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The estimates of the optical properties of mineral dust aerosol observed on April 13th and 14th,
2005 during SAWA (Saharan aerosol over Warsaw) experiment are described.
Lidar signals at 532 and 1064 nm wavelengths were inverted with a modified Klett–Fernald
algorithm. Aerosol optical depth measured with a sun-photometer allowed to reduce uncertainties
in the inversion procedure. Further improvement of the estimation came from distinguishing three
aerosol layers in the atmosphere on the basis of vertical profiles of optical properties.
Having calculated vertical distributions of aerosol extinction coefficients, profiles of local
Angstrom exponent were estimated. Independent information on depolarisation of 532 nm lidar
returns, together with the assumption about the spheroidal shape and random orientation of aerosol
particles, allowed to estimate the aspect ratio and size of particles on the basis of numerical
calculations with transition matrix (T-matrix) algorithm by M. Mishchenko. Results indicate
the mode radii of spheroids in the range of 0.15–0.3 μm, and their aspect ratio in the range of
0.6–0.8 or 1.3–2.2 (two solutions are allowed). Small size of the particles is explained by dust
deposition and mixing with boundary layer aerosol in the Mediterranean region.
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1. Introduction

It is commonly known that aerosol effect on climate is important and complex [1]. For
many aerosol types it is not yet established, whether their net contribution to the Earth
surface heat balance is positive or negative [2]. Among these types there is mineral
dust [1] emitted from the Earth surface in desert areas and transported in the atmosphere
at long distances [3, 4]. Typical source areas of dust events observed in Europe are
Sahara and Arabian deserts [4, 5].
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In this paper we describe the investigation of the optical properties of mineral dust
transported in the middle troposphere from Sahara and Arabian deserts over Poland.
The measurements were performed during a particular dust episode of 13–14 April
2005. Dust plume, originating in Arabian Desert and Sahara, carried by flow from
south, drifted over Europe reaching Warsaw (52N, 21E) [6]. Such events are common
in Europe, most often during the spring time [5, 7–10]. There are several reports on
the optical properties of desert aerosols observed, e.g., in Germany [9, 11] or
Scandinavia [12]. However, the number of reports from Central and Northern
Europe, e.g. [13], is small compared to that from the southern part of the continent,
e.g., [5, 8, 13–21]. Therefore, the properties of desert aerosol transported towards
north remain an interesting issue. This was a motivation for a research campaign
Saharan aerosol over Warsaw (hereafter referenced as SAWA), which was conducted
in spring 2005 in the emerging aerosol/radiative transfer laboratory of the University
of Warsaw [6].

The key instruments used were sun-photometers: Microtops and a prototype
multi-spectral device [22] as well as the aerosol lidar (Teramobile Profiler from
the Free University of Berlin) described more closely in Section 2. Data collected
with these instruments were analyzed, taking a special concern in synergy of
the measurements.

One of the goals of the SAWA campaign was finding a simplified representation
of the dust particles, suitable for a radiative transfer model. The main idea was to use
information on the aerosol optical depth obtained from passive photometers in order
to reduce the number of assumptions necessary to invert the lidar signal in spirit
of  [23, 24]. Then, with an additional postulate that the dust particles may be
represented by an ensemble of randomly oriented spheroids [25], the size and aspect
ratio of the observed dust particles were estimated. Transition matrix (T-matrix)
algorithm [25] was used in order to calculate scattering properties of the non-spherical
aerosol. Applicability of such models has already been studied by, e.g., [26, 27].

2. SAWA measurement campaign

2.1. Mineral dust event

SAWA campaign took place in April and May 2005, in Warsaw. In order to plan
the intensive measurement periods, a long range Navy Aerosol Analysis and Prediction
System (NAAPS), available at Naval Research Laboratory Monterey Aerosol Page
(http://www.nrlmry.navy.mil/aerosol/), was used as a forecast tool. The situation was
in parallel monitored, using satellite imagery (MODIS, AVHRR).

One major dust event (12–19 April) occurred within the time frame of
the experiment. The most complete data, comprising synergistic lidar and sun-
-photometer measurements, were collected on April 13th and 14th.

