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A b stra c t

This article presents the results of calculations of concentrations, fluxes and veloci
ties of aerosol particles produced in the process of wave breaking. The calculations 
were carried out using experimental data collected during lidar-based investigations 
of marine aerosols above the breaker zone of the Gulf of Gdańsk. The sounding pro
files obtained were used to determine aerosol concentration and size distribution 
functions on which the flux and velocity calculations were based. The comparative 
method introduced by Potter (1987) was used to derive these parameters.

1. In trod u ction

Oceanic processes have trad itionally  been investigated by instrum enta l 
sampling in  situ, yielding quan tita tive  m easurem ents th a t  are discontinuous 
in both  space and tim e. The rapid development of quantum  electronics has 
perm itted  the in troduction of efficient rem ote-sensing techniques for air and 
sea based on applied laser spectroscopy. These active techniques m ake it 
possible to  do quick and sim ultaneous m easurem ents of optical param eters 
of an entire ensemble of aerosol particles over a distance of m any kilom etres 
and under various hydrometeorological conditions.

Lidar m ethods play a special role in m arine aerosol investigations (Zuyev 
and N aats, 1983; Piskozub, 1991). Given the dynam ic param eters of th e  a t 
mosphere and using a  m ultifrequency lidar, the  height profile and aerosol size 
d istribution can be determ ined for various areas, including breaker zones.

Breaking waves directly influence both  current generation and tu rb u 
lence in the  w ater body, and therefore influence all phenom ena th a t  depend 
on the  mixing of oceanic upper layers (M estayer, 1990). Such waves are, 
moreover, responsible for disrupting the chemical and organic surface films,



and produce a great num ber of air bubbles, which are en trained  in the  wa
te r body. This causes the  se a -to -a ir  exchange of gases, m oisture and dry 
nuclei, which m ust be described by relations o ther th an  those used to  de
scribe surface transfer (M estayer, 1990). The differences in th e  to ta l num ber 
of particles produced in the  breaker zone com pared to  th e  open sea can be 
easily detected using lidar, whose sensing distance is g reater th an  the  ex ten t 
of the  breaker zone.

This article presents the  results of lidar-based investigations focused on 
th e  breaker zone of the  Gulf of Gdańsk a t Hel.

2. A pp aratu s and m eth o d s

The FLS-12 lidar system  used for the  m easurem ents is a  tunab le  laser 
system  designed for rem ote sensing the aquatic environm ent and atm osphere 
in the  UV-VIS spectrum . It is owned by the In stitu te  of Oceanology, Polish 
Academy of Sciences, Sopot.

The UV pum ping source for the  dye laser is an XeCl (308 nm ) ex- 
cimer laser. The beam  divergence of 1 m rad makes it possible to  use the 
excimer laser bo th  for pum ping and as a  separate source of the  lidar sound
ing signal. The energy of a  single impulse m ay reach 70 m J. T he radiance 
scattered  by the ta rg e t particles is collected by an optical system  which in
cludes a telescope and a  polychrom ator. This telescope is of the  herm etically 
sealed Cassegrian type (280 mm receiver diam eter) w ith a  conform ing g ra t
ing polychrom ator for the  250-800 nm  (450 lines/m m ) spectral range. The 
signal returning from various ranging distances is registered by the  separate  
channels of a m ultichannel photoreceiver. More detailed inform ation about 
the  FLS-12 can be found in Zieliński et al. (1992).

Visible light of wavelengths Ai =  443 nm , A2 =  445 nm , A3 =  450nm , 
A4 =  562 nm , A5 =  566 nm was used for the  m easurem ents. R adiation was 
generated by a dye laser employing Coum arin 1 2 0  (Ai, A2 and A3 ) and 
Rhodam ine 110 (A4 and A5 ) dye solutions. The useful p a rt of the  optical 
paths lay between 60 and 420 m. A ltitudes up to  60m  were sounded. The 
scattered  signal was registered every 50 ns, th a t  is, every 7.5 m on the  optical 
pa th . Signal values averaged after 20 pulses for all wavelengths served as 
the  basis for determ ining the  size distribution of aerosol particles, their to ta l 
concentration as well as particle fluxes a t given altitudes. T he com parative 
m ethod of solving the  lidar problem (P o tte r, 1987) was used to  determ ine 
the  optical param eters of the  aerosol, especially its extinction coefficient 
a  (z, A) a t every point on the  optical pa th . T he extinction coefficient a 4J· a t 
point Zi and wavelength Aj  is described by 

rr2
a i j ( z i, Aj) =  / Q ( r ,X j ) s ( r ,  Z i)dr ,  (1)

Jr\



where r  is the  particle radius, s ( r )  is the  to ta l geom etric cross-section distri
bution of aerosol particles per unit volume, and Q (r ,X j )  is a dimensionless 
Mie theory  extinction coefficient. It was assumed th a t  the  ensemble of m a
rine aerosol particles consisted of non-absorbing spherical w ater droplets, 
and th a t  the  function s (r )  takes the  form corresponding to  the  power law 
for size distribution:

s ( r )  = a r 2 e x p ( - b r ) , (2 )

where a , b >  0 are distribution param eters. Non-linear m inim ization was 
used to  determ ine the  values of the  d istribution param eters a and b best 
fitting  form ula (1). These coefficients determ ine the size d istribution func
tion and aerosol concentration at particu lar altitudes for r  e[0.2/zm, 5//m ] 
as follows:

