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Abstract: Aerosol size distribution and concentration strongly depend on wind speed,
direction, and measuring point location in the marine boundary layer over coastal areas.
The marine aerosol particles which are found over the sea waves in high wind conditions
affect visible and near infrared propagation for paths that pass very close to the surface as
well as the remote sensing measurements of the sea surface. These particles are produced
by various air sea interactions. This paper presents the results of measurements taken at
numerous coastal stations between 1992 and 2006 using an FLS-12 lidar system together
with other supporting instrumentation. The investigations demonstrated that near-water
layers in coastal areas differ significantly from those over open seas both in terms of
structure and physical properties. Taking into consideration the above mentioned factors,
aerosol concentrations and optical properties were determined in the marine boundary layer
as a function of offshore distance and altitude at various coastal sites in two seasons. The
lidar results show that the remote sensing algorithms used currently in coastal areas need
verification and are not fully reliable.
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1. Introduction

Aerosol properties in marine boundary layers over regional seas and coastal environments vary
from those in open ocean regions. Sea spray particle production in coastal areas is enhanced at the sea
surface mainly due to wave breaking and generation by onshore winds, while offshore winds carry
particles of continental, often anthropogenic origin. Thus, the ensemble of aerosol particles in the
marine boundary layer over the coastal area, depending on the air mass history, can be comprised of a
majority of sea salt particles or a mixture of both types of particles [1-3].

Coastal areas as sources of marine aerosols play important roles due to the fact that breaking waves
occur in this area even at small wind speeds. Breaking waves create whitecaps and sea-spray droplets
which consist of a large number of air bubbles essential for greater production of marine aerosols [4-
5]. Concentration of air bubbles in breaking waves is four times higher in the surf zone than in the
ocean under the same weather conditions. Sea-spray droplets and droplets from bursting bubbles
elevated into the marine boundary layer constitute marine aerosols [5-8]. Such mechanisms and
sources of marine aerosols are well described theoretically and well investigated experimentally [4, 8].
Based on results of many research findings, models have appeared dealing with problems of
dependence of marine aerosol generation, transport and deposition from the marine boundary layer on
various physical parameters of the atmosphere [9-11]. Especially well described is the dependence of
wind speed on concentration and size distribution of marine aerosol over the ocean. Such models,
however, can not be directly applied to coastal areas for which the amount and quality of data collected
are insufficient.

2. Description of experiments and instrumentation

The lidar based measurements were taken from several stations on the Baltic Sea coast between
1992 and 2006. Simultaneous values of aerosol optical thickness obtained from the FLS-12 lidar and
CIMEL C-318 sunphotometer were recorded during measurements taken in Duck, NC on the Atlantic
coast of the USA during an international campaign EOPACE (Electrooptical Propagation Assessment
in Coastal Environments) which was conducted between 25 February and 11 March 1999. Location of
measurement stations on the Baltic coast are illustrated in Figure 1.

The measurement stations are located east of 17°30'E. The fetch length at these stations is up to 300-
400 Nm, which with onshore winds secures the marine aerosol conditions. Two wind direction
regimes, onshore and offshore were taken into consideration. Conditions were classified as “onshore”
when the wind blew onshore for at least eight hours prior to the measurement session. Additionally,
the air mass back trajectories were checked to ensure that the onshore conditions using the BADC
service (http://badc.nerc.ac.uk/home/index.html) had been properly classified. Each measurement
campaign lasted from 3 to 14 days, and each measurement session lasted from 7 to 16 hours,
depending on weather conditions. Wind speed and direction and wet and dry-bulb temperatures were
recorded along with other supporting information during all the campaigns. The full description of the
meteorological parameters registered during the measurement campaigns in the Baltic area are
presented in Table 1 [12].
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Figure 1. Location of measurement stations:
1. Hel, 2. Jastarnia, 3. Chalupy, 4. Lubiatowo, 5. Leba, 6. Ustka.

Table 1. Description of meteorological parameters registered during the measurement sessions in the
Baltic area over a period 1992-2006.

