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Abstract. Routine lidar measurements of the vertical distri- 1  Introduction

bution of the aerosol extinction coefficient and the extinction-

to-backscatter ratio have been performed at ThessalonikiDuring the past decade there has been evidence for an in-
Greece using a Raman lidar system in the frame of the EAR€rease of the biological active solar ultraviolet (UV-B) radi-
LINET project since 2000. Co-located spectral and broad-ation reaching the earth’s surface (e.g. Kerr and McElroy,
band solar UV-B irradiance measurements, as well as total 993; Zerefos et al., 1997; Zerefos et al., 1998), as a conse-
ozone observations, were available whenever lidar measureguence of the continuing negative trends in the stratospheric
ments were obtained. From the available measurements seezone concentration (WMO, 1998). However, there are still
eral cases could be identified that allowed the study of the efuncertainties in the UV trends since they are strongly affected
fect of different types of aerosol on the levels of the UV-B so- by changes in the aerosol optical properties and changes in
lar irradiance at the Earth’s surface. The TUV radiative trans-cloud cover (Zerefos et al., 2001; WMO, 2003). Due to the
fer model has been used to simulate the irradiance measureombined involvement of these parameters in controlling the
ments, using total ozone and the lidar aerosol data as inputJV-B levels it is difficult to determine accurately the role
From the comparison of the model results with the measuredf each parameter, especially for urban sites, where UV-B
spectra the effective single scattering albedo was determinettaching the boundary layer has a large diffuse component.
using an iterative procedure, which has been verified againstherefore it is more effectively absorbed by tropospheric
results from the 1998 Lindenberg Aerosol Characterizationozone than the direct beam under high sun conditiongiBr
Experiment. It is shown that for the same aerosol opticaland Crutzen, 1989; Papayannis et al., 1998). Increases of the
depth and for the same total ozone values the UV-B irradi-solar UV-B radiation may have a major effect on the environ-
ances at the Earth’s surface can show differences up to 10%nent (i.e. affect the ecosystem processes and biochemical
which can be attributed to differences in the aerosol type. Itcycles) and on humans (i.e. DNA damage, skin cancer, ocu-
is shown that the combined use of the estimated single scatar effects) (Madronich, 1993). Additionally, a change in the
tering albedo and of the measured extinction-to-backscattetV-B solar radiation has direct effect on the chemical com-
ratio leads to a better characterization of the aerosol typeposition of the troposphere (e.g. Balis et al., 2002; Lantz et
probed. al., 1996; Shetter et al., 1996).

