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KEYWORDS Abstract Investigation results of a coarse and accumulation mode of aerosol properties above
Aerosol; the Baltic Sea are reported. A most important role in the direct aerosol effect on climate have
Lidars aerosols from the group of coarse and accumulation mode particles. Overseas in the atmo-
measurements; sphere, there is a lot of aerosols from the fine fraction but their impact is not so important as
Atmospheric coarse and accumulation mode particles. Sea spray emission from the sea surface takes place
boundary layer over a wide range of aerosol particle size distribution, it is also large in size range which are

studying in this work (Lewis and Schwartz, 2004). The discussed range is most important in view
of atmospheric optical properties, smaller particles do not have such an influence on scattering
as particles from range 0.5—2 wm. The research was performed with a multiwavelength lidar.
Due to the application of special software, the aerosol particle size distributions were retrieved
from the lidar returns. That provided an opportunity to determine the profiles of the aerosol
effective radius. We showed that the aerosol properties depend mainly on the direction of the
air mass advection and the wind speed. The impact of the Baltic Sea on the aerosol size distri-
bution is huge in the case of the advection from the open sea. Moreover, the aerosol effective
radiuses in the whole boundary layer are much larger in the case of strong than for light wind.
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Our results suggest that the aerosol flux and the aerosol particle size distribution should be
related to the wind speed in the emission function.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Atmospheric aerosol plays an especially important role in
the climate system. It significantly influences the amount
of solar energy that is supplied to the earth’s surface
(Forster et al., 2007). The overall impact of aerosol on en-
ergy transfer through the atmosphere, called the aerosol ef-
fect, operates through direct and indirect mechanisms. The
first one takes place due to sun’s energy extinction by the
aerosol, the second consists of aerosol influence on clouds in
the atmosphere (Lohmann and Feichter, 2005; Stevens and
Feingold, 2009; Streets et al., 2006; Tao et al., 2012;
Twomey, 1977; Wood et al., 2015). Therefore, the determi-
nation of aerosol properties and their evolution under var-
ious atmospheric conditions are hugely important scientific
challenges.

Transformation of the aerosol contained in air masses
transported over large water surfaces, such as oceans, seas
and huge lakes, is a well-known phenomenon (Plauskaité
et al., 2017; Zdun et al., 2016). Various processes are
responsible for such an effect. Sea spray emission from
the water surface and prolapse of aerosol particles from
the atmosphere are the most important ones. Along the
path of the air masses, the scavenging of the aerosol
to the constituent typical for marine aerosol is observed
(Blanchard, 1954; Cipriano et al., 1983; Resch et al., 1986;
Spiel, 1994, 1995, 1997a, 1997b, 1998). Phenomena such as
change of air masses, humidity and nucleation of secondary
aerosol from the gasses present in the atmosphere are of
huge importance as well.

The properties of the aerosol over the Baltic Sea sur-
face strongly depend on the features of the air masses
advecting from various directions (Lewandowska and
Falkowska, 2013a, 2013b; Nadstazik et al., 2000;
Zdun et al., 2011). Therefore, the Baltic aerosol can
be of significantly different properties and chemical com-
positions. Insofar as these features are also determined by
the aerosol origin, its transport over the sea surface can
strongly influence its physical and chemical properties. This
takes place mainly because of the aerosol emission from
the sea surface to the atmospheric boundary layer, which
causes the increase of the effective particle radius (Lewis
and Schwartz, 2004). Particle deposition on the sea surface
and scavenging of continental aerosol by marine particles
are another important processes changing the effective
particle radius.

These processes have already been investigated by
several authors in various locations at the Baltic
seashore (Kikas et al., 2008; Kusmierczyk-Michulec, 2009;
Kusmierczyk-Michulec and Marks, 2000; Kusmierczyk-
Michulec and Rozwadowska, 1999; Zdun et al., 2011).
Zielinski (2004) showed that the aerosol parameters in
coastal regions depend on the wind direction (overland and

maritime), which confirms the huge emission of the aerosol
from the Baltic surface. The flux of the marine aerosols
emission in the coastal range of the south Baltic was deter-
mined and parametrised using waves energy by Petelski and
Chomka (1996, 2000) and Chomka and Petelski (1997). The
aerosol emission on the open Baltic Sea was investigated
as well (Markuszewski et al., 2020; Massel, 2007; Petelski,
2003; Petelski et al., 2005).

The aim of this work was to confirm the phenomenon of
the aerosol changes over the Baltic surface using lidar for
determination of aerosol particle sizes.

