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Climatology of the Aerosol Extinction-to-Backscatter
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Abstract—The elastic lidar equation contains two unknown
atmospheric parameters, namely, the particulate optical extinc-
tion and backscatter coefficients, which are related through the
lidar ratio (i.e., the particulate-extinction-to-backscatter ratio).
So far, independent inversion of the lidar signal has been car-
ried out by means of Raman lidars (usually limited to night-
time measurements), high-spectral-resolution lidars, or scanning
elastic lidars under the assumption of a homogeneously verti-
cally stratified atmosphere. In this paper, we present a procedure
to obtain the lidar ratio at 532 nm by a combined Sun-
photometer—aerosol-model inversion, where the viability of the
solution is largely reinforced by assimilating categorized air-mass
back-trajectory information. Thus, iterative lidar-ratio tuning to
reconstruct the Sun-photometric aerosol optical depth (AOD)
is additionally constrained by the air-mass back trajectories
provided by the hybrid single-particle Lagrangian integrated-
trajectory model. The retrieved lidar ratios are validated with
inversions of lidar data based on the Klett—Fernald—Sasano al-
gorithm and with the Aerosol Robotic Network (AERONET)-
retrieved lidar ratios. The estimated lidar ratios concur with the
AERONET-retrieved lidar ratios and with those of the well-known
KFS inversion constrained with Sun-photometric AOD values and
embedded single-scattering models. The proposed method can be
applied to routinely extract climatological values of the lidar ratio
using measurements of direct solar irradiance (more numerous
than those of sky radiance).
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NOMENCLATURE

AERONET Aerosol Robotic Network.

AOD Aerosol optical depth.

ECMWF European Centre for Medium-Range Weather
Forecasts.

FNL Final.

GDAS Global data assimilation system.

GOME Global Ozone Monitoring Experiment.

HYSPLIT HYbrid Single-Particle Lagrangian Integrated
Trajectory.

KFS Klett—Fernald—Sasano.

NASA National Aeronautics and Space Administration.

NCEP National Centers for Environmental Prediction.

NOAA National Oceanic and Atmospheric
Administration.

OPAC Optical Properties of Aerosols and Clouds.

TOMS Total Ozone Mapping Spectrometer.

I. INTRODUCTION

ROPOSPHERIC aerosols play an important role in our

climate because of their relation to cloud formation and
sunlight attenuation. Although several models for the study of
the optical properties of lower atmospheric aerosols have been
developed [13], [33], [66], [70], the optical properties of partic-
ulates, governed by physical parameters such as particle density
and size distribution, have not yet been well characterized. Ac-
tive lidar systems contribute to the global climate effort through
their ability to determine the vertical profiles of aerosol extinc-
tion and backscattering, which must be known to reduce uncer-
tainty in the aerosol forcing of climate [31], [32]. Therefore,
both elastic Raman lidars (i.e., the combination of at least one
elastic channel and one Raman channel [4]) and high-spectral-
resolution lidars (HSRL) [30] enable independent inversion
of the particulate extinction and backscatter (and, hence, of
their quotient, the so-called lidar ratio). Scanning elastic lidars
can serve the purpose under the assumption of a homoge-
nously vertically stratified atmosphere [67]. In contrast, (single-
wavelength) elastic lidars using the well-known KFS inversion
method (see also [23], [39], and [59]) depend on the following
hypotheses or a priori information (for a review, see [57]):

1) A relationship between the particulate extinction and
the backscatter (Mie’s component). The lidar ratio is,
in principle, range dependent, accounting for the differ-
ent aerosol properties with range. In practice, a range-
independent (i.e., a constant) lidar ratio is often used over
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small range intervals or range intervals where aerosol
homogeneity conditions prevail. Under these conditions,
and assuming single scattering, the lidar ratio is equal to

47
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where wy is the particulate single-scattering albedo and
P,(180°) is the particulate single-scattering phase func-
tion at 180° scattering angle.