In order to illustrate the development of the dust event during the measurement
period, the range corrected, vertically smoothed lidar returns in 532 nm wavelength
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are presented in Fig. 1a. Figure 1b shows a profile from 23:58 UTC, 13 April 2005,
with layers identification marked. This signal reflects the nocturnal atmospheric
boundary layer (ABL) structure: a stable layer below 540 m and a residual layer
between 540 m and 1.2 km. Two distinct regions of increased lidar returns can be
noticed in Fig. 1. The first one, spanning from the surface to 1.5 km denoted as BL,
encloses the ABL. The second one, denoted as DD (desert dust), is located above ABL

Fig. 1. Temporal evolution of lidar returns (a) recorded for 532 nm wavelength on 13–14 April 2005
in Warsaw (arbitrary units). Light and moderate grey areas located between 1.2 and 4 km correspond to
the mineral dust layer. Above, very weak signals of the free troposphere may be seen. Exemplary lidar
profile (b), 23:58 UTC, 13 April 2005 with marked layers identification: BL – boundary layer aerosol,
DD – desert dust aerosol, CA – “clear air”. This signal reflects the nocturnal boundary layer structure –
stable layer below 540 m and residual layer between 540 m and 1.2 km. Layer structure – stable layer
below 540 m and residual layer between 540 m and 1.2 km.

a b

a b

Fig. 2. Backward trajectories for 13 (a) and 14 (b) April 2005 calculated with the HYSPLIT model. Both
for 172 hours backward. The panels below maps show the horizontal projection of the trajectories with
their positions marked every 12 hours.
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and spans up to 4–5 km height. It results from back-scatter due to enhanced aerosol
concentration in the free troposphere and in Fig. 1a it is visualized in shades of gray.
DD layer is topped by clear atmosphere, denoted as CA. More on the distinguishing
between the layers can be found in Section 4.1.

Presence of a DD over BL is in agreement with the prediction of NAAPS model,
which showed a dust plume transported in the middle troposphere from the regions of
Sahara and Middle East. To closer affirm NAAPS results and lidar return observations,
backward trajectories were calculated with hybrid single-particle Lagrangian
integrated trajectory (HYSPLIT) model [28, 29]. Figure 2a shows that the source
region of air masses observed on 13 April in Warsaw at the heights of 3–4 km is
Sahara. Figure 2b (14 April) points also at the northern regions of Arabian Peninsula.

2.2. Instrumentation and data quality
The photometric data discussed here were collected with the use of a hand-held
Microtops II (Solar Light Co.) sunphotometer, measuring direct solar radiation in five
channels: 380, 440, 500, 675 and 870 nm, with resolution of 0.1 W/m2. Its built-in
algorithm produces total aerosol optical depth (AOD) in each channel. The instrument
was recalibrated with Langley technique [30]. Estimated accuracy of measurements
was better than 5%. Microtops results for April 13th and 14th were compared to
the CIMEL records from the nearby (about 50 km south) AERONET station in
Belsk [31]. Since the channels of both instruments do not exactly overlap, the CIMEL
measurements at 673 nm were compared with Microtops measurements in 675 nm and
AOD values for 673 nm interpolated from Microtops measurements with the use of
Angstrom formula [32]. The average differences between results were less than 6.5%
in both cases.

Lidar measurements were taken with Teramobile Profiler. It is a multi-wavelength
back-scattering lidar, based on a solid state 10 Hz Nd:Yag laser (Big Sky Laser
CFR 200), which delivers 10 ns long pulses of energies of 60, 50, 30 mJ, in 1064, 532
and 355 nm wavelengths, respectively. As a receiver, the lidar uses F4/200 mm
Newtonian telescope. Unfortunately, as it was noticed later, the UV channel of
the lidar was not operating correctly and its records were not accounted in the analysis.
In aerosol measurements 7 km range was taken into consideration.

Optical system of the Teramobile Profiler has a multi-axial design, in which each
wavelength is emitted as a separate beam. The inclination of each beam can be
individually adjusted assuring fairly equal overlap with telescope’s field-of-view,
which compensates the geometrical compression effect, limiting it to the heights of
260–280 m. More details on the system can be found in [33].

