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Abstract

A set of 813 lidar profiles of tropospheric aerosol and cirrus clouds extinction and de-
polarization observed at Rome, ltaly, between February 2001 and February 2002 is
analyzed and discussed. The yearly record reveals a meaningful contribution of both
cirrus clouds (38%) and Saharan dust (12%) to the total optical thickness (OT) of 0.26,
at 532 nm. Seasonal analysis shows the planetary boundary layer (PBL) aerosols to be
confined below 2 km in winter and 3.8 km in summer, with relevant OT shifting from 0.08
to 0.16, respectively. Cirrus clouds maximize in spring and autumn, in both cases with
average OT similar to the PBL aerosols one. With the exception of winter months, Sa-
haran dust is found to represent an important third layer mostly residing between PBL
aerosols and cirrus clouds, with yearly average OT~0.03. Saharan dust and cirrus
clouds were detected in 20% and in 45% of the observational days, respectively. Val-
idation of the lidar OT retrievals against collocated sunphotometer observations show
very good agreement. These results represent one of the few yearly records of tropo-
spheric aerosol vertical profiles available in the literature.

1. Introduction

Current global radiative balance estimates attribute to atmospheric aerosols a negative
forcing comparable and opposite to the one of greenhouse gases (e.g. Penner et al.,
2001). This is the result of a direct effect, produced by the aerosol scattering and
absorption of solar radiation, and of an indirect (larger) effect related to the aerosol
capability of affecting cloud formation and radiative properties (e.g. Ramanathan et al.,
2001). These effects take place mainly within and above the planetary boundary layer
(PBL), respectively. The PBL is the region where most of the atmospheric aerosol
mass is located (e.g. Jaenicke, 1992). At the same time, it is well established that large
amounts of mineral dust from arid regions of the Earth (e.g. Prospero et al., 2002) are
lifted well into the free troposphere (e.g. Sakai et al., 2000, Gobbi et al., 2000; Sassen,
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2002) and transported over thousands of kilometers (e.g. Duce et al., 1980; Prospero
et al., 1983; Moulin et al., 1998).

Such a variable height-dependent distribution explains why a large part of the inde-
termination in forecasting the aerosol radiative impact derives from differences in the
aerosol vertical profile employed in models (e.g. Penner et al., 2001). In fact, our knowl-
edge about height-resolved aerosol properties over long-term periods is still rather
poor. Data is mostly limited to localized observations (e.g. Hofmann, 1993; Balis et
al., 2000; Sakai et al., 2000; Schneider and Eixmann, 2002; De Tomasi and Perrone,
2003). More often the observations refer to limited portions of the troposphere (e.g.
Kent et al., 1991; Matthias and Bosenberg, 2002; Del Guasta, 2002) or to case studies
(e.g. Gasso et al., 2000; Murayama et al., 2001; Muller et al., 2003). This shortcoming
will be reduced when systematic, space-borne lidar experiments as CALIPSO (NASA-
CNES, http://www-calipso.larc.nasa.gov) and Earthcare (ESA, http://www.esa.int) will
become operational. Still, ground-based observations will remain necessary to provide
validated and continuous inputs to climate models.

In this paper we present a one-year record of aerosol and cirrus cloud observa-
tions made at the southern outskirts of Rome, Italy (41.840°N-12.647°E, 130 ma.s.l.)
by means of a polarization-sensitive lidar operated in both day and night-time condi-
tions. In this semi-rural location we expect the presence of continental plus combustion-
originated aerosols, leading to moderately polluted PBL conditions. Furthermore, as
in the whole Mediterranean region, we expect a strong input of mineral dust from the
Sahara desert (e.g. Moulin et al., 1998). With the aim of providing data suitable for use
in radiative transfer models, the lidar-derived profiles of optical properties and thermo-
dynamic phase of aerosols and cirrus clouds will be discussed in terms of both their
seasonal variability and yearly average characterization.
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2. Methods

The lidar system employed in our observations exploits a frequency-doubled Nd:YAG
laser, emitting 532 nm, plane-polarized, 30 mJ pulses at 10Hz. Two co-located tele-
scopes, a 10cm and a 25¢cm one, allow to collect a full backscatter profile between
300 m and 14 km from the ground (e.g. Gobbi et al., 2000). Parallel and cross-polarized
components (with respect to the laser polarization plane) of the backscatter signal are
collected and recorded at both telescopes by photon-counting detection chains. Each
lidar profile is obtained by averaging 6000 laser shots, has a maximum vertical resolu-
tion of 37.5m and is calibrated at an aerosol-free height, against a monthly standard
atmosphere, obtained from a ten-year climatology of radio-soundings launched 30 km
West of our site.