2. Material and methods

A measurement campaign was performed in January and
February 2015. The lidar system was installed in Wtadys-
lawowo (54.803N, 18.396E), Poland, about 50 metres away
from the coastline. Such a location is convenient because
of the winds occurring there. In the case of their westerly
direction blowing along the seashore, one can observe the
aerosol that is not converted by the water area. In the case
of northerly winds, one registered the air masses that were
transported for hundreds of kilometres above the Baltic
surface.

A 3-wavelength lidar was applied in this experiment
(Posyniak et al., 2010, 2011). A pulsed Nd:YAG laser (Bril-
liant, Quantel) was used in the optical transmitter. The
laser-generated light pulses at wavelengths of 1064, 532 and
355 nm with energies of 100, 60 and 40 mJ, respectively.
FWHM duration of the pulses was 6 ns, while their repetition
rate was 10 Hz. A Cassegrain telescope with a 150 mm mirror
was used in the optical receiver. The lidar overlap reached
an altitude of approximately 850 m (Stelmaszczyk et al.,
2005). In order to investigate the aerosol at low altitudes
(starting from 200 m) the laser beam was sent towards the
sea at an angle of 13° with respect to the horizontal plane.

Lidar operating at several wavelengths provides an op-
portunity to determine profiles of size distribution of atmo-
spheric aerosol particles. Our approach to this problem has
already been presented in several papers (Jagodnicka et al.,
2009; Sitarek et al., 2016). Briefly, in our experiment,
the return light pulses collected by the telescope were
spectrally separated by a polychromator and registered in
the channels corresponding to the consecutive wavelengths
(Chudzynski et al., 2004). The signals from the photomulti-
pliers installed in each channel were digitised by 12-bit, 50
MHz A/D converters (Tie Pie Handyscope HS4). In order to
increase the signal to noise ratio, the data were averaged
over 30 min time intervals and then smoothed over the alti-
tude intervals of 30 m.

As a consequence, the lidar provided the set of the
distance-dependent (z = distance) signals S;(z), S2(z), S3(z)
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corresponding to consecutive wavelengths A (A =1, 2, 3):

AR ([
5.(2) = —(Z_Zo)zexp( 2 f m(y)dy) (1)

here, z, denotes the lidar position, A, are the wavelength-
dependent apparatus constants, while «,(z) and B, (z) de-
note the spatial distribution of total atmospheric extinction
and backscattering coefficients, respectively. Range cor-
rected signals, which are more useful for the analysis, take
the form:

Lx(z)=AxﬂxeXP<—2 / le(y)dy) @)

The coefficients of total atmospheric extinction and
backscattering («, and B,, respectively) can be expressed
as a sum of constituents (Seinfeld and Pandis, 1997):

0,(2) = gy (2) + s, (2) = gy (2) + /0 Q (r)xrn(z. rydr
3)

B.(2) = Bru(2) + B (2) = fra (2 / Q4(r)xrn(z. r)dr

(4)

The coefficients «r, and pBg, corresponding to
Rayleigh scattering were evaluated using the approach
of Bodhaine et al. (1999), assuming the standard atmo-
sphere profiles. Aerosol scattering coefficients (a4, and
Ba.), described by relevant integrals, were evaluated by
Mie theory Bohren and Huffmann, 2010). A spherical shape
of the particles was assumed. Therefore, r denotes the par-
ticle radius in the Equations (3) and ((4), and Q,F and Q,B
are extinction and backscattering efficiencies, respectively.
Function n(z,r) describes distance-dependent aerosol par-
ticle size distribution (APSD), which is the matter of this
investigation.

The lidar returns provided by the apparatus were quan-
tised in space, with the interval Az resulting from the digi-
tisation rate and smoothing procedure. Therefore, at a dis-
tance z; for each wavelength, the signals (2) can be ex-
pressed by:

(
—AZZ [0 (Zi—1) + an(2i)] (5)
i=2

Here the integral from Eq. (2) was approximated by use
of the trapezoidal approach. For further analysis, the ratio
of the signals at the distances z; and z;,y = z; + Az was
taken:

L, (z) = AvBi(z)exp

L) _ B@) ot ngla, (20) + o (2i)]) (6)

Li(z() Bi(z1)

This allowed omitting the apparatus constants A,, which
were unknown.

The left-hand side of Eq. (6) describes the ratio of the
experimental signals. The extinction and backscattering co-
efficients in Egs. (3) and (4) were substituted to the right
side of the equations.