To account for geometrical compression, the signal was divided by an overlap
function, varying between 0 and 1 [23, 24]. Finding the overlap function requires
recording lidar signal back-scattered in a homogeneous atmosphere. In such
conditions, the range corrected lidar returns (X, see also Section 3.1) can be written as:

(1)X z( ) O z( )Cβ 2az–( )exp=
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where z is the vertical coordinate, O (z) defines the overlap function, C is the lidar
constant, β and a are back-scatter and extinction coefficients. Outside the geometrical
correction range O(z) = 1, so Eq. (1) can be rewritten as:

(2)

Parameters Cβ, 2az may be determined with the linear regression of Eq. (2) and
substituted in Eq. (1) to derive the overlap function. Typically, in order to run this
procedure, horizontal lidar shots are performed [23]. As the Teramobile Profiler can
measure only vertical distributions [33], we had to derive overlap function from
vertical profiles collected in a well-mixed atmospheric boundary layer. Noon of
April 13th, 2005 was selected for this purpose, on a basis of aerological sounding from
nearby (20 km NE from the measurement site) WMO 12374 station. The sounding
shows an adiabatic, dry (relative humidity from 42% at the surface to 60% at the top),
ABL of thickness of 1150 m from the ground, capped with the inversion of 1.2 °C.
The accuracy of the overlap correction was estimated in these well-mixed conditions
at 15% in the lowest 50 m layer, 10% at 150 m and less than 5% near the geometrical
compression range.

The back-scattered light collected by the telescope was spectrally separated. Its
intensity was measured independently at each wavelength with the photo-multipliers
(Hammamatsu R7400 -P04 and -U02 for 355 and 532 nm) and with the avalanche
photo-diode (EG&G C30954/5E for 1064 nm). All signals were recorded with
a 12-bit, 20 MHz transient recorder (Licel) assuring vertical spatial resolution of
7.5 m. Data were then averaged over 1000 laser shots (~1 min).

Intensity of the 532 nm signal was measured by two photomultipliers in
polarizations parallel and perpendicular to that of the emitted beam. In order to
minimize the depolarization error caused by the receiver optics, all bending mirrors
of the detection system were coated with the phase optimized dielectric coatings. In
this way the elliptical polarization was avoided and the cross-talk between parallel and
perpendicular polarization channels was effectively reduced. The only component with
an ordinary (not phase optimized) high reflection coating was the telescope primary
mirror. However, the nearly normal incidence of the incoming light, together with
the large curvature radius of this mirror, leads to the depolarization of less than 0.01.

To compensate the electro-optical efficiencies for parallel and perpendicular
detection channels, a calibration routine was performed before each measurement
series (once in a couple of hours). First, the laser polarization was matched to
the detection polarization axis and the lidar signal for the parallel polarization was
measured. Then, the laser polarization was turned by 90°* and the same lidar
signal was measured with the cross polarization detection channel. The gain of
the photomultiplier used for the cross polarization was then set to match the signal
*During the calibration, the laser polarization was turned by the zero-order half-wavelength plate mounted
at the laser beam output. A clean polarization of light after the half wavelength plate was accomplished
by the Glan Laser prism located directly before the retardation plate.

X z( )[ ]ln Cβ( )ln 2az–=
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intensity of the parallel polarization and remained unchanged during the following
measurement series. Because the photomultipliers used for parallel and cross
polarizations are almost identical (the same manufacturing series) the similar HV was
applied in both cases. This allowed to assume the same gain factor for strong and weak
signals. Finally, the laser was set up to the original polarization and the measurements
were performed.

In real atmosphere retrieving depolarization due to aerosol particles requires
accounting for depolarization by air molecules (Rayleigh scattering). We used
the formula proposed by [34]:

(3)

where B is the total to Rayleigh back-scattering coefficient ratio, δ ray – the molecular
depolarization (assumed 0.00365 after [35]) and δ tot – total depolarization:

(4)

here XR and XL are the values of range corrected lidar returns with polarizations
perpendicular and parallel to the polarization of the original beam [36], respectively.