Measure- | Number of | Prevailin Meteorological conditions
ment experimen |g  wind e RH [%] p [hPa] v [m/s]
periods ts directions | T [°C]
1993-2003 Min | Max. | Min. | Max.| Min. Max. | Min. | Max.
26| 54 | 66 | 81 982 1028 | 3.8 8.6
March 2 SE
April 2 N,NE, [ 23|94 | 67 | 93 986 1027 | 22 | 9.7
SW, SE
May 3 N,NE, | 7.2 | 184 | 65 | %4 990 1032 | 2.0 | 6.8
SW
September 2 NE,SE, [ 93203 | 53 | 93 988 1018 | 4.6 | 11.0
SW
October 3 N,NE, |-2.1| 86 | 62 | 96 990 1018 | 4.0 | 13.0
SW, W
November 1 SW 25132 | 55 | 78 1018 1024 | 3.1 | 12.0

Total 13
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The data presented in Table 1 show that the experiments were carried out in spring (7) and in fall
(6). Both spring (early summer) and fall are optimal seasons in the Baltic for aerosol measurements.
April, May, June and September are months of statistically lowest cloud coverage (conditions good for
aerosol optical properties measurements) while the highest wind speeds in the area (increased marine
aerosol production) are measured in March, September, October and November [13-14]. Table 2

presents the data regarding the number of experiments in spring and fall and days with onshore winds
over a period of 1992 — 2006.

Table 2. Experiments carried out between 1992 and 2006 in the coastal area of the southern Baltic.

No. of experi- | No. of days with | No. of days with

Season 1992-2006 ments onshore winds offshore winds

7 52 40
Spring (late March, April, May,
June)
Fall  (September, October, 6 22 60
November)
Total 13 74 100

The data presented in Table 2 include only selected days with clear situation regarding the wind
direction using the criteria described above. Basic meteorological parameters measured during the EOPACE
experiment in Duck, NC in 1999 are presented in Table 3 [12].

Table 3. Meteorological parameters measured during the EOPACE experiment in Duck, NC in 1999.

Day in Meteorological conditions
o -1 :
March Tw[°C] — RH [%] p [hPa] Vms ] Wind
1999 p [°C] direction
Min. | Max. | Min. | Max. | Min. | Max. | Min. | Max. | Min. | Max.
44 | 10.5 51 72 996 1003 | 5.2 8.6 Offshore
1 5.37 |6.25
72 | 144 | 52 68 1003 | 1017 | 4.2 7.3 Offshore
2 4.56 |6.80
3 579 | 824 | 53 | 154 | 63 97 998 1016 | 5.8 8.7 Onshore
4 532|741 | 47 | 7.7 48 67 997 1014 | 3.0 9.8 Onshore
5 439 5.12 | 5.1 | 10.6 | 46 66 1017 | 1030 | 0.6 8.5 Onshore
6 7201 833 | 5.1 | 17.5 65 67 1017 | 1028 | 3.1 9.2 Onshore
7 7811 836 | 0.3 93 53 73 1015 | 1026 | 9.6 10.0 Offshore
8 698 | 745 | 0.7 1.6 66 76 1026 | 1036 | 12.1 | 13.7 Offshore
9 487 | 6.18 | 2.2 | 53 58 87 1011 | 1034 | 4.1 6.5 Offshore
10 51 16201| 34 | 5.6 85 96 1011 | 1015 | 3.8 6.4 Offshore
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The lidar system FLS-12 was used to take aerosol concentration measurements at the shore stations
and was installed in a van and deployed on the top of the dunes at a fixed distance from the sea [15].
The inclination of the lidar is easy to adjust, which allowed the marine boundary layer to be sounded at
various altitudes. In Duck, NC the lidar was placed at the very end of the measurements pier (c. 700 m
length) right next to a CIMEL instrument.

The lidar FLS-12 is a tunable laser system designed for remote sensing of the air in the VIS
spectrum range (320-670 nm). The source of UV pumping for the dye laser is a XeCl excimer laser
(308 nm). During the experiments the lidar collected aerosol backscattered data every 50 ns, that is
every 7.5 m on the optical path, and three wavelengths of 430 nm, 560 nm and 670 nm were employed.
The useful part of the optical path was between 60 and 2000 m and altitudes up to 500 m were
sounded. A detailed description of the FLS-12 lidar and the measurement methodology can be found in
[16].

The inclination of the lidar was easily changed, which allowed for sounding the marine boundary
layer at various altitudes ranging from h = 1 m above sea level to vertical profiling of the marine
boundary layer. The aerosol concentrations were determined over the surf zones. The principal
parameters of the lidar FLS-12 are presented in Table 4 [16].