2) A far-range lidar molecular calibration. This calibra-
tion is usually computed by assuming that the total
atmospheric backscatter coefficient at the far-end refer-
ence range equals the molecular atmospheric backscatter
level (Rayleigh’s scattering) at that reference range. The
backscatter coefficient is thus set at the reference altitude
and supplies the boundary value required to solve the
lidar equation. The backscatter coefficient is obtained by
assuming only Rayleigh scattering beyond the reference
altitude. In this way, the signal is normalized above
the particulate layer using known Rayleigh profiles. The
Rayleigh profiles can either use ECMWF forecasts [74]
or an atmospheric model [69] fed with surface pressure
and temperature [8]. When available, radiosonde data
can be used [38]. According to Marenco et al. [42], this
assumption is fairly realistic in the absence of clouds.

The backscatter profiles obtained from KFS inversion
strongly depend on the variability of the lidar ratio (see, for
example, [12], [40], and [60]). The a priori value of the lidar
ratio is usually the largest source of systematic errors. The
lidar ratio depends on two factors: humidity, which is related
to height as the relative humidity increases often within the
planetary boundary layer, and particulate characteristics, since
it depends on the refractive index and on the size of particles
[1]. Therefore, the lidar ratio can have a strong time and space
variability (e.g., [1] and [26]) because changes in temperature
and humidity in the atmosphere cause vertical inhomogeneity
in the particulate vertical distribution [28]. Literature values of
the lidar-ratio range from about 10 to 150 sr (e.g., [6], [11],
[44], and [45]).

On the other hand, the retrieval of the vertical profiles
of aerosol-extinction and backscatter coefficients from down-
looking instruments, such as LEANDRE [24], Cloud Physics
Lidar [47], GLAS [68], or CALIPSO [72], also necessitates the
prescription of the lidar ratio. The accuracy of this prescribed
ratio determines the accuracy of the retrieved profiles.

The necessity of a global climatology of lidar-ratio values
has been pointed out by several authors [9], [11], [25]. In this
paper, we present a procedure to obtain the lidar ratio at 532 nm
by a combined Sun-photometer—aerosol-model inversion. The
viability of the solution is supported by the use of air-mass back
trajectories, which helps one to determine the aerosol model
that is more representative of the atmospheric conditions. The
retrieved lidar ratios concur with the AERONET-retrieved lidar
ratios [17], [18] and with those of the well-known KFS lidar
inversion constrained with Sun-photometric AOD values. The
methodology has been applied to establish a climatology of the
lidar ratio for Valencia City, a Mediterranean coastal site.

II. INSTRUMENTATION

Measurements of direct solar irradiance were made by a
CIMEL CE318 photometer. This is a Sun photometer designed
for automatic measurements of direct solar irradiance and
sky radiance [34]. It measures in five nonpolarized channels
nominally centered at 440, 670, 870, 940, and 1020 nm. The
940-nm channel is dedicated to obtaining the atmospheric
columnar water vapor (CWYV) [10]. The nominal full-width
at half-maximum of each channel is 10 nm, and the sensor
head is equipped with a double collimator with a 1.2° field of
view (FOV).

Direct-Sun measurements from the CE318 photometer are
used for deriving the AOD at the four aerosol channels
(440, 670, 870, and 1020 nm) and the CWV with a
methodology that is very similar to that of the AERONET
direct-Sun-2 methodology [21]. The CE318 unit installed in
Burjassot has been operating since January 2002. Since April
2007, the instrument has been included in the AERONET
network.

When mineral dust is detected, further optical and radiative
properties are derived by inverting the sky diffuse measure-
ments in the almucantar planes with the ESR.pack package
[21]. This package contains at its core the SKYRAD algorithm
[51] in the version 4.2 currently employed by the SKYNET
network [71]. The aerosol properties obtained with this code
include the aerosol volume distribution, the real and imaginary
parts of the refractive index, and the single scattering albedo.
From the volume distribution, the package also retrieves the
asymmetry parameter and the effective radius. Details about
the employed methodology can be found elsewhere [22]. The
application of such data for mineral dust will be discussed in
Section IV-B.