3. Data processing

3.1. Lidar signal inversion method
The analysis of lidar returns is based on the classical Klett–Fernald algorithm
introduced in [37, 38]. Lidar equation is solved in terms of range corrected signal X
and transmittance (TR – molecular, TA – aerosol) with an assumption of linear
relationship between extinction and backscattering coefficient. The following formula
is used in the calculations:

(5)

where βR and βA are backscatter coefficients for molecules and aerosol particles, z is
the distance from the lidar (height), C is the lidar constant, SA(z) is the aerosol
extinction to back-scatter ratio (lidar ratio), and

(6)

(SR = 8π /3 is the backscatter to extinction ratio for Rayleigh scattering.)

δ z( )
δ tot B Bδ ray δ ray–+( ) δ ray–

B 1– Bδ ray δ tot–+
-----------------------------------------------------------------------------=

δ tot
XR

XL
-------------=

βA z( )
X z( )TR

2 r 1–( ) z( )

C 2SA z( ) X z'( )TR
2 r 1–( ) z'( )dz'∫–

-------------------------------------------------------------------------------------- βR z( )–=

r z( )
SA z( )

SR
------------------=
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Computations begin at the top of the measurement range, by assumption
βA (zmax) = 0. Then pairs of equations similar to Eq. (5), written for subsequent levels
in the atmosphere, z and z = dz are solved. This allows to avoid the necessity of
establishing the value of the lidar constant C [23]. βR(z) is usually calculated with
empirical equations for assumed or measured vertical profiles of temperature and
pressure in the atmosphere [24].

At this point, a remaining unknown SA is evaluated with the iterative procedure.
In the first step, some typical value of SA is assumed (this initial assumption does not
influence the final result). Then, after calculating the whole vertical profile of βA, SA
is redefined as:

(7)

where τSP is the total optical depth of aerosol, measured with the sun-photometer [23].
The calculations begin again at the top of the range and the procedure is repeated until
the difference between subsequent values of SA is smaller than 0.0001.

When aerosol properties are dependent of height, the above procedure gives
the average SA [23]. During SAWA we observed three significantly different aerosol
layers (for the details of division see Section 4) and focused on the properties of one
of them (desert dust – DD). Therefore, we decided to modify the procedure by
performing separate calculations for each layer.

In the first step, the extinction coefficient profiles were calculated for the whole
atmosphere, taking into account the total AOD measured by the sun-photometer.

Fig. 3. Aerosol extinction coefficient aA profiles calculated with and without the division of atmosphere
into layers. 532 nm wavelengths, 23:58 UTC, 13 April (a), 09:30 UTC, 14 April 2005 (b).

a b

SA
τSP

βA z( )dz∫
-----------------------------=
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Then, the integration of the extinction coefficient within specified height ranges (see
Section 4) gave approximated optical depths of individual layers (to be used instead
of τSP while running the algorithm for each layer separately).

Fully reliable error analysis of this procedure would require independent AOD
measurements on different levels (in case of SAWA 13–14 April observations: 0 km,
about 1.5 km, and about 5 km) which, unfortunately, was not possible. Figure 3
demonstrates differences between instantaneous extinction profiles estimated with and
without division of the atmosphere into three layers. Differences are not big, but
observable. For BL the modifications in the extinction coefficient profile are usually
small, for DD layer maximum modification reaches up to 35% of the estimated value.
Estimates with division seem smoother and less noisy than that with the single layer
approach.

3.2. Numerical calculations (T-matrix)
One of the goals of the SAWA campaign was to find a mathematical representation of
dust particles, suitable for a radiative transfer model. The transition matrix
(T-matrix) method, initially developed by [39] and implemented by [25]*, was selected
as a suitable tool. T-matrix is very useful in modeling the interaction between light
and an ensemble of randomly oriented particles. Particles considered may be of
arbitrary shapes, but the formulas simplify decidedly, when a rotational symmetry is
assumed.