Table 4. Technical parameters of the lidar system FLS-12.

Excimer laser 308 nm
Wavelength 70 mJ
Pulse energy 20 ns
Pulse duration 1; 10 Hz

Pulse repetition

Tunable dye laser 320 to 670 nm
Wavelength region 15 ns
Pulse duration >15 %
Efficiency of pumping energy transforming <1 mrad
Beam divergence <0.1 nm
Generation line width

Receiver 400 to 750 nm
Spectral range 50 ns
Conversion time 10 bit
ADC converter

Telescope 280 mm
Mirror diameter 635 mm
Focal length 10 to 2000 m

Distances of optimal energy focusing, tunable




Sensors 2007, 7 3352

Polychromator 425 to 800 nm
Spectral region

450 lines/mm
Diffraction grating

The lidar-obtained aerosol concentrations were calibrated with those obtained from simultaneous
measurements with a laser particle counter (CSASP-HV-100-SP) which was mounted at different
distances along the lidar sensing path and in several cases also with six cascade impactors [17].

3. Methodology of lidar measurements

The aerosol concentration at an arbitrary altitude above sea may be determined using the Potter
procedure [18] and the Mie algorithm, if a predetermined function is assumed. This procedure allows
for the determination of the extinction at an arbitrary point z; located on the sounding path with lidar
radiation of wavelengths A; and A,. The extinction ¢; derived at an arbitrary point z; from the back
scattered lidar radiation of wavelength A; can be expressed as follows:

&j (zi,kj) = nrjz er(r,kj )n(r, z; Jdr [I/km] (1)
1

where 1 1s a particle radius, Q(r, A;) is the extinction efficiency in the Mie theory and n(r, z;, h;)is the
aerosol size distribution function.

For aerosol particles of marine origin (non-absorbing spherical water droplets) function n(r, z;, h;)
may take the following form [19]:

n(r, z;, hy) = a(z;, hy) 1 exp [- b(z;, hy) 1] )

where a, b > 0 are distribution parameters.

Dependence (2) can also be applied to the description of continental aerosol and the mixture of two
aerosol types: continental and marine. This, however, requires information about the contribution of
particular types of particles and their optical properties (refraction indexes) or simultaneous
investigations aimed at the calibration of aerosol concentrations obtained from the lidar. Non-linear
minimization was used to determine the values of distribution parameters a and b which best fit
formula (1).

These parameters determine the size distribution and total aerosol concentration at
point z; and altitude h; as follows:

Nc(zi,hi)=rfn(r,zi,hi)dr [1/m?] 3)

n
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N;(z,h;) = Ng(z;,hpf(r)  [1/m’] (4)

where N(z;, hj) is the number concentration of aerosol particle in the size range r, r + dr.
Function f(r) is a normalized size distribution function:

f(r) = a-b(z;, h;) exp [- b(z;, h;) 1]
ek =1 )
0

Where: b is a parameter [1/um].

In dependence (3) the values of r; and r, must be selected in such a way so that the lidar
measurements allow for the determination of the aerosol concentration N, at an arbitrary point z; with
minimum error. It is a complex problem since in both study areas, Duck, N.C. and the southern Baltic
Sea, the aerosol particles have different optical properties and, depending on the wind direction, their
ensemble consists of either a mixture of continental and marine particles (absorbing particles) or
marine particles (non-absorbing particles). In each case, the values of the refraction indexes are
different due to the difference of salinity of the surface waters (Duck, NC - S = 36 PSU, Baltic- S = 8
PSU) and the different chemical composition of the continental aerosol [20-25].

Therefore, the question arises if the r; and r, from dependence (3) have the same values for aerosol
which consists of particles of various optical properties which are described by the same size
distribution function f(r). This problem can be solved through the theoretical determination of the
shape of function Q(r, A) f(r) from formula (1). The assumption that parameter b of the size
distribution function is constant (b = 2) facilitated the derivation of function Q(r, A) f(r) for spherical,
absorbing particles of the light refraction index m = 1.48 —1 0.01; m = 1.4 — 1 0.01 and non-absorbing
particles of m = 1.338 and m = 1.353 for radiation of two wavelengths, A; = 400 nm and A, = 700 nm
[24]. The light refraction indexes assumed for the non-absorbing spheres are the boundary values of
these parameters for waters of salinity S = 36 PSU (Duck, NC) and S = 8 PSU (Baltic Sea) at
temperatures of T =1 °C and T = 15 °C. The most commonly used values for a mixture of continental
and marine particles were applied for absorbing particles. It has been showed that aerosol particles of
sizes r < 0.5 pum (absorbing and non-absorbing) have a small impact (< 5 %) on the backscattered
signal (especially for A = 400 nm), while particles of sizes r > 5 um are too few to have a significant
impact on light absorption and scattering (< 1 %) [26]. Therefore, the concentrations derived in the
coastal area using the lidar method for particles from the range of radii r € [0.5 pm, 5 um] are loaded
with small error, which has an insignificant impact on the extinction values. Therefore, formula (3) for
this range of radii can be written as follows:

3 a(z‘ h)( 1 2 j —05b( 'h‘)
N.(z;,h;)= [n(r,z;,hi)dr = =21 025+~ + — |e 20V (6)
c( i 1) 0{5( i 1)d b(Ziahi) b2

Values of parameter b(z;, h;) in dependencies (5) and (6) depend on wind speed and direction as
well as the sea bottom slope in the coastal area [15]. In the coastal area of the southern Baltic Sea the
value of this parameter for various wind speeds and directions varies in the following range of b € [2,
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2.6] [27]. In the case of Duck, NC, the value of b = 2 1/um was accepted which relates to the
maximum of the distribution function for particles of r,, =2/b =1 pm.

Knowledge of aerosol concentrations and size distribution function facilitates the analysis of the
impact of the meteorological conditions on the value of the aerosol extinction coefficient &* (z, L),
which is described as follows:

e* (z,h, L) =o" (L) N* (z, h) (7)

The analyses of coefficients " (z, h, 1) as functions of meteorological parameters were
carried out for the mean values of the Mie coefficients as follows:

?Q(r,k)f(r)dr
o*()=(Q) =
OJ f (r)dr

Formula 1 indicates that the aerosol extinction also depends on the dimensionless extinction

(8)

coefficient Q. The values of this coefficient were derived by taking different types of aerosol (wind
direction) into consideration for different light refraction indexes and different wavelengths. The
distribution parameters a and b were derived for different values of Q and different light refraction
indexes and wavelengths. The authors agree that the continental aerosol includes more particles of a
radii r<0.5 um. However, the calculations of the Q coefficient for aerosol particles of m=1.48-10.01
and radius r = 0.5 pm give the following values of Q [12]:

Q= 1.4-10"? m? for A=400 nm

Q =3.36-10"? m* for A=700 nm

While for particles of radii r=0.1 pm and r=0.02 um the Q values are as follows:

Q=2.2-10" m? for A=400 nm

Q =3.87-10"° m?* for A=700 nm

Q=2-10"" m* for A=400 nm

Q=2.3-10" m? for A=700 nm

These values are very low, and, despite the large number of these particles, their influence on the
aerosol extinction in the VIS is relatively insignificant. The laser beam is deflected off of these
particles, not backscattered, thus the lidar does not register them.

For particles of a radii r>5 pm, the Q values are high but their contribution to the extinction is low
due to their small number. Additionally, the value of the aerosol extinction obtained from the lidar
method is loaded with 30% error, thus it is assumed that this error also includes the error which results
from omitting particles sizes r<0.5 um and r>5 pm.

The comparison of the FLS-12 lidar concentrations with those obtained simultaneously using the
CSASP-HV-100-SP at different coastal stations of the southern Baltic coast between 1993 and 2000
are presented in Figure 2 [17, 28]. Data were recalculated to relative humidity conditions of 80%.
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Figure 2. Aerosol concentrations obtained from simultaneous measurements with FLS-12 lidar and

CSASP-100-HV-SP laser counter.

The results presented in Figure 2 show good correlation of data obtained from both instruments - (1*
= 0.902). Detailed information regarding the calibration of measurements made with FLS-12 lidar and
CSASP-100-HV-SP laser counter are given in [29].

The aerosol optical thickness T4 was determined as a function of visibility in the analytical
form as follows [30]:

TA(8A) =(

where: A - light wavelength [nm]; H; = 0.886 + 0.0222 V(A) [km] and H;

3.912

Y=Zom

3912
v(»)

+Hyexp(—372)]

~0.0116)(%3)P[H; (1 - exp(-3)) +12.5exp(-3)

4. Results and discussion

- horizontal visibility [km].