During the past few years various radiative transfer mod-
els have been developed (e.g. TUV, Madronich 1993 and the
LibRadTran, Mayer et al., 1997), which offer various meth-
Correspondence tdD. S. Balis ods for the solution of the radiative transfer equation and al-
(balis@auth.gr) low the interpretation of the solar UV measurements. There
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are various studies which compare measured and calculateal day selected from the LACE-98 campaign. Then from the
solar UV spectra. Recent studies by Kylling et al. (1997), available UV-B measurements three cases are selected where
Mayer (1997), and Kazantzidis et al. (2001) show that goodby using the measured lidar ratio and the estimated SSA, as
agreement between measured and observed UV spectra carell as backward trajectories, we attempt to quantify the ef-
be achieved only if the input parameters are accurate anéect of different types of aerosols. Finally, we investigate the
well defined. If this is the case, then the simulated spectracombined use of the directly measured lidar ratio, and the in-
can agree within 5% with the measurements. However atirectly estimated SSA, that allow a better characterization
most stations where spectral UV measurements are availablef the aerosols, using remote sensing techniques.
usually the only information available concerns the optical
properties of the aerosols in the form of the aerosol optical
depth (AOD) and its spectral dependence (Angstexpo- 2 Data and methodology
nent). There are also a few cases, where the information
about the physical properties of the aerosols (refractive in2.1 Experimental data
dex, size distribution) is also available from measurements,
mainly from CIMEL sunphotometers. At the Thessaloniki station (405, 22.9 E) two Brewer
The extinction to backscatter ratio, usually referred to asUV spectrophotometers, one single and one double
the lidar ratio, is a quantity that is directly measured by amonochromator, operate continuously and monitor nearly
Raman lidar (e.g. Ansmann et al., 1992) and the single scatthe whole UV-B solar spectrum from 290-325 nm and 290—
tering albedo (SSA) is one of the most dominant input fac-366 nm respectively with a 0.5 nm spectral resolution. The
tors that determine the aerosol type in a radiative transfecalibration of the instruments is performed using a 1000 W
model (Kylling e al., 1998). Both depend on the microphys- lamp, a source with output irradiance traceable to the Na-
ical properties of the aerosols and therefore their value carional Institute of Standards and Technology standards every
be used for the characterization of the aerosol type. Fermonth. The stability of the instruments is monitored in the
rare et al. (1998) used Raman lidar and aircraft size distrifield by a set of 50 W lamps, once a week. In addition, mea-
bution measurements to derive estimates of the single scasurements of global (direct and diffuse) erythemal irradiance
tering albedo. Their estimates showed that for similar hu-are being performed (Zerefos et al., 1998% @nd SQ to-
midity conditions, an increase in lidar ratio is accompaniedtal columns, also determined from the Brewer spectropho-
by a decrease in SSA. As a consequence the same lidar réemeter, have been used to provide input to the model calcu-
tios can correspond to different SSA values, under differentlations. A similar single Brewer monochromator for moni-
humidity conditions. This fact indicates that the combined toring total ozone and spectral UV measurements of global
use of SSA and lidar ratio measurements will minimize theirradiance operates continuously at Lindenberg (52\1
uncertainty in determining the aerosol type, necessary fol4.12 E), Germany. For the determination of the AOD at
the model calculations. Wenny et al. (1998) utilized a Mie- Thessaloniki we used, depending on the availability of the
scattering code and a radiative transfer model in conjunctiordata, two data sources. We used AOD values at 355nm
with measured parameters (transmission and size distribudirectly estimated from calibrated direct irradiance spectra
tion measurements) to retrieve reasonable values of the singley the Brewer spectrophotometer (Marenco et al., 1997) as
scattering albedo. Recently Kazantzidis et al. (2001) showeavell AOD values at 416 nm (extrapolated to 355nm using the
that there are indications for a high variability of the SSA corresponding Angstm exponent) estimated by a muiltifil-
even during the same day, which are correlated with changeter shadowband radiometer (MFR-7, Yankee Environmental
in the wind direction and relative humidity. In this paper we System Inc., Turner Falls, Massachusetts also operating at
study the effect of different types of aerosols on the levels ofThessaloniki (Gerasopoulos et al., 2003). The filter radiome-
the solar UV-B radiation reaching the ground, by comparingter provides 1-min average AOD at five wavelengths (415,
measured and modeled spectral UV-B irradiances. As inpub01, 615, 675 and 867 nm). A detailed description of the op-
we used aerosol extinction and lidar ratio vertical profiles, eration principles of the MFR can be found in Harrison et
measured by a Raman lidar system, together with an indial. (1994).
rect determination of the single scattering albedo, in the case The lidar system of the Laboratory of Atmospheric
where no measured information of the size distribution andPhysics (LAP) was designed to perform continuous mea-
chemical composition was available. First we present the insurements of suspended aerosols particles in the Planetary
strumentation used in this study at Thessaloniki and Linden-Boundary Layer (PBL) and the lower free troposphere (Pa-
berg. Next we briefly discuss the models used in the study, @ayannis and Balis, 1998; Balis et al., 2000,). It is based
radiative transfer model and an aerosol model for calculatingon the second and third harmonic frequency of a compact,