In this paper, aerosol data from the CE318 unit maintained in
Barcelona have also been employed. The data are the AOD, the
single-scattering albedo, and the phase function at 180°, which
have been downloaded from the AERONET DS2 data pool at
level 1.5.

The uncertainty of calibration is a critical source of er-
ror in aerosol optical-property calculation. The progressive
degradation of interference filters, caused by ultraviolet light,
atmospheric humidity, extreme temperatures, and other mete-
orological agents, leads to a drift in time of the calibration
coefficients. As the CE318 Sun photometer takes measurements
of two different parameters—direct solar radiation and diffuse
sky radiation—two calibrations are required. The method used
and the uncertainty in the results for both direct and sky
measurements are described in [21].

Another concern in the AOD validity is the presence of
clouds. An automatic procedure for cloud screening was imple-
mented in accordance with the algorithm described by Smirnov
et al. [64]. Thin clouds, mainly high cirrus, are a real setback in
Sun photometry. The cloud-screening filter tries to isolate and
remove the AOD spectra that are very variable in different time
intervals. In such a way, clouds are identified as they normally
imprint more variable optical depths than aerosols. However, at
times, high and thin stratified clouds are not variable enough
and cannot be identified by the automatic algorithm. In order
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to mitigate this problem, when possible, we use visual sky
observation for each day and manually supervise the data using
this information.

The total ozone columnar content was measured with a
Microtops II portable photometer. This instrument provides the
ozone content using the differential absorption method. This
method requires the measurement of direct irradiance in three
channels, namely, 305.5, 312.5, and 320 nm. Each of these
channels has a collimator with a FOV of 2.5° and deflectors
to remove internal reflections. The instrument incorporates a
narrow-band interferential filter and a photodiode tailored to
each band. The inaccuracy due to nonlinearity is kept below
0.002%, and the combined precision is between 1% and 2%
[49]. When the Microtops II data were not available, GOME
and TOMS were used. The ozone data are available on the
TOMS Web site [76]. The 940-nm channel of the Microtops II
photometer is used to determine the columnar water vapor. The
relative humidity was obtained from meteorological stations
located at the measurement sites.

The lidar-ratio output of the algorithm is validated using
simultaneous lidar measurements. Prior to inverting lidar data,
the range-corrected signal was visually inspected to avoid
clouds. The lidar instrument was developed by the Polytech-
nic University of Catalonia, Barcelona, Spain. It is based on
a frequency-doubled Nd:YAG laser delivering simultaneously
pulses of approximately 160 mJ and 7-ns duration at 1064
and 532 nm [58]. The backscattered light is collected by
an 8-in-diameter Schmidt—Cassegrain telescope and focused
on one end of an optical fiber bundle. At the other end of
the bundle, dichroic beamsplitters deflect the collected light
toward three photodetectors. An avalanche photodiode-based
receiver is used for the 1064-nm channel. A photomultiplier-
tube-based receiver is used at 532 and 607.4 nm, with the
latter corresponding to a Raman shift of the incident radiation
at 532 nm produced by atmospheric nitrogen. The system
full overlap factor is reached at 0.5 km. The lidar ratios
computed from the lidar inversion are retrieved with an iter-
ative method based on the KFS algorithm and constraining
the integral over height of the aerosol-extinction coefficient
profile (the lidar-derived AOD) to the Sun-photometric AOD
[55]. This method requires a first-guess lidar ratio fixed to
60 sr, and by iteration on the lidar ratio, it looks for the
value that allows the lidar-derived AOD to match the Sun-
photometric AOD to a given uncertainty fixed by the user
(0.001 here).

The Raman signals are very weak, and their extraction from
the detected signal can only be performed at nighttime when
the background signal is low.

Since the analysis presented in this paper is based on daytime
Sun-photometric measurements, the Raman channel could not
be used to retrieve the lidar ratio to validate the proposed
method. The reason is that the stable atmospheric conditions
are very seldom due to the strong coastal and orographic
influences and the climatological settling of the Barcelona area
[62]. Thus, the atmospheric conditions do not remain stable
enough to consider that Sun-photometric measurements before
and after a nighttime Raman lidar measurement encounter the
same aerosol conditions.