©)

= 377 km;

Aerosol optical properties change with the change of their origin. The authors assumed that the
light absorption coefficient in the visible range of light is close to zero for marine particles. Thus the

marine aerosol particles have only scattering properties. In case of the offshore winds such assumption

could not be made.

Aerosol extinction coefficients obtained from the FLS-12 lidar measurements at 550 and 670 nm in
Duck, NC and at the Baltic stations are presented in figure 3.
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Figure 3. Aerosol extinction coefficients measured with the FLS-12 lidar at 10 m a.s.l. and at 550 and
670 nm in Lubiatowo (Baltic) (a) and in Duck, NC (b).

The aerosol extinction coefficients are higher in Duck, NC with offshore winds than in Lubiatowo,

while for onshore winds, at the range of wind speeds from 2 to 14 m/s the aerosol extinction
coefficients are comparable in both cases. In order to show the differences in aerosol extinction
coefficients at various altitudes Table 5 shows the lidar and laser particle counter results obtained at
different altitudes in Duck, NC and in Lubiatowo.

Table 5. Aerosol extinction coefficients obtained with lidar and laser particle counters (CSASP-100-
HV-SP) at two altitudes in Duck, NC and Lubiatowo at the Baltic coast.

Aerosol extinction [1/km]

Aerosol extinction [1/km]

at A =550 nm at A =675 nm
Onshore Offshore Onshore wind | Offshore wind
wind wind v=7.5 m/s v=5 m/s
v=7.5 m/s v=5 m/s

Lidar h=32 m 0.0049 0.0013 0.0032 0.00098
Duck, NC
Laser counter 0.013 0.0098 - -
h=4 m
Duck, NC
Lidar h=30 m 0.0068 0.0046 0.0046 0.0028
Baltic
Lidar h=4 m 0.0096 0.0073 0.0067 0.0057
Baltic
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h=4 m
Baltic

Laser counter 0.010

0.0077
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In all cases presented in Table 5 the aerosol extinction coefficient measured at 4 m a.s.l. is higher

than that measured at 30 m a.s.l., which results from higher aerosol concentrations (especially coarse

mode) near the sea surface. Higher concentrations of marine aerosol particles in Duck, NC result from

higher water salinity and about 4 times wider surf zone. However, for both wind directions the values

obtained from the lidar studies at 30 m a.s.l. in Duck, NC are lower than the analogous results obtained
at the Baltic station. This may have resulted from the fact that larger particles (S=36 PSU) in Duck,
NC fall down faster and do not reach higher altitudes as easily as smaller particles (S=8 PSU) from the

Baltic. Table 6 presents the results of a comparison of aerosol extinction coefficients reported by different

researchers from different areas as well as model data [12].

Table 6. Aerosol extinction coefficients obtained at A = 550 nm.

Aerosols and
Clouds

Author Type of air mass Extinction Study area Description
coefficient
[1/km]
Gathman, 1983 Continental 0.370 NAM - Navy h=4ma.s.l
[31] Aerosol Model RH =80%
v=8ms’
d’Almeida and Continental 0.167 Global Aerosol Atmospheric
Koepke, 1991 Marine 0.078 Model column
[32] RH = 80%
Gathman  and Continental 0.58 Coastal station h=2ma.s.l
Jensen, 1995 Marine 0.04 Katwijk aan
[33] Zee, Holand
Gathman  and Marine 0.32 San Diego Bay, h=4ma.s.l
Smith, 1997 USA RH = 80%
[34] v=1.8m/s
Gathman  and Marine 0.103 San Diego Bay, h=8ma.s.l
Smith, 1997 USA RH = 80%
[34] v=1.8m/s
Hess et al., 1998 Continental 0.151 Model OPAC- Atm. column
[35] Urban 0.353 Optical he[0; 2000 m]
Marine 0.090 Properties of RH = 80%
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Jensen et al, Marine 0.6 Monterey Bay, h=4ma.s.l
2001 [36] USA RH = 80%
Jensen et al., Marine 0.1 Monterey Bay, h=10ma.s.l.
2001 [36] USA RH = 80%
Zielinski, 2006 Marine (lidar) 0.0096 Baltic h=4mas.l
[12] RH = 80%
v="17.5-9 m/s
Zielinski, 2006 Marine (lidar) 0.0068 Baltic h=30ma.s.l.
[12] RH = 80%
v="7.5-9m/s

The data presented in the table show a large difference in values reported by different researchers
and used in different models. It is evident that the model values and the values from over the open sea
differ from those obtained at the coastal stations. The comparable values obtained from the lidar at 30
m a.s.l. with those from the OPAC model (entire atmospheric column) suggest that the marine
boundary layer in the coastal area (for coarse mode particles) has a dominating role in light extinction.