N c( h ) =  (a /b )  exp(—0.26) (3)

and

N r(h) = N c( h ) f ( r ) ,  (4)

where / ( r )  =  6 exp(—br) and J  f ( r ) d r  — 1 .
Such a  range of sizes was determ ined not only by the  lidar’s spectral 

resolution, bu t also by the  occurrence of large droplets (r  >  5  /zm) in the  
atm osphere (Garbalewski, 1983a,b). For more detailed inform ation about 
th e  com puting steps, see Zielinski et al. (1992).

Aerosol particle concentrations a t a ltitude H  — 0  m were obtained from

N ° ( H )  — N ( H )  e x p ^  H ) ,  (5)

where 7  [m-1 ] is a  coefficient, the  value of which depends on particle size. 
This dependence of coefficient 7  on particle size is presented in Tab. 1 (C art- 
ney, 1976).

T able  1. Dependence of coefficient 7  on particle radius

r [pm] 7 [m -1]

0.5 3 x lO" 4

1 .0 3.2 X lO“ 4

2.5 5 x lO“ 4

5.0 11 x lO" 4



3. A rea and con d ition s o f th e  in v estiga tion s

The field m easurem ents were carried out in November 1992. The bound
ary  layer of the  atm osphere above the  breaker zone in the  Gulf of Gdansk 
was investigated from a point located 60m  offshore a t Hel (see Fig. 1):

Fig. 1. Location of the measurement area

The air tem pera tu re  T  varied from 275 K to 280 K, th e  air pressure 
p  from 990 h P a  to  1 0 0 2  h P a  and the  relative hum idity  RH from  80%  to 
97% . The wind velocity U\o a t altitude H  = 10m  ranged from  5 m s - 1  to  
1 9m s - 1 . The wind direction was S and SW. The slightly sloping sea bottom  
in the study  area is sm ooth and consists of sand. An area 180 m offshore was 
investigated. This distance was selected on the  basis of a  form ula describing 
the  breaker zone under certain hydrometeorological conditions (T hurm an , 
1982):

D  =  1.3 h,  (6 )

where D  is depth , and h  denotes wave height, a figure which depends on 
the wind speed « 1 0  and wind direction. The m axim um  wave height under 
the  hydrometeorological conditions obtaining during the  investigations was 
ca. h  =  2 m (Robakiewicz, 1991).

4. R esu lts  and d iscussion

The m ean aerosol num ber concentration N  per unit volume was deter
mined a t an altitude of 10 m for various wind speeds tiio. Fig. 2 shows the 
results of these calculations. „

T he variations in the calculated mass concentrations a t the  sea surface 
(H  =  0m ) with particle sizes a t a selected wind speed of u 10 =  19 m s - 1  are 
shown in Fig. 3.
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Fig. 2. Mean aerosol number concentration as a function of wind speed
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Fig. 3. Dependence of calculated mass concentrations at the sea surface (H  =  Om) 
of various particles and at a selected wind speed i/io =  19 m s " 1
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Fig. 4. Comparison of mass concentrations at various wind speeds obtained by 
Marks and Monahan (1988) and Zieliński et al. (1992)



Fig. 3 reveals th a t  the  mass concentrations of all particles are higher in 
the breaker zone th an  on the  open sea (straigh t, horizontal lines). F u rther
more, these results show a correlation w ith the  results obtained by M arks 
(1987) for the  N orth A tlantic  and Greenland Sea, and by M arks and M ona
han (1988) for the N orth Sea. The la tte r  set of results is com pared w ith my 
own (Zieliński et al., 1992) in Fig. 4.

The dependence of mass concentration on a ltitude  for th ree sizes of 
particles a t a selected wind speed is shown in Fig. 5.

Fig. 5 shows th a t the higher the  a ltitude, th e  smaller the  m ass concen
tra tion  is for all particles. This is a well docum ented fact. T he m inim um  
occurring a t an altitude of about 30 m m ay have been caused either by 
m easurem ent error or by the  fact th a t  a t the  tim e of th e  experim ent, the  
tem pera tu re  of the sea w ater was higher th an  th a t  of the  air. Particles pro
duced and released into the  air altered in size as a result of tem pera tu re  
changes and were removed from the air. T em perature equilibrium  could 
have occurred a t an altitude of about 30 m. This suggestion is supported  by 
the  lifetime of a particle in the  air. In addition, this inversion m ight have 
been caused by an inflow of m an-m ade aerosol.