III. METHOD

First, the AOD is determined by measuring the extinction of
the solar direct flux with the CIMEL CE318 Sun photometer,
as described in Section III-A. Next, an initial combination of
basic aerosol components is selected based on the 120-h air-
mass back trajectories [75], the so-called first-guess solution.
The modeled AOD of such a combination of aerosol com-
ponents is calculated according to the procedure described in
Section III-B. The choice of the first-guess solution and the
particle densities of each basic component are related to the air-
mass classification discussed in Section III-D. Then, the particle
densities are changed iteratively by simplex minimization of
an objective function defined from the measured AOD and
the modeled AOD. Section III-C details the minimization pro-
cedure. Finally, the lidar ratio of the combination of basic
components is calculated using the Mie scattering model.

Sections IV-A and IV-B present the validation of the re-
trieved lidar ratios with inversions of lidar data based on the
KFS algorithm and with the AERONET-retrieved lidar ratios.
In Section IV-C, the described procedure is used to extract
climatological values of the lidar ratio.

A. AOD Measured Values

The AOD is considered to be the simplest and most rep-
resentative parameter for characterizing the aerosols present
in the atmosphere [35]. The AOD calculation is based on
the Bouguer—Lambert—Beer law, which relates the direct flux
incident at ground level (F') with the extraterrestrial flux (Fp)
for the aerosol channels (440, 670, 870, and 1020 nm)

_ (L EFX)
T = mo : <02F0()\)) @

where )\ is the wavelength, my is the relative optical mass, p
is the relative Sun—Earth vector, and 7(\) is the total optical
depth, which can be broken down into different contributions
in the form of

T()\):Ta(/\)+TR()\)+T()3()\)+Tw()\>+TN02()\) 3)

where 7,()) is the AOD. 7z (\) is the molecular (or Rayleigh)
optical depth (computed according to Bodhaine ez al. [8], which
includes the accurate calculation of the refractive index of air.
When available, we use an experimental value of atmospheric
pressure for correcting the molecular contribution. If this is
not available, we rely on a standard atmosphere. 793(A) is the
contribution due to the optical depth due to ozone absorption,
which is computed with the ozone content according to the
Bouguer-Lambert-Beer law [27]. The ozone-content determi-
nation has been described in Section II; 7,,()) is the optical
depth due to water-vapor absorption, which is computed by
using the function proposed by Gueymard [27]. The columnar-
water-vapor value required for the water optical depth is re-
trieved by the Microtops II Sun photometer. The Microtops II
measurement relies on the application of the methodology of
Bruegge et al. [10]. If no Microtops reading is available, a stan-
dard atmosphere value is used, although the effect of assuming
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experimental or averaged values is actually very small. 72 ()
is the optical depth due to nitrogen dioxide, which is computed
by using a standard atmosphere value, as given in the work of
Gueymard [27], for a light-polluted atmosphere. More details
concerning the calculation of optical depths can be found
in [20].

The Angstrom exponent o is most commonly used for the
qualitative description of mean particle size. The o exponent
is obtained by fitting the measured AOD in the channels of
440, 670, 870, and 1020 nm, according to Angstrdm’s formula
(31, [43]

K

Ta()‘> = )\7@

“4)
with k being the AOD at 1 pm. The « exponent determines
the slope of the curve of the spectral dependence of the AOD.
Smaller particles are characterized by a more marked spectral
dependence and, therefore, a greater value of « than for larger
particles, whose optical depth is far less spectrally dependent.
This fact will be used to explain the behavior of the AOD
inversion for dust.

The uncertainty associated with the measurement of the
AOD was calculated by using the well-known error propagation
method [21], using as primary sources of noise the instrument
calibration, the optical mass calculation, and the error due to the
optical-depth determination of the rest of the atmospheric com-
ponents in (3). The calculated uncertainty is on the same order
as the nominal uncertainty of AERONET (0.01-0.02) [19].