Figure 4 presents the variations of aerosol optical depth with wind speed at the coastal site in
Lubiatowo on the Baltic Sea.

10§

Aerosol optical depth

102

© 400 nm; 1=0.962
550 nm; r2=0.962

6 8 10 12 14 16
Wind speed [m/s]

107 +

Aerosol optical depth

102

© 400 nm; =0.627
v 550nm;r2:O.594

v 700 nm; r210.446 b

0

2 4 6 8 10 12
Wind speed [m/s]

14

Figure 4. Variations of aerosol optical depth on wind speed at a coastal station of Lubiatowo for
onshore (a) and offshore winds (b).

AOD values obtained for offshore winds are higher than those obtained for onshore winds and at
wind speeds below 5 m/s this difference can reach half an order of magnitude. During the EOPACE
experiment in Duck, NC the direct AOD measurements were made using CIMEL CE-318-1. One of them
was placed right next to the FLS-12 lidar at the end of the pier. Figure 5 presents the comparison of the AOD
data obtained simultaneously with the FLS-12 lidar and CIMEL CE-318-1 [12].
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Figure 5. Comparison of AOD values measured simultaneously in Duck, NC using the FLS-12 lidar

and CIMEL CE-318-1 for onshore winds at 440 nm (a) and 670 nm (b).

In both cases at wind speeds v<7m/s the AOD values obtained from the sunphotometer are slightly
higher than those obtained from the lidar. The differences vary from 2.6% (v=4 m/s) to 12% (v=5.5
m/s) for onshore winds and from 1.3% at v=6m/s to 4% at v=5.5 m/s for offshore winds. The lidar data
were collected (particle sizes re[0.5, 5 um]) at altitudes from about 10 m to about 150 m a.s.l. This
means that in the lower altitudes of the marine boundary layer of the coastal zone enhanced marine
aerosol production due to wave breaking plays a decisive role in the AOD levels measured. The
CIMEL CE-318-1 sunphotometers measure in the entire atmospheric column, in all size ranges and thus
the AOD values must be higher than in the case of the values obtained using the FLS-12 lidar. However, a
very small difference in the AOD levels measured using both instruments indicates that the coarse mode
marine aerosols play a decisive role in the marine boundary layer of the coastal zone [12, 37]. Table 7

presents the average AOD values obtained for the coastal zones of the southern Baltic.

Table 7. The average ranges of AOD changes at RH=80% and for A=550 nm in spring and fall
calculated using the wind statistics for 1961-1990 and 1997-2000.

Spring

Onshore wind speeds, ve[3.8, 4.8]

AQOD range

0.055-0.071

Fall

Offshore wind speeds ve[4.8, 6.0]

AQOD range

0.144-0.174
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The data presented in Table 7 indicate that in the ranges of prevailing wind directions in the coastal
area of the southern Baltic the AOD values are significantly lower in spring (prevailing onshore winds)
than in fall (prevailing offshore winds). Table 8 presents the comparison of the AOD levels obtained in
the coastal areas of the southern Baltic and the values obtained by other researchers in different regions
[12].

The lidar based values (at 8 m/s) for the Baltic are similar to the AOD values obtained for the Baltic by
other researchers. However, the AOD value obtained by the authors (0.21) is lower than those obtained by
Weller and Leiterer and von Hoyningen-Heune and Wendisch. The studies by those authors were carried out
in the south-west and central Baltic, i.e. areas affected by the advection of continental particles. In case of Duck,
NC (Atlantic) the AOD values are comparable with those obtained by Hoppel et al. (1990) and Reddy et al.
(1990). They are also higher than the value obtained for the Greenland Sea. The results reported by Smirnov et
al. (2006) are similar to those obtained by the authors in the Greenland Sea and by Hoppel et al. (1990) in the
Atlantic area.

The differences in the AOD values presented in Table 8 may result from different measurement
methods and different instruments applied as well as differences in meteorological conditions.