optical properties. In the results and discussion section weulsed Nd:YAG laser, which emits pulses of 300 and 120 mJ
show comparisons between UV-B measurements and calcwsutput energy at 532nm and 355nm, respectively, with a
lations, where the need to determine the SSA is emphasized.0 Hz repetition rate. The optical receiver is a 500 mm di-
The method used for the estimation of the SSA is applied orameter telescope (with a 1-3 mrad adjustable field-of-view).
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Since mid-2000 in the frame of the European Aerosol Re-streams (Stamnes et al., 1988). Irradiance spectra were cal-
search Lidar Network (EARLINET) (Bsenberg et al., 2001) culated in 0.015 nm steps, convoluted with the slit function of
the system was upgraded to a Raman lidar and now threthe Brewer and sampled at intervals of 0.5 nm to match the
photomultipliers (Hamamatsu 5600P-06) are used to demeasurements. By comparing the modelled with the mea-
tect the lidar signals at 532, 355 and 387 nm respectivelysured spectra, the effective single scattering albedo was de-
The acquisition system is based on a three-channel LICEltermined using an iterative methodology proposed recently
Transient Digitiser working on both the analogue (12-bits, by Bais et al. (2002, 2003).
40MHz) and the photon counting (250 MHz, 8192bins) For the theoretical determination of the aerosol optical
modes. Using the methodology proposed by Ansmann eproperties that are relevant to the transmission of the UV-
al. (1992) the measurement of the elastic-backscatter sigB radiation through the atmosphere we used the software
nal at 355 nm and of the nitrogen inelastic-backscatter sig-OPAC (Optical Properties of Aerosols and Clouds). This
nal at 387 nm permits the determination of the extinction model provides optical properties in the solar and terres-
and backscatter coefficients independently of each other andrial spectral range of atmospheric particulate matter (Hess
thus, of the extinction- to-backscatter ratio also called lidaret al., 1998), Microphysical and optical properties of 6 water
ratio (LR). For each extinction profile a large number of laser clouds, three ice clouds and 10 aerosol types are considered
shots is averaged (usually over 30000 laser shots) and the res typical cases. The optical properties of the aerosol parti-
sulting signal profile is smoothed. The Raman technique alseles considered in this study were the extinction, scattering
requires measurements of the atmospheric density, which iand absorption coefficients, the single scattering albedo and
computed from pressure and temperature profiles measureatie lidar ratio at 355 nm. These are calculated on the basis of
by radiosondes, launched at the Thessaloniki airport. Thehe microphysical data (size distribution and spectral refrac-
height profile of the particle backscatter coefficient at 355tive index) under the assumption of spherical particles in the
nm is determined from the ratio of the elastic to the inelas-case of aerosols.
tic nitrogen Raman signal and the extinction-to-backscatter
ratio is then calculated. An overlap correction is applied to2.3 Methodology for the estimation of the SSA
the results, only down to 800 m, as suggested by the iterative
technique proposed by Wandinger and Ansmann (2001). Thdo derive estimates of the effective SSA on cloud-free days
lidar system of LAP and the algorithms implemented werewith different aerosol conditions, we used measured spec-
successfully intercompared within EARLINET (Matthias et tral irradiances and aerosol optical depths at the stations of
al., 2004). Thessaloniki and Lindenberg. Measurements of global and
For the determination of the AOD at Lindenberg we useddiffuse (the latter available only at Thessaloniki) irradiance
measurements performed with a multiwavelength sunphoand of direct-to-diffuse irradiances ratio were compared with
tometer, that is routinely operated by the German Weathemodel calculations, which were based on the actually mea-
Service (DWD). In our analysis we used measurements agsured total ozone column and aerosol optical depth. As input
399 and 451 nm and the corresponding Angstrom exponenio the model calculation we used the nearest in time (usu-
in order to estimate the AOD at 323 nm. A detailed descrip-ally within one hour) to the measured spectrum aerosol op-
tion of the instrument and its quality assurance and control igical depth and total ozone, from the instruments described
discussed in detail by Leiterer et al. (1994). The sunpho-in the previous paragraph, assuming that the aerosol and
tometer is regularly calibrated at mountain sites using theozone conditions remained rather stable during a period of
Langley plot technique. The absolute accuracy of the meatwo hours in the late afternoon. Concerning total ozone at
sured optical thickness is estimated to-b@.02. To observe Lindenberg only daily average values were available. The
the daily evolution of the aerosol loading for the day consid- surface albedo was assumed in both cases 0.03.
ered in this study we used backscatter profiles at 320 nm from The solar zenith angle for which the calculations were
the MPI UV lidar in KrF operation, using a grating spec- performed corresponded to the actual solar zenith angle at
trometer for the wavelength separation. The MPI UV lidar is which the irradiance at 323 nm (at Lindenberg) and 355 nm
described in detail by Matthias (2000). (at Thessaloniki) was measured. The spectral data used for
Backward trajectories at certain pressure levels in the trocomparison with the model calculations were first cosine cor-
posphere were provided in the frame of EARLINET by the rected. From these comparisons we determined the values
DWD and were used to determine the origin of the aerosolsf SSA for which the model and the measurements were in