An assumption that the observed dust particles could be represented by an ensemble
of randomly oriented spheroids [40] of single-mode log-normal size distribution and
fixed aspect ratios was adopted**. Then the look-up tables allowing to determine
optical properties of aerosols were created (Sections 3.3 and 3.4). They cover
the following ranges of physical properties of aerosol particles: the aspect ratios
between 0.25 (prolate spheroids) and 4.0 (oblate spheroids); the mode radii in the range
of 0.01–1.0 μm for fixed mode width of 0.5; the refractive index of 1.53 + 0.008i
for 532 nm wavelength (selected after OPAC software package [41]).

Sensitivity tests consisting of changing the real part of the refractive index in
the range of 1.5–1.6 [42, 43] and changing the order of magnitude of its imaginary
part were performed. Results of these tests were used in estimating the uncertainties
of particle size and shape evaluation (Sections 3.3 and 3.4).

3.3. Estimation of particles’ size
Estimates of the mean size of the particles were performed using the values of
the Angstrom exponent. Angstrom empiric power law [32] describes the relationship
between radiation extinction on aerosol particles and wavelength λ:

*FORTRAN routine available at http://www.giss.nasa.gov/~crmim/t_ matrix.html.
**Since the reliable lidar returns were recorded in 2 channels only, an assumption of bimodal distribution
function could not be applied.
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(8)

where ξ – Angstrom coefficient, α – Angstrom exponent. It is valid for most kinds
of aerosol.

T-matrix simulations of the light transfer through an ensemble of particles
(Section 3.2) for a number of different mode radii show that at least within a limited
particle radius range (0.1–0.6 μm), the relationship between α  and the mean radius is
monotonic and shape-independent. This is presented in Fig. 4, where the plots
corresponding to different spheroids aspect ratios overlap (three aspect ratio values
were chosen as a representative for different particle types: 2 corresponding to oblate
spheroids, 0.5 – prolate spheroids, 1 – spheres). Thus, Fig. 4 can be used to estimate
the mode radius of spheroids, on the basis of α. Angstrom exponent was evaluated
from the distributions of extinction coefficient at various lidar wavelengths.

Table 1 with the results of selected numerical tests illustrates the impact of assumed
refractive index variation on the estimated mode radii. For instance, changing the real
part of the refractive index by 0.03 results in ~6% variation of the mode radii for α ≤ 1
and ~3% for α > 1. In case of absorption change by a factor of 10, the mode radii varies

aA ξλ α–=

Fig. 4. Angstrom exponent α  dependency of the mode
radius rm of randomly oriented spheroids with a log-
-normal size distribution, calculated for the refractive
index of sand and various aspect ratios (a/b). In the radii
range of 0.1–0.6 μm, the relationship between α and
the mean radius is monotonic and shape-independent.

T a b l e 1. Exemplary results of  T-matric calculation for different refractive indices – look-up table for
particle mode radius rm [μm] on the basis of Angstrom exponent α.

Refractive indices for 532 nm
α 1.50 + 0.008i 1.53 + 0.008i 1.56 + 0.008i 1.60 + 0.008i 1.53 + 0.08i
0.5 0.33 0.31 0.29 0.28 0.29
1.0 0.28 0.27 0.26 0.24 0.25
1.5 0.24 0.22 0.22 0.21 0.20
2.0 0.19 0.19 0.18 0.18 0.17
2.5 0.16 0.16 0.15 0.15 0.13
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by ~20% for α > 2, by ~10 % for 1 < α < 2, and by ~5% for α ≤ 1. There is no
significant change for rm ≈ 0.4 μm.

3.4. Estimation of particles’ shape
Results of T-matrix simulations for various mode radii of aerosol particles (Fig. 5)
confirm that δ  can be used in estimates of the particle ratio. Its value is zero for spheres
and is decidedly higher for spheroids (single scattering). Unfortunately, the result is
not unequivocal – there are at least two possible aspect ratios for a given mode radius
and depolarization.

Numerical tests indicate that the bigger the depolarization and the smaller the mode
radii, the more the procedure is sensitive to the choice of the assumed refractive index.