Table 8. AOD levels at 550 nm obtained by the authors for the southern Baltic stations, in Duck, NC
and over the Greenland Sea. The authors’ data were obtained at 8 m/s and recalculated to RH=80%.

Author Air mass type AQOD at 550 nm Region
Weller and Leiterer Continental 0.62 Baltic

(1988) [38] Marine 0.18 Baltic

Von Hoyningen-Huene Continental 0.29 Baltic

and Wendisch (1994) Marine 0.10 Baltic

[37]

Schifrin et al. (1980) Marine/coastal 0.20 Baltic

201

Schifrin et al. (1980) Marine/coastal 0.16 Black Sea

[39]

Smirnov et al. (1995) Continental/coastal 0.33 Black Sea

[40]

Kus$mierczyk-Michulec Continental/mixed >0.26 Baltic

et al. (2001) [41] Marine 0.26< Baltic
Zielinski (2006) Continental 0.21 South. Baltic coastal
[12] Marine 0.09 South. Baltic coastal
Hoppel et al. (1990) Continental 0.13 Atlantic

[42] Marine 0.08 Atlantic
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Reddy et al. (1990) Continental 0.50 Atlantic
[43] Marine 0.11 Atlantic
Smirnov et al. (2006) Marine 0.06-0.08 South Atlantic
[44]
Zielinski (2006) Continental 021 Duck, NC
[12] Marine 0.11 Duck, NC
Zielinski (2006) Marine 0.07 Greenland Sea
[12]
Zielinski, 2006 Continental 0.22 Crete coast

5. Comparison of aerosol retrieval from space with the ground-truth results

The atmospheric ground-truth data obtained during the BALTIRS campaigns at the coastal stations
in the area of the southern Baltic were used for validation of remote sensing algorithms. This
validation is realized by comparing the aerosol properties estimated from the MOS-data with the
corresponding ground-truth values. Images of the AOD have been made using the PCI and the
Angstrom-Inversion algorithms [46]. The Angstrom-Inversion algorithm additionally yields Angstrom-
Exponent values. The atmosphere was sufficiently homogenous at the ground-truth measurement
locations to facilitate the 5x5 pixel area over the sea, which gave unique values for comparison.

Tables 9 and 10 summarize the validation results for both algorithms [12]. The agreement between
aerosol optical thickness and the Angstrom-Exponent estimated from the MOS-data and from the
ground-truth values confirms the expectations and corresponds to results of earlier ground-truth
campaigns. With regard to the Angstrom-Exponent retrieval theoretical considerations show that the
error of the Angstrom-Exponent estimation increases with the decrease of AOD. Clearly, the very low
AOD observed on the 23™ September is too small for reasonable Angstrém-Exponent estimation.

Table 9. The exemplary results for validation of the AOD estimation (750 nm)
+/- : Variation over 5x5-Pixel ground-truth area on the sea.

Ground-truth PCI-Algorithm
22.09.2002 0.06 0.04 +/-0.002
23.09.2002 0.02 ...0.03 0.05 +/-0.004
27.09.2002 0.13...0.14 0.08 +/-0.005




Sensors 2007, 7 3362

Table 10. Results for validation of Angstrom-Exponent estimation
+/- : Variation over 5x5-Pixel ground-truth area on the sea

Ground-truth Angstrom-Inversion
22.09.2002 1.5 1.0 +/-0.2
23.09.2002 1.2 3.1 +/-08
27.09.2002 1.2...1.8 1.4 +/-0.1

6. Conclusions

The data presented in the paper show that the aerosol optical properties in the marine boundary
layer of the coastal areas differ from those over the open ocean. They are different at different coastal
stations, depending on the “purity”’ of marine aerosol advections with air masses. They also differ from
those obtained in the marine boundary layer over the open ocean. This confirms that the coastal areas
are unique and that the aerosol physical properties in such areas must be very well determined and that
the application of the models for open ocean yields significant errors in algorithms, e.g. atmospheric
correction algorithms in remote sensing surveys.

Since marine aerosol generation in coastal areas mostly depends on wave breaking for better
parameterization of the generation process it is necessary to secure wave measurements, using e.g.
imagery methods. In this paper such analyses were not included since such studies were not made in
the Baltic area. Additionally, the wave breaking depends on the sea bottom type. Again such
information has not been included in the paper since the authors did not manage to obtain such
information regarding the Duck, NC area.
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