observed. agreement to better than 1%. Depending on the sensitivity of
each quantity to changes in SSA, more than one value of the
2.2 Modeling tools SSA may satisfy the above condition. The average of these

values is considered as the effective single scattering albedo.
In this study, we run the Tropospheric Ultraviolet and Visi- It was considered meaningless to assume a higher precision
ble model (TUV-version 4.0, Madronich, 1993) version 4.0 than 0.01 for the SSA. It appears that all three methods give
using the pseudospherical DISORT which was run using 18ess uncertain results in cases with high aerosol contents. The
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15 tion concerning the microphysical properties of the aerosols
14-  Thessaloniki of an urban site (Shettle and Fenn, 1979). In total we calcu-
E 3] Average ratio from all EARLINET days lated the erythemal irradiance for various zenith angles for 35
g 5 clear sky days during the years 2000-2001. The resulting ra-
A T tios of the measurements of the erythemal irradiance over the
117 l\ T T T T T T [ [ ( calculations were binned ovet Solar zenith angle intervals.
107 l These average ratios and their respective standard deviations
097 are shown in Fig. 1. Asiitis clear from this figure the mean ra-
o 087 — tio is of the order of 0.98 and does not show any solar zenith
E 07 angle dependence, since the pseudospherical DISORT was
06— used for the model calculations. This mean ratio indicates
05 : : : : : : that in general the model simulates well the measured UV ir-
20 0 4 50 & 2 80 € radiance, when total ozone and aerosol optical depth are ac-
SOLAR ZENITH ANGLE (dea) curately known. However, as itis indicated from the standard

deviation of the ratios, the uncertainty in the choice of the
Fig. 1. Ratio of measured to modeled erythemal irradiance as aappropriate SSA value, introduces maximum differences of
function of solar zenith angle for Thessaloniki, Greece. about 20% for individual simulations, performed for all the

clear sky days during EARLINET, when both UV and lidar
o o ] measurements were available. This uncertainty is significant
individual uncertainties of the measurements, modeling andyq jimits our ability to use a radiative transfer model for the
aerosol optical depth determination contribute to the OVera"interpretation of the UV measurements for an area that can
uncertainty in determining the SSA and are discussed in depg influenced by various aerosol sources and aerosol types.
tail by Bais et al. (2003). The achievable accuracy in estimat-rpegsaloniki is a crossroad where aerosol can be transported
ing the SSA depends on the zenith angle, the aerosol opticghm central and Eastern Europe (e.g. Eisinger and Burrows,
depth (here we use AOD at 355nm) and the radiation quantity ggg: zerefos et al., 2000; Formenti et al., 2001), from the
used. When using the direct-to-diffuse ratio iti®.06 for  agantic Ocean, from the Western Mediterranean and from
AOD=0.2 and+0.04 for AOD=0.4 both at small and large he Sahara desert (e.g. Balis et al., 2003; Lelieveld et al.,
zenith angles. When using the global irradiance the achleveQOOZ). For this reason we applied in this paper an indirect

accuracy for small zenith angles49.15 for AOD=0.2 and  ethod for estimating the single scattering albedo, which has
+0.08 for AOD=0.4. For large zenith angles, usually used iNalready been described in the previous section.

this study;, it is+0.13 for AOD=0.2 andt0.05 for AOD=0.4

(Bais etal., 2003). These accuracy estimates are comparables  vrification of the methodology for the estimation of
with accuracy levels reported from relevant studies (Petters the SSA using LACE98 data

et al., 2003; Dubovik et al., 2000) and impose some limita-

tions to the use of such methods of indirect determination ofyye applied the iterative procedure for the indirect determina-
SSA under low aerosol conditions. It has to be emphasizedion of the single scattering albedo on a case extracted from
that even a difference of 0.1 in SSA is substantial in terms ofine | ACE9S experiment (Ansmann et al., 2002). We used
the interaction with radiation (e.g. Weihs and Webb, 1997) cosine corrected global irradiance measurements performed
with a single Brewer at Lindenberg and aerosol optical depth
measurements at 323 nm extrapolated from measurements at
399 nm performed with the sunphotometer during 10 August
3.1 Comparison between model calculations and UV irra-1998, a cloud free day. Additional measurements performed
diance measurements. The importance of the singlen that day allow the justification of the estimated SSA val-
scattering albedo ues. In Fig. 2a we show the application of the method on the
measurements of that day. As it is evident from that figure
All spectral measurements performed at Thessaloniki duringhere is variability during the day in the values of SSA that
the days when lidar measurements were available, were congive ratios close to 1. In the morning hours the method in-
pared with model calculations using as input the total ozonedicates values larger than 0.9 while in the afternoon the SSA
measured by the Brewer spectrophotometer and the aeroswilues decrease even down to 0.6. This change indicates dif-
optical depth at 355 nm measured with the Brewer (Marencderent optical properties of the aerosols above the measuring
et al., 1997) while the shape of the aerosol extinction profilesite between the morning and the afternoon hours.
was adopted by the nearest in time lidar profile, assuming The daily course of the aerosol optical depth at 323 nm is
that there are background aerosol conditions in the stratoalso shown in Fig. 2a. It peaks around local noon with values
sphere. For the selection of the SSA a pre-calculated valuelose to 0.2 and decreases down to 0.12, late in the afternoon.
of 0.8 was used initially, corresponding to a realistic assump-Based on the discussion of section 2.3 the accuracy of the