Signal analysis is performed according to the approach outlined in Gobbi et
al. (2002). In particular, the lidar equation (e.g. Measure, 1984) is solved numerically
and the ratio between aerosol extinction and backscatter coefficients (c,/3,, needed
to retrieve both G, and o, from the single-wavelength lidar profile) is determined by
means of aerosol models providing a functional relationship o, = f(8,) (e.g. discus-
sion below). The procedure to retrieve the aerosol backscatter B,(z) at each level
(z) of the profile can be summarized as follows: 1) The molecular backscatter profile
Bn(2) is computed from the model atmosphere. The lidar trace is calibrated against
this G,,(z) profile at an aerosol-free level individuated by visual analysis of the signal.
The calibrated lidar signal then represents the unattenuated total backscatter profile
Biot(2) = B(2) + B4(2); 2) the aerosol backscatter G,(z) at each measurement point
is determined as B,(z) = Bii(2) — B,»(2); 3) the aerosol extinction o, at each mea-
surement point is obtained from the o, = f(6,) model relationship on the basis of
the aerosol backscatter B, computed at step 2; 4) at each measurement point the
calibrated signal §,.(z) is corrected for both the aerosol and molecular extinction en-
countered below that point, then providing a new extinction corrected profile 8;,(z); 5)
steps 1-4 are iterated until convergence on integrated aerosol backscatter is reached,
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according to the condition: 3;|8,(z;) — B4(z)|/2iB4(2;) < 1073, with / indicating the i-th
discrete level of the lidar profile. Errors in the retrieval of 3,(z) depend on measurement
conditions and range. Following the error analysis method of Russell et al. (1979), typ-
ical errors of dB/B~20% characterize the backscatter coefficients discussed in this
paper.

In this analysis, a continental aerosol model (Barnaba and Gobbi, 2003) has been
employed as default, while the mineral dust model (Barnaba and Gobbi, 2001) is used
during Saharan dust events. Presence of dust is predicted by means of forecast model
analysis (e.g. the DREAM model of the Euro Mediterranean Centre for Insular Coastal
Dynamics of Malta: http://www.icod.org.mt/), and confirmed by the lidar depolarization
trace, which, as shown in Sect. 3, is highly effective at revealing the presence of non-
spherical particles (see also Gobbi et al., 2000). Finally, an ice particles model (Gobbi,
1995) is employed for the signal analysis in regions where cirrus clouds are detected.
The mean error of the extinction coefficients obtained by these retrievals is of the order
of 20-50% (typically 35%), depending on measurement conditions and aerosol type,
e.g. Barnaba and Gobbi (2001).

The lidar-derived variables we will discuss are: 1) the 532 nm aerosol extinction co-
efficient o, (km'1), 2) the linear depolarization ratio D, and 3) the backscatter ratio
R = (B; + B,)/Bn,- Inour analysis, D is defined as the ratio between cross (1) and
parallel (//) polarized backscatter signals, i.e. D =S, /S, & (B 2 +B.1m)/(B;/a+B//m)-
Therefore, D is a weighed contribution of molecular and aerosol depolarization. While
spherical particles as liquid aerosols or small cloud droplets do not generate a depo-
larized signal, non-spherical (solid) ones as dust or cirrus clouds show particle depo-
larization D, = (B,,)/(B//2)~40-60% (e.g. Sassen, 1991; Mishchenko and Sassen,
1998; Gobbi et al., 2000). This behavior provides a powerful tool to infer the particulate
thermodynamic phase. In our analysis we shall employ total depolarization D rather
than particle depolarization D,, since the latter becomes very unstable at low aerosol
contents (small 8,,,). In molecular (aerosol-free) scattering conditions our system de-
tected D~1.4-2.0%.
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We shall also discuss the vertical build-up of the optical thickness (OT) at 532 nm, ob-

V4
tained by integration over altitude (z) of the retrieved o,(z) profiles (OT ()= [ 0,(2")dZ').