Fig. 5. Depolarization δ  dependency of the aspect
ratio (a/b) of randomly oriented spheroids with
a log-normal size distribution, calculated for
the refractive index of sand and different mode
radii rm [μm]. The value always reaches 0 for
spherical particles (a/b = 1).

T a b l e 2. Exemplary results of  T-matrix calculation for different refractive indices – look-up table for
aspect ratio on the basis of depolarization δ  and mode radius rm [μm]. Pairs of values are presented – for
prolate and oblate spheroids. 

Refractive indices for 532 nm
δ rm [μm] 1.50 + 0.008i 1.53 + 0.008i 1.56 + 0.008i 1.60 + 0.008i 1.53 + 0.08i

0.10

0.15 – – 0.41 – 0.47 – 0.54 – 0.43 –
0.20 0.66 1.88 0.69 1.71 0.71 1.60 0.74 1.50 0.72 1.72
0.25 0.78 1.42 0.79 1.38 0.80 1.35 0.81 1.33 0.84 1.26
0.30 0.83 1.28 0.84 1.27 0.84 1.27 0.84 1.28 0.87 1.19

0.13

0.15 – – – – – – 0.45 – – –
0.20 0.61 2.22 0.65 1.85 0.68 1.71 0.71 1.59 0.68 –
0.25 0.75 1.50 0.77 1.45 0.78 1.41 0.78 1.39 0.81 1.33
0.30 0.81 1.33 0.82 1.32 0.82 1.32 0.82 1.33 0.86 1.22

0.16

0.15 – – – – – – – – – –
0.20 0.57 – 0.61 2.02 0.64 1.82 0.68 1.68 0.64 –
0.25 0.73 1.58 0.74 1.52 0.76 1.48 0.76 1.45 0.79 1.39
0.30 0.80 1.38 0.80 1.37 0.80 1.37 0.80 1.38 0.84 1.26
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Table 2 presents selected results of calculations for particles of mode radii between
0.15 and 0.3 μm. For mode radii <0.2 μm the representative aspect ratio often may not
be retrieved. In such a case, variation of the refractive index within assumed values
may cause even a 30% change of the estimated aspect ratio. Here we focus on prolate
spheroids. Changing the imaginary part of refractive index by the factor of 10 modifies
the estimated aspect ratios by ~5%. In case of mode radii ~0.2 μm, changing the real
part of refractive index by 0.03 modifies the evaluation by 5–6%. For bigger particles,
the modifications reach ~3% the most.

4. Results
4.1. AODs and extinction
During SAWA experiment, total aerosol optical depths were measured with Microtops
sun-photometer. As the instrument measures direct solar radiation, it can only be used
during day time and when the sun’s disc is not obscured by clouds. This means that
there are gaps in the Microtops measurement series, especially during the night time.
In these gaps values of AOD were linearly interpolated.

AODs measured during the dust episode (Fig. 6) were noticeably higher than those
observed on the other days. For example on April 13th (Fig. 6a) the optical depth
at 500 nm wavelength reached 0.57 and on April 14th (Fig. 6b) – 0.67, in contrast to
the values of 0.05–0.25 characteristic for days with no dust in the middle troposphere.

Since Microtops channels do not overlap with the lidar ones, in order to estimate
AODs in the lidar wavelengths, the Microtops measurements had to be transformed
with the use of the Angstrom power law [32, 44]. As was already mentioned
(Section 2), in the adopted procedure the atmosphere was divided into three layers:
BL (presumably urban aerosols), DD with desert dust and CA above (Fig. 7). The first
interface discriminating between BL and CA was assumed at the level of the local

Fig. 6. Temporal evolution of AOD measured with Microtops on the 13 (a) and 14 (b) April 2005 in
Warsaw.

a
b
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minimum of the lidar return signal (Fig. 1) between 1 and 1.5 km heights. The interface
between DD and CA was set at the level of minimum aerosol depolarization, between
4.95 km and 5.6 km (Fig. 8). An independent cross-check of the adopted division has
been performed with the use of ceilometer records [45], routine balloon sounding, and
with the use of information from aerosol transport models NAAPS and HYSPLIT.