3 Results and discussion
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Fig. 2a. Ratio of modeled to measured irradiance at 323 nm for 10 August 1998 at Lindenberg Germany, for the SSA values indicated and
AOD at 323 nm.
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Aerosol backscatter coefficient (mr1sr-1) at 320 nm

Fig. 2b. Daily evolution of the aerosol backscattering coefficient
at 320 nm measured with the MPI UV lidar at Lindenberg for 10
August 1998.

measurements (e.g. existence of sharp aerosol layers, broken
clouds etc). As described in Ansmann et al. (2002) the flow
was from the north-north east during most of that day with
low aerosol optical depth values. As it shown in Fig. 2c in
the afternoon after 13:30 UT the winds changed to easterlies,

estimated SSA values lies in the rang@.13 and0.05, be- indicating the arrival over the measuring site of air masses
tween 9:00 and 14:00 UT depending mostly on the observedhat contain aerosols with different opt_ical properties, which
AOD values, i.e. the SSA estimates are less accurate in thgould also correspond to more absorbing aerosols.

afternoon when AOD decreases. There are also cases during The lidar data (Fig. 2b) show an increase of the aerosol
that day that do not have ratios close to 1, for any SSA valuebackscatter with height in the lowest 2 km in the afternoon
Probably for these cases the input parameters do not reprdiours relative to the morning hours. The elevated aerosol
sent correctly the atmospheric conditions during the spectralayer observed on this day between 3 and 4km is slowly
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decreasing with height without any change in optical depth.the measurements of the global irradiance at 305 nm for the
The increase in the optical depth in the boundary layer isperiod of these two months. At this wavelength the absorp-
clearly connected with an increase in the boundary layettion by ozone is very strong with a Radiation Amplification
height. However, the change in wind direction indicates anFactor (RAF) of about 3 (Bais et al., 1993) while the accu-
influence of aerosols from other sources on the total opti-racy of the measurements is better than 5%. The solid circles
cal depth. Aerosols from urban regions are more absorbinghow the measured values of the UV irradiance, while the
in the UV (e.g. Shettle and Fenn, 1979) and therefore theseliamonds show the modeled values considering only the ef-
smaller values of the SSA might be attributed to a slow transfect of ozone absorption in the calculations. The differences
port of urban aerosols over the measuring site, consideringpetween the two curves show the effect of the aerosols on
the moderate wind speed and the relatively low AOD valuesthe attenuation of UV irradiance at the surface. It is evident
observed after the change in the wind direction. Changes irirom this figure that day-to-day changes in the aerosol opti-
the SSA could also be attributed to changes in the relative hueal properties can cause changes in the UV of similar magni-
midity, since dryer aerosols correspond to smaller SSA valtude with those induced from the variability in the total ozone
ues. column. As shown in the figure, this effect is on the aver-
Bundke et al. (2002) show time series of SSA for the age about 4% but there are days when the aerosol effect can
whole LACE98 period, based on two approaches, the ongeach almost 30%. Kylling et al. (1998) found similar cases
is based on PSAP absorption measurements and nephelomie-spectral UV measurements performed on a remote island
ter measurements and the second is based on photometigrthe Northern Aegean Sea during the PAUR experiment that
measurements using the inversion algorithm by Haenel etook place in 1996. Balis et al. (2002) showed that under cer-
al. (1994). The latter provides an estimate of 0.85, withouttain aerosol conditions (high load of absorbing aerosols and
allowing however to distinguish between morning and after-high values of tropospheric ozone) a decrease of 50 DU in
noon values. The first technique reports small SSA valuegotal ozone, associated with transport from the extratropics
throughout the day, possibly because it is affected mostly byand accompanied by substantial increase of the aerosol opti-
the aerosols close to the Earth’'s surface. Hoyningen-Hueneal depth (due to Sahara dust) can even lead to a decrease in
et al. (2001) report for the same day an SSA value of 0.92 tdJV radiation, which means that the high aerosol load masks