0
To validate such results, lidar-derived OT will be compared to collocated, same wave-
length sunphotometer measurements made at our Rome Tor Vergata site in the frame-
work of AERONET (the NASA Aerosol Robotic Network: http://aeronet.gsfc.nasa.gov).
These comparisons will employ the “cloud-screened”, i.e. cloud and cirrus-free OT
measurements made within 1 h from the lidar one. Expected accuracy of the sunpho-
tometer OT observations is £0.02 (e.g. Holben et al., 1998).

3. Observations

A set of 993 lidar profiles has been retrieved over 207 measurement days between
15 February 2001 and 14 February 2002. Average sampling rate of this record is 4.8
profiles/day. Measurements were carried-out at non-synchronous times between 7 am
and 9pm (UTC), usually spaced by 2-3 h. Here we shall discuss the cloudless portion
of the observations (813 profiles gathered over 198 days), which includes PBL aerosol,
Saharan dust and cirrus cloud conditions. Statistical analysis of the observations will
be carried out by both averaging over the whole dataset (yearly average) and over
seasonal periods (i.e. December to February (DJF), March to May (MAM), June to
August (JJA) and September to November (SON)). In each case, four average profiles
will be provided, referring respectively to: 1) the total set of 813 observations (TOT); 2)
the observations collected in no-dust conditions (ND); 3) the observations collected in
no-cirrus cloud conditions (NC), and 4) Saharan dust affected observations (SD), some
of which including cirrus features. The synopsis of the four average profile definitions
is given in Table 1.

The number of observational days and lidar profiles per aerosol category and per
season is reported in Table 2. Saharan dust was detected in 20% of the 198 opera-
tional days, distributed over fourteen dust events. The measurement rate in dust con-
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ditions, was of 4.7/day (e.g. Table 2). Maximum occurrence of dust was registered in
spring-summer (about 28%), with no events in winter. Due to coexistence with clouds,
approximately 12 days of dust conditions have not been included in this cloud-screened
statistics.

Cirrus clouds were detected in 89 days, i.e. in 45% of the operational days, with max-
imum and minimum incidence registered in Spring (65%) and Winter-Summer (~30%),
respectively. The lower rate of cirrus clouds observations (2.3/day) reflects the short
lifetime of these layers. It is worth mentioning that a three-year (1997-1999) cirrus
cloud climatology based on at night-time lidar measurements made in southern France
(Goldfarb et al., 2001) shows some 30% higher averages (54% of days affected by
cirrus clouds), with minimum occurrence in summer (42%), and maximum occurrence
in fall (60%).

To illustrate the lidar response to various atmospheric conditions, we present in Fig. 1
four representative lidar profiles. Three curves are reported in each plot, representing
respectively vertical profiles of backscatter ratio R (black line), depolarization ratio,
D% (blue line) and the integral (from the ground) of the extinction coefficient, i.e. the
optical thickness OT(z) (red line). Figure 1a depicts a typical winter aerosol condition,
with OT=~0.1, and boundary layer aerosols confined below 2 km. Depolarization in the
aerosol-free region is of the order of 2%. Conversely, Fig. 1b reports a summer case in
which PBL aerosols reach up to 3.7 km, an effect due to the stronger convective mixing
typical of the warmer seasons. In fact, the increase in backscatter and decrease in
depolarization observed at 2.8-3.5 km reveals the level of the “entrainment layer”, the
region topping the PBL where stratocumulus clouds usually form (e.g. Stull, 1988).
This profile also illustrates the sensitivity of the depolarization trace to the presence of
non-spherical particles. In fact, at that time (19:15 UT of 2 August 2001) a Saharan
dust plume was reaching our site travelling between 5 and 9 km. Even if the dust load
was still very low (R<1.2, 0,~0.007 km‘1), the sharp increase in depolarization clearly
reveals the presence of non-spherical particles.

Examples of the aerosol load associated to fully developed dust events are reported
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in Figs. 1c and 1d, respectively. Both profiles show the correlated increase in both R
and D typical of such events (R~2-5, D~10-45%), leading to optical depths of the
order of 0.3-0.5. In addition, Fig. 1d shows the behavior of the lidar traces in the
presence of liquid and frozen clouds: the sharp increase in R due to the presence of
clouds is anticorrelated with respect to D in the first case (6—6.5 km) and correlated with
D in the cirrus case (9—10.5km). As opposed to dust layers, clouds (including cirrus
ones) generate typical backscatter ratios #>5. These examples thus show how well
the observed scattering properties can allow for a discrimination between the various
particles suspended in the atmosphere.