In our approach, n(z,r) in a predefined form of two-mode
function, Eq (7), was derived:

n(z, r) = an z,r) 7

where each mode was described by a log-normal function:

C; 1
iz =—3 lexp-
27 -logoj(z) I

[logr — logR; (z)]2
2 - log?oj(z)

8)

Here, Rj, C; and o; are free parameters and denote the
modal radius, the amplitude and the mode width, respec-
tively.

Our approach to retrieving APSD consists of direct sub-
stitution of «; and B, coefficients from Egs. (3) and (4) to
Egs. (7) and (8) (Jagodnicka et al., 2009; Sitarek et al.,
2016). As a result, only one unknown function (i.e. APSD)
remains in Eq. (8) because both coefficients depend on the
aerosol distribution. It is determined by the set of free pa-
rameters mentioned above. In order to find their values, we
constructed a cost function:

i ( Ly (zi41)

_ Bra(Zi) + Jo mr2Q8(ziq)n(r, zisq )dr
Bru(zi) + [y wr?Q8(z))n(r, z;)dr

ap(Zi)+
x exp § —Az| +ap(Zis1) + fy wr*QE (z)n(r, z/)dr
+ fo mrPQE(Zis)N(r, Zi )dr
9

The function n™"(r,z) with the set of the parameters that
correspond to minimal value of the cost function, Eq. (9),
should be accepted as the solution. However, the bimodal
lognormal function found by such minimisation procedure is
not unique. Quite satisfactory results (i.e., the comparable
values of the x2? parameter) were achieved for several dif-
ferent {Ci, Ry, o1, C2, Ry, 02} sets. Therefore, a group of
300 of the results with smallest x2 was chosen. The values
of X;Z (i =1+ 300) for each set of such parameters did not
differ by more than about several tens of percent.

Bimodal lognormal function n™"(r, z) was generated for
each set of such parameters. As a final result of APSD
retrieval, the weighted average of these functions was
accepted.

300
Yoo Xi nmm (r, z)
Nopt (I', Z) = IQT (10)
i=1

The values of x,

averaging.
Finally, this APSD function was used for calculation of the
effective radius of aerosol particles using the formula

were taken as weights for this

[ r3nope (r, z)dr
S r2noge (r, Z)dr

Determination of uncertainty of the method requires
a numerical experiment. Such analysis was performed by

Jagodnicka et al. (2009). The relative error of the approach
was evaluated for 50%.

Teff(Z) = (11)

3. Results

Within all campaigns, the useful data were registered on
February 7, 8, 9 and 19 only. We present these data in
Figures 1 and 2. The data were averaged over 30 min, i.e.
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Figure 4 Map of Total Aerosol Angstrom parameter (470—870 nm), 2015-02-19 01Z through 2015-02-19 12Z.

over 18 000 laser shots. Altitude resolution of data regis-
tration was 7 m (dots in the figures). Continuous red lines
correspond to the smoothing of the results by adjacent aver-
aging over 5 points (i.e. 35 m). Detailed analysis of the back-
ward trajectories of the air masses within these days as per-

formed with the HYSPLIT model (Draxler and Rolph, 2010)
are also shown in these figures.

On February 7—9 the advection occurred from the north,
from the open sea (Figure 1). On 7 February the wind speed
increased from 8 m/s (5B on the Beaufort scale), reaching
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10—14 m/s (6B) the next day, then it decreased to 5—6 m/s
(3B) on the next day. Regarding February 19 (Figure 2), the
advection took place from the western Baltic. The wind
direction at 10 m above the surface at the experimental
point was NW and W, with a speed of 6 m/s (3B).

In the case of the strong wind with speed 10—14 m/s (6B,
8 Feb., Figure 1b), one observes a monotonic decrease of
the effective radius from about 1.8 uwm at an altitude of
250 m to approximately 0.8 wm at 450 m. This was probably
caused by an emission of coarse aerosol particles from the
sea surface covered by spume. Next day (9 February), the
wind speed was 5—6 m/s only (3B, Figure 1c). Under such
circumstances, the spume on the waves is very weak. Nev-
ertheless, such a monotonic character of the particle size
distribution was also observed, but this layer reached lower
altitudes (about 250—370 m), and the aerosol effective ra-
diuses were smaller: 1.7—0.7 um. This layer could be the
residual effect from the previous day.