Estimates based on the preliminary application of Klett algorithm (considering
atmosphere as a uniform layer) show that the optical thickness of DD (0.14–0.26 for
532 nm) was comparable to that of the BL (0.20–0.28 for 532 nm) – see Fig. 9.
The estimated boundary layer AOD is consistent with the typical values observed in
Warsaw apart from the dust episode. The linear increase in the total AOD during
the night is the result of the interpolation.

From the lidar signals at 532 and 1064 nm distributions of extinction coefficients
were derived, following the procedure described in Section 2.2. Figure 10 shows
results for 532 nm wavelength, for times when the algorithm remained stable.

Fig. 7. Assumed division of atmosphere into three
different layers – the boundary layer, the desert dust
layer and the clear air layer.

Fig. 8. Temporal evolution of light depolarization
distribution measured by lidar at 532 nm wave-
length, 13–14 April 2005, Warsaw. Relatively high
depolarization values (grey layer between 1.2 and
4 km) correspond to mineral dust.
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Extinction coefficient in the desert dust layer is in the range of 0.5×10–4 m–1 to
1.5×10–4 m–1. It is smaller than extinction coefficients in the BL, but as DD layer is
relatively thick, its influence on radiative flux is important.

4.2. Modal size and characteristic aspect ratio of aerosol particles
Figure 11 shows fluctuations of vertical distribution of the local Angstrom exponent
calculated from the extinction coefficients for 532 nm and 1064 μm wavelengths
during the measurement period. Values in the BL (consult Fig. 11) are between 1.0
and 1.5, which corresponds to the particles of radii in the range of 0.22–0.27 μm (see
Fig. 4 and Tab. 1). Mean α increases up to 2.4 (Fig. 11b) in the layer between 1 and
1.7 km, in the transition region between boundary layer and desert dust layer. This
value is uncertain, due to small values of extinction coefficient, indicating relatively
small aerosol contents (cf. Figs. 10 and 11). Above this transition region (inside DD
layer) Angstrom exponents are in the range of 1.2–1.8 corresponding to the model
size of particles 0.20–0.25 μm. Between 3.8 and 4.2 km, the aerosol content is small
again – estimated α are again high, but the reliability of retrieval is questionable. All

Fig. 9. Temporal evolution of AOD of atmospheric layers estimated on the basis of Microtops and lidar
measurements on the 13–14 April 2005 in Warsaw (532 nm wavelength). Total AODs are linearly
interpolated between measurement times.

Fig. 10. Temporal evolution of aerosol extinction
coefficient [1/m] vertical distribution estimated
from lidar returns for the wavelength 532 nm on
13–14 April 2005.
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results are to some degree affected by the uncertainties introduced by lidar signal
inversion procedure. 

Figure 8 presents depolarization due to aerosol calculated for the 532 nm
wavelength. We see that in DD layer depolarization is larger than 0.1 (mostly in
the range of 0.12–0.15) and differs decidedly in BL where its value is close to zero.
Figure 5 and Tab. 2 indicate that for such level of depolarization and mode radii
0.20–0.25 μm, the aspect ratios of spheroids representative for mineral dust are
0.6–0.8 for prolate spheroids or 1.3–2.0 for oblate spheroids. Maximum value of
depolarization recorded – 0.18 corresponds to aspect ratios 0.6–0.8 or 1.4–2.2,
respectively. Fortunately, in the range of particles sizes 0.20–0.25 the aspect ratio
estimation is the least affected by the error resulting from unknown dust refractive
index, resulting in only ~5% uncertainty.

4.3. Discussion

Observed high values of AOD – about 0.6 for 500 nm wavelength – are not surprising
during the mineral dust episodes in Central Europe (e.g., [9]) measured an increase in
AOD from 0.25 to 0.63 for 532 nm during a Saharan aerosol outbreak 13–15.10.2001
over Leipzig in Germany.