3.1. Yearly averages

Annually-averaged o,, D, integral OT, and R profiles are presented in Figs. 2a, 2b,
2c and 2d, respectively. In each plot, color coding of the curves represents the TOT
(blue), ND (green), NC (pale blue) and SD (red) cases, respectively (e.g. Table 1).
As an indication of the variability associated to measurements, standard deviations
of the dust-less (ND) mean curves are reported in the extinction and depolarization
plots (green error bars). In all plots, altitude is referred to mean sea level, the vertical
resolution is 225 m and the first bin starts 300 m above the station level (130 ma.s.l.).
In computing total OT, extinction of the lowermost 300 m is set equal to the first bin one,
an assumption likely to lead to a small underestimation of this parameter.

In Figs. 2a and 2d, the dust-free (ND) annual profiles show aerosols in the lower
troposphere to be confined below 4 km, with 90% of the optical thickness of this layer
residing below 2.5 km (Fig. 2c). Cirrus clouds formation is revealed by an increase in
0,4, D, and R in the region between 6 and 14 km. Therefore, in no-dust conditions a
2 km thick particulate-free gap is found between the PBL aerosol layer and the cirrus
clouds region. Conversely, yearly-average dust-affected profiles (SD) present major
departures from ND ones in the region 1.5—-10 km. As in the cirrus case, dust is clearly
revealed by an increase in o,, D, and R. In particular, a two to six-fold increase in
aerosol extinction is observed between 2 and 6 km, while some increase in cirrus cloud
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extinction is noticed between 6 and 10 km (Fig. 2a).

It is also worth noticing that, in the region 7.5-10 km, the yearly average extinction
of cirrus clouds in the presence of dust (SD curve in Fig. 2a) results to be almost twice
the dust-less one (ND curve). Due to the relative nature of the backscatter ratio, such
an effect is even more evident when comparing the ND and SD yearly averages of R
(Fig. 2d). Here, the SD backscatter (o« #—1) in the cirrus region systematically exceeds
the ND one between 6 and 10km, while being very similar above. Such increases
in both extinction and backscatter are likely attributable to an increase in ice nuclei
provided by dust grains, e.g. Sassen (2002). As a matter of fact, in this year dust was
observed to reach up to 10 km in three events (May, June, July).

Total depolarization plots in Fig. 2b indicate that the impact of particles non-sphericity
on radiative transfer should be always considered in the cirrus region and during dust
transport events. Furthermore, all depolarization profiles show an increase in the lower
PBL, revealing a meaningful presence of non-spherical (possibly soil or combustion-
generated) particles over our site. Overall, the yearly average OT of tropospheric par-
ticulate is 0.26 (TOT profile in Fig. 2c). PBL aerosol, dust and cirrus clouds contribute
to that with 0.13 (50%), 0.03 (12%) and 0.10 (38%), respectively. It is also worth notic-
ing that the lower troposphere (z<6 km) aerosol optical thickness gets almost doubled
during dust events.

3.2. Seasonal averages

Seasonal average profiles of extinction, depolarization and integral OT are plotted in
Fig. 3. Since the parameter of interest for climatic studies is extinction, backscatter
ratio profiles have not been included in this figure to avoid overloading it. The winter
plots (DJF, i.e. December 2001—February 2002) show no Saharan dust profiles since
dust transport events did not occur during that period. Therefore, total (TOT) and
dust-less (ND) profiles coincide in these plots. The lowest aerosol and cirrus contents
are registered in this season, with an average total optical thickness of 0.16 (Fig. 3i)
and PBL extinction rapidly reducing to 0.01 km™ (here assumed as a threshold for
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background conditions) at 2km (Fig. 3a). At the same time, extinction in the lower
PBL reaches its maximum during this season (Fig. 3a). This is possibly due to both to
RH-enhanced growth of soluble particles and to confinement of aerosols to the lower
levels due to lower convection activity. Such an explanation is also supported by the
minimum depolarization values recorded at low altitude (Fig. 3e). In winter, the cirrus
formation region extends between 8 and 13.5 km, with average OT of the order of 0.05
(Fig. 3i).