Fig. 5. Calculated mass concentration at a sellected wind speed of ujo =  19 m s-1 
of various particles at various altitudes



Fig. 6 . Dependence of calculated total aerosol mass on wind speed

Fig. 7. Comparison of the total mass of aerosols obtained experimentally for the 
Gulf of Gdansk with that obtained for the North Sea by Marks and Monahan 
(1988)



Fig. 6  shows the  to ta l mass of aerosols as a  function of wind velocity
WlO·

The results shown in Fig. 6  correlate w ith those obtained by M arks 
and M onahan (1988) for the  N orth Sea by m eans of high volume stage 
im pactors. Fig. 7 compares mass concentration vs. mass m edian diam eter 
plots obtained by M arks and M onahan (1988) for the  N orth  Sea and by 
Zielinski et al. (1992) for the Gulf of Gdansk.

The slightly different curve shapes can be explained by the  fact th a t  the  
Baltic Sea has a lower salinity and a more polluted surface th an  the  N orth 
Sea. The masses obtained were used to  determ ine m ean fluxes. The m ean 
fluxes of particles produced were derived from

F  — vD M ,  (7)

where v p  is the  deposition velocity. The deposition velocities are given by 
the  expression shown below, derived by C arru thers and C hoularton (1986) 
for near-natural conditions:

VD = 7--------- P-—i----- r, (8)
1 -  exp[ -v t/C D  u\

where cp  and u  are the  drag coefficient and wind velocity a t the  m ea
surem ent altitude respectively. Values of cp  for a given wind speed u  were 
calculated using the  following expression from Large and Ponds (1982):

C£, =  1.14 X 10- 3  u < 1 0 m s _ 1

cD =  (0.49 +  0.065 u)  x 10“ 3 u > 1 0 m s “ 1. (9)

The results of these calculations are shown in Fig. 8 .
The obtained m ean flux versus wind speed plot correlates w ith th a t  

obtained by Garbalewski (1983a,b). Using the  results of calculations carried 
out for mass concentrations and fluxes the particle velocities were worked 
out from

F  = c v .  (10)

Fig. 9 shows the  variations in velocity of particles of various radii a t the  
sea surface (H  =  0m ) for a  selected wind speed of uio =  19 m s- 1 .

T he shape of the  curves in Fig. 9 are similar to  the  shapes of the mass 
concentration curves in Fig. 3.

Fig. 10 shows the  velocities of particles of radius r =  5 / im  calculated for 
two wind speeds -tiio-

The natu re  of the  curves was identical for o ther particle sizes and cor
responds to  the distribution of mass concentration w ith a ltitude. The ty p 
ical shapes of the  scattered signals a t wind speeds u \ q =  6  m s - 1  and 
-uio =  19 m s- 1  are shown in Fig. 11.



Fig. 8 . Dependence of mean aerosol flux on wind speed

Fig. 9. The variations in velocity of particles of various radii at sea level (H  =  0m) 
for a selected wind speed of uio =  19 m s ' 1



Fig. 10. Velocities of particles of radius r = 5 /zm at two wind speeds u i0 =  5 m s 1 
and u i o =  19 m s-1 at various altitudes
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Fig. 11. Examples of backscattered signal vs. sounding distance and water depth 
plots for wind speeds uio =  6 m s- 1  and 19 m s ' 1



Moreover, this figure shows the  shape and slope of the  sea bo ttom  in 
the  area which, on the  basis of eq. (6 ) was found to  be a  breaker zone. The 
backscattered signal is clearly greater for the  breaker zone (60 m from  the  
lidar system ). In this zone, the aerosol concentration is g rea ter th an  over 
land or the open sea (see also Fig. 3).

5. C onclusions

This paper presents the  results of investigations aimed a t determ ining 
the  exchange processes between the sea and the air above the  breaker zone. 
The results of the  investigations carried out for particles of radius range 
re(0 .2 , 5 /im ) correlate with the results for the  N orth and G reenland Seas 
(M arks 1987; M arks and M onahan, 1988). The results obtained for the  to ta l 
mass confirm th a t  eq. (2 ), which was applied to  the  calculations, had been 
chosen correctly. The m easurem ents showed th a t  the  mass concentration of 
the  aerosols produced in the  breaker zone increases linearly w ith the  wind 
velocity uio- The results did not show any pertu rbations in the  function’s 
shape. The size d istribution function changes its shape w ith wind velocity 
uio  and in all cases displays m axim um  concentration of particles of 1 /tm 
radius (see Fig. 7). This concentration increases with sensing distance and 
reaches a m axim um  in the  zone described by eq. (6 ) i.e. a t a  distance of 
about 100 m. Beyond this zone, the  concentration reaches the  value of the  
particle concentration over the  open sea. In addition, th e  results obtained 
for the  m ean fluxes of the  particles derived from  the  to ta l mass were found 
to  be correct. The lidar m ethod is very useful in determ ining and inves
tigating  coastal zones, where the  transfer of m ass, m om entum  and energy 
also depends on sea bo ttom  structu re  and depth. In order to  describe the 
above-m entioned dependence further, investigations m ust be carried out of 
various breaker zones w ith different sea bottom s (structu re  and slope) and 
during various seasons.
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