In the aerosol layer identified as the mineral dust we noticed depolarization in
the range of 0.1–0.18 for 532 nm wavelength. The upper limit of depolarization
observed during SAWA was smaller than that reported by [9] and [11] (0.1–0.25).
Estimated particle aspect ratios in the ranges of 0.6–0.8 or 1.3–2.2 are in agreement
with the conclusion of [27] that aspect ratios of 1.5 and more are typical of the desert
dust plumes.

What differs our results from [9, 18, 46] are relatively high values of Angstrom
exponent. We cannot directly compare our results with above mentioned references

Fig. 11. Temporal evolution of Angstrom exponent vertical distribution calculated on the basis of aerosol
extinction coefficients for 532 and 1064 nm wavelengths, on 13–14 April 2005 (a) and a mean
Angstrom exponent α  profile for the same measurement range (b). Dotted lines show the uncertainty
range of the mean.

a b
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as different wavelengths are used for calculating α  in each case. Our estimates in
the DD layer show α  in the range of 1.2–1.8. These values are likely affected by
the uncertainties introduced by the lidar signal inversion procedure, which may be
significant in case of high AOD. However, after recheck of the photometric data, we
ensured that neither Microtops nor AERONET measurements have revealed a single
extraordinary drop of columnar Angstrom exponent, which could suggest the presence
of larger particles. In addition, values of α  (range 1.0–1.5) in the boundary layer
remained unchanged before, during and after the dust event. Combination of these
information gives a support to the hypothesis that desert dust particles in this particular
event over Warsaw were small.

Additional argument supporting this comes from the fact that the dust plume
originated in Eastern and Central Sahara and in the Middle East. Reference [47] reports
sizes of mineral dust collected in Israel (location in between the source regions) to be
less than 1 μm in diameter for more than two thirds of particles. Lack of larger
particles in the observed flow presumably results from intensive deposition observed
in the Mediterranean before the plume reached Warsaw. According to [5], between
the 10th and 11th of April (when according to HYSPLIT the plume passed over Crete)
the increased values of total AOD, TOMS aerosol index and particle matter (PM10)
concentrations were observed at Heraklion and Finokalia. They classify this event as
vertically extended transport of mineral dust, with particles entering into the mixing
layer and mixing with anthropogenic aerosol. On the other hand, the same mixing
could add the anthropogenic aerosol into the plume and cause that maximum
depolarization observed during SAWA was smaller than in reports of [9, 11].

5. Conclusions

A dust of episode 13–14 April 2005 was analysed with synergistic measurements by
the means of multi-wavelength lidar and Microtops sun-photometer. Synergy allowed
to reduce the number of assumptions needed to estimate vertical profiles of extinction
coefficients at 1064 and 532 nm wavelengths. Measurements and interpretation of
numerical model allowed to distinguish three significantly different layers of aerosol:
boundary layer with presumably local aerosol, the dust plume, and the clean free
troposphere above. This was taken into account during the evaluation of the optical
properties of aerosol from remote sensing data.

Estimated extinction profiles were combined with information on the depolarization
of 532 nm wavelength. Observational data were compared to the numerical
simulations of radiative transfer through a layer consisting of non-spherical particles,
to estimate the properties of idealized particles that could represent mineral aerosol in
a model. It was assumed that the mineral dust particles could be treated as an ensemble
of spheroids of a given mode radii. This allowed performing calculations with the use
of a T-matrix code and preparing look up tables to compare results of simulations with
measurements. Comparison resulted in estimate of a mode radius and shape parameter
(aspect ratio of a spheroid) of the observed mineral dust particles.
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The estimates of Angstrom exponent in the mineral dust layer fall typically in
the range of 1.2–1.8. Consequent estimates of mode radius are 0.20–0.25 μm, in
agreement with the characteristic values for fine dust particles. No evidence of coarse
particles on the dust plume was found. Observations of [5] support the hypothesis that
they were deposited during the transport over the Mediterranean and Southern Europe.

Estimated values of AOD, of the depolarization ratio of 532 nm wavelength and
estimates of shape (aspect ratio 0.6–0.8 or 1.3–2.2) are consistent with other reports
available in the literature. Results of this study can contribute towards better
parametrisation in modeling radiative processes for aerosol type mineral transported
(e.g., [41]).
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