The spring (MAM) record shows both dust and cirrus maximum activity. The average
total OT of 0.35 (Fig. 3j) is made-up by the contributions of PBL aerosols (0.13), dust
(0.05) and cirrus (0.17). Figure 3b shows the dust extinction (SD curve) to substantially
exceed the ND profile in the region 1.5-5km. This translates into a strong impact of
dust on the total spring extinction profile (TOT). In fact, while the ND extinction profile
crosses the 0.01km™" value at 2.8 km, the TOT one crosses it at 4.8km. As can be
observed in Fig. 3f, all the way up to 5.5 km dust depolarization is consistently larger
than in the ND case, indicating a dominance of non-spherical particles in this region.
A similar effect is found in the cirrus region, now extending between 6.5 and 13.5 km.

Summer (JJA) conditions show a marked lifting of the PBL aerosol upper boundary
and an increase in its OT, likely associated to a stronger convection. The threshold
extinction value of 0.01 km™" is now crossed at 3.8 km (ND curve in Fig. 3c) and PBL
aerosol OT reaches maximum values of 0.16, as opposed to the winter minimum of
0.08 (e.g. Figs. 3k and 2i). Nonetheless, a low cirrus activity leads to a total OT of
0.22, i.e. smaller than the spring (0.35) and fall (0.26) ones. In this season, the cirrus
contribution (0.03) to the total OT is of 13% (Fig. 3k), the lowest in the record. Figure 3c
shows an evident impact of dust on the extinction profile between 2 and 6 km, with a
contribution of 0.03 to the total OT. Conversely, the dust (SD) extinction profile in the
PBL below 1.7 km is systematically lower than the no-dust (ND) one. This effect (also
visible in the MAM case), is possibly due to the warming and consequent stabilization of
the PBL air characterizing Saharan events. In no-dust (ND) conditions, depolarization
in the lower PBL (Fig. 3g) reaches the maximum value of the year (7%), as opposed
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to minimum winter values of 4% (Fig. 3e). This behavior suggests both a stronger
presence of crustal aerosols and a smaller RH-driven growth of soluble particles.

Similarly to spring, the fall (SON) record presents Saharan dust advection and strong
cirrus activity. The ND and the TOT extinction profiles cross the 0.01 km~' value at 2.5
and 3.5 km, respectively. The dust (SD) contribution to total extinction clearly exceeds
the ND profile in the region 0.5-5 km (Fig. 3d), i.e. in this season dust has a meaningful
impact on the lower PBL too. With respect to the other seasons, the dust depolarization
profile (SD in Fig. 3h) shows a lowering of the dust layer top and a systematic exceeding
of the ND profile up to 10km. The average total optical depth of 0.26 (Fig. 3I) is made-
up by the sum of PBL aerosols (0.12), dust (0.03) and cirrus (0.11) contributions. In
this season, cirrus clouds reside in the region 6—13.5 km, representing 42% of total OT
(Fig. 3l).

A summary of the yearly and seasonal average optical thickness OT is reported in
Table 3. In this table we separated the contribution of boundary layer aerosols (PBL),
Saharan dust particles (SD) and cirrus clouds (CIR) to the total (TOT) optical thickness.
This partitioning allows to compare the lidar-derived aerosol contribution (i.e. PBL+SD)
to the AERONET optical thickness measurements, which are screened to exclude both
cloud and cirrus conditions. For this purpose, AERONET yearly and seasonal average
OT for our site (Rome Tor Vergata) are also included in Table 3.

Overall, the comparison between lidar and sunphotometer aerosol OT is rather good
and observations fall well within the retrievals typical errors of 35% and +0.02, re-
spectively. As expected, some systematic underestimation, on average 0.02, charac-
terizes the lidar retrievals. This represents a departure of 11% from the OT yearly
mean of 0.18. As discussed in Sect. 3, this is likely due to the assumption of an
aerosol extinction coefficient for the lowermost 300 m equal to the one of the above
layer (z = 300-525m). However, the fall season presents a larger underestimation of
0.06. In this case, even if the sunphotometer mean OT = 0.21 falls at the positive end
of the lidar-derived OT range (0.15+35%), we suspect such an above-average differ-
ence to be also due to a non-perfect cirrus-screening of the AERONET record. In fact,
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autumn was characterized by thinner, i.e. less detectable cirrus clouds with respect to
spring 2001 (e.g. Fig. 3).