0.85 depending on the methodology used. the expected increase due the total ozone decrease. From
this two-month period we will present in more detail the fol-
3.3 Case studies with different aerosol types lowing three cases, according to the trajectories they allow

a distinct characterization of the air masses present over the
Beneath the available UV and lidar measurements at Thesmeasuring site:
saloniki we identified some clear sky cases that allow the
effect of the dlff?rent aerosol propertle.s.on the solgr UV lev- case with (25 September 2001 versus 17 September
els at the Earth’s surface to be quantified. For this purpose
. 2001).

we used the total ozone measurements and the aerosol opti-
cal depth measurements performed with the double Brewer — Case 2: Two days with same total ozone and same
spectroradiometer, the estimated SSA, profiles of the aerosol  aerosol optical depth but with different lidar ratio and
extinction coefficient and the lidar ratio, as well as back- UV irradiance (13 September 2001 versus 29 October
ward trajectories. Since the Raman lidar measurements are  2001).
performed only after sunset we examined here only spectral
measurements performed during late the afternoon hours in
order to minimize the time difference between the two mea- :
surements. Comparisons were performed between measure- compared with a cleaner case (11 October 2001 versus
ments that correspond to the same solar zenith angle. We 4 October 2001).
have to emphasize here that the mean lidar ratio, due to the Case 1: Coordinated lidar measurements of Saharan dust
system’s overlap function, does not take into account the firsparticles were very frequent during the EARLINET project
800 m, while the effective SSA is heavily influenced by this and provided detailed information concerning the character-
layer (which contains most of the urban aerosol) and thus unistics and evolution of such events. Many of these events
der polluted conditions at the surface, these two parameterseached also Thessaloniki, however during few of them clear
might not represent similar aerosol conditions. sky UV observations were also possible. According to the-

From all the available spectral UV measurements we seoretical calculations by Ackermann et al. (1998) desert dust
lected three cases to study in more detail, which, accordingparticles are characterized by LR of about 40 sr. Because the
to the aerosol lidar measurements and to the trajectory analyparticles are not hygroscopic, the lidar ratio is not very sen-
sis, corresponded to distinct aerosol conditions. These thresitive to changes in relative to humidity. Mattis et al. (2002)
cases were selected from the period September—Octobgresented lidar ratio profiles at both 355 nm and 532 nm cor-
2001. Figure 3 presents the total ozone measurements amdsponding to Saharan dust indicating that also larger lidar

— Case 1: A Saharan dust event versus a dust free aerosol

— Case 3: A pollution episode, where the total ozone de-
cline is accompanied by a decrease in UV irradiance,
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Fig. 3. Total ozone and global UV irradiance measurements at Thessaloniki, Greece for the period Sep—Oct 2001.

ratio values can be expected by a combined effect of longhere are large differences in the profile of the lidar ratio,
range transport and non-spherical shape of the dust particlegdicating that the microphysical parameters of the aerosol
It is evident from the trajectory analysis in Fig. 4 that on 25 present above the measuring site are different between these
September the air masses between 850 hPa and 500 hPa origro days. On 13 September the profile of the lidar ratio above
inated from the Sahara desert. As a consequence the profi80 m showed values of about 20 sr which correspond to par-
of the lidar ratio is uniform in this layer with values slightly ticles with relatively large maritime component (e.g. Ack-
exceeding 30sr, which are rather consistent with the theoerman et al., 1998), which is supported by the trajectories
retical estimations. The Saharan dust particles show largeanalysis for that day. On 29 October the lidar ratio values
absorption in the UV (e.g. Balis et al., 2002; di Sarra et al.,were larger than 70 indicating the presence of more absorb-
2002) and therefore can attenuate the UV radiation reaching aerosols, originating from central and NE Europe. This
ing the Earth’s surface. We compared the UV irradiance atdifference is demonstrated also in the levels of the UV-B ir-
305 nm with the measurements performed on 17 Septembendiance, since the day with small lidar ratio the UV-B levels
2001 when ozone levels were similar but according to thewere higher. The estimated SSA values for these two days
trajectory analysis, also shown in Fig. 5, the particles presenare shown in Table 1 and are respectively 0.77 and 0.87 in-
above the measuring site must have resulted from a mixturelicating more absorbing aerosols during the day with “mar-
of maritime and continental aerosols, which lead to small li- itime” particles, which is not consistent with the lidar ratio
dar ratio values of about 20 sr, that indicate low absorbingmeasurements and the observed UV levels. We suggest that
particles. The UV irradiance during the Sahara dust event isnost of this inconsistency should be attributed to the un-
almost 5% lower than the one during the other day, after recertainty of the SSA estimates, as it has been discussed in
moving the contribution to the difference that are attributed toSect. 2.3, which is highly dependent on the uncertainty in the
the small total ozone difference between these two days. Theneasured radiometric quantities.

