002] for a
description of the lidar system and the type of measurements). All these measurements were made from
FLIP. IR propagation measurements were made between FLIP and a number of sites ashore [De Jong, 2002].
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Figure 1. Aerosol time series measured on FLIP during the 3-weeks deployment off Ohau (HI, USA) show
rather constant concentrations with a modulation indicating diurnal effects, not related to RH effects. In
addition, three periods can be identified with increased concentrations. The first period, 28-30 August, is
associated with pollution induced by Hawaii, as indicated by air mass trajectories. The enhanced
concentrations are mainly visible in the small (sub-micron) particle range. The second period with enhanced



aerosol concentrations, around 31 August, was associated with eevated wind speeds resulting in more
whitecapping and thus production of sea spray aerosol. The latter isthe subject of this study.
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Figure 2. Because sea spray is produced at the sea surface, the concentrations are commonly expected to
show digtinct near-surface gradients. However, numerous measurements of aerosol profiles in the atmaospheric
surface layer show that usudly such gradients do not exist (e.g., De Leeuw [1993)]). Also during RED no clear
gradients were detected. In view of the rdlatively low wind speeds (12 ms™ max.) bubble-mediated sea spray
aerosol production will have been the controlling mechaniam.
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Figure 3: Bubble sze digtributions. Bubble spectra in the diameter range of 30-1000 nm were measured with
a cdibrated optical bubble measuring system (Mini-BMS) [Lefer et a., submitted]. Bubble spectra were
measured every three hours, as 15-minute averages, in in wind speeds varying from 6 to 12 ms™. Over this
range of wind speeds, the bubble concentrations vary by about 2 orders of magnitude, depending on the



bubble size. It is noted that these spectra are ‘ background spectra, i.e. representative for the average bubble
concentration. Laboratory measurements show that the concentrations immediately after wave bresking are
much higher, and the evolution of the bubble spectra depends on parameters such as fetch, bubble size,
penetrations depth and plume type [De Leeuw et d., 2001; Leifer and De Leeuw, 2001].
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Figure 4. The wind speed dependence of the oceanic ‘background’ bubble concentrations at various locations
has been presented before, cf. De Leeuw and Cohen [2001] for an overview. The bubble concentrations
measured during RED  show an explicit wind speed dependence which is different from that observed from
the Omex measurements in the colder water of the North Atlantic (12°C as compared to the water
temperature of 28°C during RED).
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gi’_géz a+bu,,, yields the dopes b describing the variation of
edDg
the bubble concentrations with wind speed. The Figure clearly shows the strong variation of the wind speed
dependence with the bubble size.

Figure 5. Fitting an exponentid function, log
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Figure 6. The concentrations and their wind speed dependence depend on the water temperature. The RED
experiments took place in water with a temperature of 28°C. In Figure 4 dso OMEX data are plotted which
were measured in the North Atlantic with a temperature of about 12°C. Figure 6 shows an attempt to relate
the variation of the concentrations with the water temperature, for wind speeds of 8-10 ms™, with data from 8
experiments in which the water temperature varied between 9 and 28 °C.

Conclusions

1. Bubble concentrations are strongly variable due to a variety of environmenta factors; indicated here are
effects of wind speed and water temperature:

- Increase with wind speed

- Decrease with seatemperature for small bubbles, increase with seatemperature for large bubbles

- Spectra shape changes with wind speed and sea temperature

Other effects are surfactants, sdinity, viscodty, Langmuir circulaions, turbulence, wave bresking
characterigtics influenced by fetch and swell, water saturation, atimospheric thermd sratification, ...

2. Wave bresking is intermittent, and thus the bubble concentrations and subsequent sea Spray aerosol
production vary in time

3. Aerosol gradients depend on atmospheric transport and transformation and removal processes.



All these processes carry uncertainties. With the rather smple methods to derive the aerosol source function,
either from the number of aerosols produced per unit whitecap, or from the balance between production and
removal, it cannot be expected that a sSingle universal sea spray source function can be obtained in terms of
only few parameters. Yet current formulations for the sea spray source function are converging to within less
than one order of magnitude.

IMPACT

The results can be used to assess the effects of the amosphere on the performance of therma imagers over
seg, and in particular the performance of LR-IRST systems. Another important appplication is in the fidd of
numerical westher forecasting because of the influence on the solar irradiation at the Earth surface: sea spray
aerosol has been estimated to contribute 44% to the total aerosol optica depth, but with an uncertainty of a
factor of three (IPCC, 2001). The surf-produced aerosol affects atmospheric processes involving sea spray
particles, such as heterogeneous reactions, at fetches of at least 10 km in off-shore winds. Reaction between
sea spray and HNO; has consequences for aimospheric inputs of nitrogen compounds in coastal waters, and
thus eutrophication [De Leeuw et d., 2001]. Over land, sea spray influences fragile coastal eco-systems, and
the corrosive properties cause damage to buildings, structures and cultura heritage.

TRANSITIONS

The EOPACE and RED results of TNO-FEL are exchanged with other EOPACE and RED participants, for
common analyss combining al required expertise to achieve the EOPACE and RED gods. Common
EOPACE publications have been published, others are submitted or in preparation.

RELATED PROJECTS

The efforts described above are in conjunction with other projects addressing el ectro-optical propagation over
seq, in part basic research, in part goplied research. The EOPACE efforts take place in conjunction with
EOPACE studies funded by the Netherlands Ministry of Defense, including work on long-range transmission,
IRST and backgrounds. Data from other areas, e.g. the North Sea, the North Atlantic, the Mediterranean and
the Bdltic, are from other projects supported by the Netherlands Ministry of Defense, the EU or other funding
agencies.

SUMMARY

New knowledge has been acquired on the effect of the surf zone on aerosol concentrationsin the coastal zone.
Explanations for the lack of vertica variation of the concentrations of sea sdt produced at the sea surface from
breaking waves are provided from modd smulations. Observed effects of refractivity on propagation over the
coastal ocean seas have been explained with models. New data have been collected near Oahu (HI), from
which it is hoped to derive direct information on the aerosol transported from or to the sea surface. Measured
bubble sze digributions have been analysed in conjunction with smilar data from other aress to derive
information on the variation of the bublbe concentrations with wind speed and water temperature. Aerosol
eddy corrdation measurements are analyzed to determine surface fluxes.
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