4. Conclusions

One year (February 2001-February 2002) of lidar observations of tropospheric
aerosols and cirrus clouds over Rome (Italy) has been presented and discussed. This
record represents one of the few yearly climatologies of tropospheric profiles available
in the scientific literature. With the exception of winter months, Saharan dust was found
to represent an optically meaningful layer affecting the region between 1.5 and 6 km,
i.e. between PBL aerosols and cirrus clouds. Considered the ubiquitous transport of
Saharan dust (e.g. Moulin et al., 1998), we expect this behavior to be rather common
to the troposphere of Mediterranean regions. Saharan dust was detected in 20% of
the 198 operational days (25% if considering cloudy ones as well), with maximum fre-
quency in spring-summer 2001 (about 28%) and no events in winter. On a yearly basis
dust accounted for 19% of the aerosol (cirrus-less) optical thickness. During the spring
and fall dust events this contribution rose to 50%.

Lower troposphere (PBL) aerosol OT was maximum in summer (0.16), and mini-
mized in winter (0.08). Most of this aerosol was confined below 3.8 and 2 km, respec-
tively. Doubled depolarization values observed in the summer PBL, indicate a stronger
impact on radiation of non-spherical particles with respect to winter. Cirrus clouds were
detected in 45% of the operational days. Maximum and minimum incidence was regis-
tered in spring (65%) and winter-summer (30%), respectively. On the yearly average,
cirrus and PBL aerosol contributions to OT were comparable. Presence of dust was
highly correlated with enhanced cirrus cloud extinction in the region 6-10 km.

With the exception of winter months, these observations indicate a strong presence
of non- spherical particulate matter at all tropospheric altitudes. This should be taken
into account in both retrievals of aerosol properties performed by means of optical tech-
niques and in the definition of the radiative properties of particulate matter suspended
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in the Earth atmosphere.
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Table 1. Synopsis of the four average profiles discussed in the paper.
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Label Definition Curve color # profiles
TOT All profiles blue 813
ND  No Saharan dust-affected profiles green 630
NC No cirrus-affected profiles pale blue 611
SD Saharan dust-affected profiles red 183
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Table 2. Number of observational days (OD) and analyzed lidar profiles (LP, in brackets),
classified by period of measurement and particulate type. The PBL aerosol case includes dust-
less and cirrus-less profiles only. The ND and NC cases can be computed as TOT-Dust and

TOT-Cirrus, respectively.

Condition

DJF

OD (LP)

SON
OD (LP)

Cloudless (TOT)

PBL aerosol
Dust (SD)
Cirrus

45 (145)
39 (122)
0 (0)
13 (23)

56 (243)
49 (117)
12 (61)
27 (65)
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Table 3. Contributions of lower troposphere aerosol (PBL), Saharan dust (SD) and cirrus clouds
(CIR) to the total optical thickness of the 0—14 km region (TOT) in the yearly and seasonal
analysis. Aerosol (i.e. PBL + SD) optical thickness is reported as AEROSOL for comparisons
with coincidental AERONET sunphotometer (cloud and cirrus-screened data) measurements.
Expected typical error is £35% for the lidar retrievals and +0.02 for the sunphotometer data.
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Class Year DJF MAM JJA SON
PBL 0.13 0.11 0.13 0.16 0.12
SD 0.03 0.00 0.05 0.03 0.03
CIR 0.10 0.05 0.17 0.03 0.11
TOT 026 0.16 035 0.22 0.26
AEROSOL
(PBL + SD) 0.16 0.11 0.18 0.19 0.15
AERONET 0.18 0.14 0.17 0.22 0.21
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Fig. 1. Typical lidar profiles (at 532 nm) representative of: (a) clear winter conditions; (b)
summer PBL aerosol and pre-dust conditions; (¢) spring dust conditions, and (d) summer dust,
liquid cloud and cirrus cloud conditions. The three curves reported in each plot represent
vertical profiles of backscatter ratio R (black line), depolarization ratio D% (blue line), and (red

line) the integral (from the ground) of the extinction coefficient, i.e. OT(z), respectively.
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Fig. 2. Yearly average profiles (at 532 nm) of: (a) extinction o,; (b) depolarization ratio D, (c)
integral optical thickness OT(z) and (d) backscatter ratio R. Curve colors represent the total
TOT (blue), no-dust ND (green), no-cirrus NC (pale blue) and Saharan dust SD (red) records,
respectively (e.g. Table 1 for synopsis). Standard deviations associated to the ND mean curves
are reported for both ¢, and D profiles.
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