estimated SSA values are 0.83 and 0.89 respectively, which

are consistent with the lidar ratio profiles and the trajectory
analysis.

Case 3. The 11th of October was characterized by low
total ozone values (252 DU) and high aerosol optical depth,
as can be seen in Fig. 6. According to the trajectories the

Case 2: The interesting feature of case 12 is that both totahir masses within the 0—-3 km layer originated mostly from
ozone and aerosol optical depth were almost the same durinthe Balkans and lItaly, indicating the presence of polluted
these measurement periods although under clear sky condair masses, with significant maritime component. On 4 Oc-
tions the UV levels differed by 10%. In Fig. 5 the extinc- tober total ozone was higher, and the trajectories indicated
tion and lidar ratio profiles for both days are presented. Asthe presence of polluted air masses of rather local origin
shown in this figure the profile of the aerosol extinction co- (Balkans, Black Sea and Turkey), while large-scale subsi-
efficient (as measured with the Raman lidar), the aerosol opdence transported cleaner air from higher layers downwards,
tical depth and the total ozone amount are similar. Howeveresulting to smaller aerosol optical depth. This means that

www.atmos-chem-phys.org/acp/4/307/ Atmos. Chem. Phys., 4, 307-321, 2004
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Table 1. Effective SSA and mean lidar ratio for cases selected from the EARLINET database.

Date Remarks Ozone [DU] AOD Effective SSA MeanLR[sr] UV attenuation
25-9-2001  Sahara dust 275 0.55 0.83 30 5%
17-9-2001 Dust free 287 0.52 0.89 10
13-9-2001 Same TOZ 301 0.43 0.77 10 10%
29-10-2001 Same AOD 305 0.44 0.87 80
11-10-2001  High AOD 252 0.66 0.85 60 25%
4-10-2001 Low AOD 284 0.33 0.88 75

we expect in both cases similar aerosol types with signifi-aerosol types considered are continental (clean, average, pol-
cantly different aerosol optical depth. The lidar ratio valuesluted), urban, desert and maritime (clean, polluted, tropical).
measured were relatively higl-60 sr) and can be attributed For each aerosol type we calculated SSA and LR values for
to aerosols originating from polluted regions in both cases.5 relative humidity classes that are considered frequent for
Also the estimated values of the SSA for both days (0.85) arel'hessaloniki (50, 70, 80, 90, 95%). These calculations are
similar. Although total ozone was lower on the 11th of Oc- demonstrated in Fig. 8. From both figures it is evident that
tober compared to the 4th the UV irradiance at 305 nm wassimilar SSA or LR values can correspond to different aerosol
almost identical, which means that the high aerosol opticaltypes and thus it is not possible to strongly correlate these air
depth observed during this day causes a reduction of abouhass type based on trajectories. However the simultaneous
30% in UV irradiance, which masks the increase in the UV knowledge of both parameters improves our ability to char-
irradiance expected due to the decrease of about 30 DU in toacterize the aerosol type. For instance SSA values of 0.9 can
tal ozone (about 10% decrease). The existence of such casesrrespond to both maritime and continental aerosols, which
in polluted urban regions can be very frequent and therefordnowever have different LR values. Similarly urban and con-
their knowledge is very important for correct interpretation tinental aerosols might have similar LR values but different
of UV trends in such regions (e.g. Zerefos et al., 1998). TheSSA values. The comparison of the two figures indicates that
main results of these three cases are summarized in Table the experimental determination of the SSA and the lidar ra-
tio are consistent with the OPAC estimations for the cases