One does not observe the layer of larger particles with
monotonic distribution on 7 and 19 February. Such behaviour
of the effective radius extends from lower altitudes (200 m)
to the maximum of the lidar range (1000 m). The variation
of the effective radius occurs within 0.7—1.2 um range. This
is caused by a weak emission from the sea surface, arising
from its weak covering by a spume at low wind speeds. In
both cases, the wind force in the preceding days was 3B
and less, so the aerosol production from the sea surface was
negligible. Although on 7 February the wind speed (8 m/s)
was higher than on February 9 (5—6 m/s), nonetheless on
7 February aerosol production was not observed. However,
two days later, with the weaker wind, the aerosol generated
on February 8 remained, as was mentioned above.

Our interpretation is confirmed by the analysis of the
,&ngstrom parameter spatial distribution. We used the data
from the Global Modeling and Assimilation Office (GMAO,
2015). Data presented in Figures 3—5 come from MERRA-2
Model M2T1NXAER v5.12.4 and it is time-averaged hourly
with 0.5 x 0.625 deg resolution. On 7 and 19 February the
/&ngstrom parameter did not change along the trajectory
path of the air masses (Figures 3 and 4). Within the ma-
jority of the path its values were close to 1.0 and 0.7—0.8
on February 7 and 19, respectively. A different situation is
seen on February 8 and 9 (Figure 5). On 8.02 at lidar po-
sition the ,&ngstrom parameter was close to 0.1, while for
the air masses located before the measurement area its
value was about 0.4—0.5. On 9 February, this effect was
also seen; the difference was about 0.3. One can relate it
to the emission of large aerosol particles from the sea sur-
face. Their appearance in the atmosphere led to a decrease
in the Angstrom coefficient. These cases show how aerosols
from the Baltic Sea can be transformed in the atmospheric
boundary layer.

4. Discussion

In order to verify aerosol production from sea surface
spray, generation functions (SSGF) were investigated. A
wide variety of such functions is presented in the literature
(de Leeuw et al., 2011). We compared three of them which

were elaborated using micrometeorological methods. Two
of them (Norris et al., 2012; Ovadnevaite et al., 2014) were
built for the open ocean region, using an eddy covariance
approach. The third one was elaborated using the so-called
gradient method (Petelski, 2003), conducted on board a sci-
entific vessel in the southern Baltic Sea (Petelski et al.,
2014).

In order to obtain theoretical effective radiuses using SS-
GFs, the aerosol distributions estimated by this function
were substituted into Eq. (11). Each integral was calcu-
lated for the corresponding size range in which the functions
were defined. Results of the comparison are presented in
Figure 6.

In the case of marine advection, the measurements
are in good agreement with theoretical predictions that
prove a strong influence of sea spray on the effec-
tive radius in the boundary layer. Only the function
of Ovadnevaite et al. (2014) predicts a rise of res
with an increase in wind speed, but a very weak
one. Effective radiuses determined using the function by
Petelski (2003) (which was found on the basis of the mea-
surements in the Baltic Sea) predicts no change, while the
values estimated by means of Norris et al. (2012) functions
decrease with wind speed increase. In the case of the west-
ern advection, we do not observe an influence of sea spray
on the effective radius.

The variability of estimated radiuses follows from
the properties of each function. The functions of
Petelski (2003) and Norris et al. (2012) are the results of
rough polynomial fitting in a logarithmic space. The function
of Ovadnevaite et al. (2014), however, is based on multi-
lognormal size distribution for a wide size range of particles
and it is in good agreement with our observations.

It is in agreement with the newest theoretical function of
Ovadnevaite et al. (2014). At the same time, our measure-
ments show that the functions should be more dependent
on wind, as is clearly visible in Figure 6.

5. Conclusions

Profiles of APSD registered with a multiwavelength Lli-
dar have been used for calculation of altitude dependent
aerosol particle effective radius. It was found that these ra-
diuses were generally larger in the case of the strong winds.
For the wind from the open sea a monotonic decrease of the
effective radius from about 1.8 um at an altitude of 250 m
to approximately 0.8 um at 450 m was observed. This was
probably caused by an emission of coarse aerosol particles
from the sea surface covered by spume.

Our results suggest that a change of commonly used sea
spray generation functions (SSGF) should be performed. Ma-
jority of them does not include the dependence of APSD on
the wind speed. Such a relation is taken into account for
the particles flux only. Petelski et al. (2005) postulated that
both quantities, i.e. the aerosol flux and the APSD, should
be related to the wind speed in the emission function. We
found that otherwise the effective radius does not change
or even decreases with the wind speed increase (as shown
in Figure 6), when these functions are applied to Eq. (11).
This is inconsistent with our observations.
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