3.4 Relation between lidar ratio and effective single scat-Where according to the trajectories one expects larger mar-
tering albedo itime component and for the cases where aerosol are consid

ered as continental mostly of local origin. These are high-

The three cases discussed above made it possible to quanti hted as maritime and continental in Fig. 7. For these cases

. . . e estimated SSA values are slightly lower than the theoret-
the effect of certain types of aerosol on the UV irradiance. ST .
ical ones, indicating an impact of the aerosol present near the

but it also left many uncertainties about the consistency be- . . . ;
. : . . urface. According to the trajectories these cases include also
tween the measured lidar ratio profiles and the estimated SS . . ) ) . "
vents with desert particles, which are mixed with maritime

values. Therefore selected clear sky spectral measurements . ) :
: . . . . .~ aerosols from the Mediterranean. There is a group of points

of global and diffuse irradiance and of direct-to-diffuse ir- .~ _ . :
7 . . L in Fig. 7 that according to the estimated SSA should be repre-
radiance ratio from the days considered in Fig. 1 were com- . .
. . . sentative of urban aerosols, but they correspond to relatively

pared with model calculations, which were based onthe actu; = . . : o
. low lidar ratio values, which can be found for maritime par-

ally measured total ozone column and aerosol optical depth.. . : . . .
. . ticles. The latter is consistent with the trajectories that cor-

From these comparisons we estimated the values of SSA for ; g, )
respond to these points. When examining the profiles of the

which the model and the measurements were in agreement to . - .
g tbackscatterlng coefficient at 532 nm, which can be used from

0 .
better than 1%. As discussed before, the mean of the valueioo m upward, they indicate that for these cases the aerosol

that satisfied the above limit, was considered as the effec: " . .
. . . loading closer to the surface is much higher compared to the
tive single-scattering albedo of the layer above the measur- ) . .

well defined cases, but unfortunately no lidar ratio values can

ing site. For the same cases we calculated the mean lidar : . .
: . - . be calculated for this altitude range. The high aerosol load
ratio as determined by the nearest in time measurement wit . . ; L
close to the surface is usually associated with urban activi-

the Raman lidar of LAP, for the 0.8-5km layer. From the ties and this fact can explain the low SSA values. It indicates

days considered in Fig. 1, only for 18 cases it was possibl : . )

; : hat in case of vertical inhomogeneity of the aerosol type the
to have both SSA and LR estimates under clear skies. The : : :
: - effective SSA is not representative for the whole aerosol col-
estimates for these cases are shown in Fig. 7. For compari- )
. . .umn. For all these cases we have again to stress that the
son purposes we also calculated with OPAC theoretical esti- . : : .
: : SA and LR estimates might have a time difference of max-

mates for the SSA and the lidar ratio at 355 nm that represen : .
. . - imum two hours and so they might be affected also by rapid
various aerosol models and relative humidity classes. The

Atmos. Chem. Phys., 4, 307-321, 2004 www.atmos-chem-phys.org/acp/4/307/
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Fig. 7. Lidar ratio versus single scattering albedo as determined by measurements at Thessaloniki together with corresponding backward air
trajectories.

changes in the atmosphere. Similar studies performed by Conclusions
Ferarre et al, using Raman lidar measurements and SSA esti-

mations based on size distribution measurements concludegi,q effect of different types of aerosol on the levels of UV ir-
that higher SSA values correspond to lower lidar ratios, how-ragjance at the Earth’s surface was examined using routine li-
ever highly dependent on relative humidity and the real partyar measurements performed at Thessaloniki, Greece using a
of the refractive index. Asseng et al. (2003) estimated fromgaman lidar system, in the frame of the EARLINET project.
aircraft measurements, during a Sahara dust event, profiles ¢f,, this purpose we used spectral and broadband UV-B ir-

the SSA at 542 nm, showing a strong vertical variability, Iow 5 diance measurements, as well as total ozone observations,
SSA values in the dust layer and higher SSA values aboveynenever lidar measurements were obtained.

and below. Hensen et al. (2003) highlighted the importance
of this variability in estimating the radiative forcing due to
aerosols.

A methodology for the indirect determination of the SSA,
using spectral UV measurements has been verified with in-
dependent measurements during LACE98.

From the available measurements during EARLINET
three cases that allowed separating the impact of the various

Atmos. Chem. Phys., 4, 307-321, 2004 www.atmos-chem-phys.org/acp/4/307/
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