B. AOD Modeled Values

The AOD is calculated by integrating the extinction coeffi-
cient of a composite aerosol model over the whole atmospheric
column. The composite aerosol model is a combination of
several basic components, whose optical properties have been
computed by Hess et al. [33] by means of Mie scattering theory.
These properties include, for each basic aerosol component, the
refractive index, as well as the following aerosol distribution
parameters: the mode radii for several relative humidity values,
and the standard deviation of the lognormal size distribution

shown in
N; 1 <lnr—lnrmod ,i)2 5)
N e |2 (L mod
V2rrino; P Ino;

where the ¢ index numbers the basic aerosol components, 7 is
the aerosol radius, 7 mod ,i 15 the modal radius, [V; is the particle
density, and o; is the standard deviation. The aforementioned
basic aerosol components used in our approach are water-
insoluble particles, water-soluble particles, soot, sea salt, and
transported mineral dust. As a simplification, we assume that
the aerosols are in external mixture, i.e., there is no physical or
chemical interaction between particles of different components
that constitute the aerosol composite [33]. The extinction coef-
ficient of the aerosol composite is calculated as a linear com-
bination of the extinction coefficients of the basic components
(using for water-soluble particles and sea salt the mode radii
at the measured relative humidity) weighted by their respec-

n;(r) =

tive particle densities. Finally, the AOD is calculated by inte-
grating the extinction coefficient over the whole atmospheric
column.

The described method aims at climatological values of the
lidar-ratio constant for the whole atmospheric column. This
makes the aerosol-extinction vertical distribution not relevant
in our study, as we focus in the extinction integrated in height,
i.e., the AOD, regardless of how the aerosols are actually
distributed. Thus, we can assume that the aerosol-extinction
vertical distribution follows an exponential profile [61] with
layer depths and scale heights taken from Hess et al. [33]
and Holzer-Popp et al. [36]. The drawback of using exponen-
tial profiles is that the retrieved lidar ratios can be applied
to process monochromatic lidar signals only when a single
aerosol layer is detected, assuming that the aerosols are well
mixed.

C. AOD Inversion and Determination of the Lidar Ratio

The determination of the lidar ratio is based on iteratively re-
constructing the AOD determined from Sun-photometric mea-
surements, which will be hereinafter referred to as combined
Sun-photometer—aerosol-model inversion. For a chosen combi-
nation of basic aerosol components, i.e., a linear combination
of lognormal size distributions, as shown in (5), the particle
densities N; are changed iteratively until the AOD modeled
values and the AOD measured values match within +5% at
the most [53]. The selection of appropriate basic components
is discussed in Section III-D. The objective function F' that is
minimized is the norm of the resulting vector of subtracting the
measured and modeled AOD vectors

F= ||A0Dmeasured - AODmodeledH (6)

where the vector components correspond to the wavelengths
of the Sun-photometric measurement. The F' function is min-
imized by varying iteratively the particle densities of the cho-
sen basic aerosol components using the Nelder—-Mead simplex
minimization method [52]. Nevertheless, the solution is not
necessarily unique, as several combinations of basic aerosol
components and particle densities might lead to the same AOD.
Furthermore, the inversion shows a strong bias due to the first-
guess solution. A priori information on the origin and type
of air mass reaching the study zone can provide a reasonable
first-guess solution. This solution is an initial combination
of basic aerosol components selected according to the 120-h
air-mass back trajectories [75]. The first-guess solution con-
strains the inversion by selecting only one or, occasionally,
two combinations of basic aerosol components and excluding
the remaining possibilities. Thus, the use of back trajecto-
ries synergetically contributes in finding a unique combination
of components closer to reality. More details are given in
Section III-D.

The lidar ratio is calculated by using the OPAC aerosol model
using as input parameters the combination of basic aerosol
components and their corresponding particle densities that min-
imized the objective function in (6). The extinction efficiency
Qext (1, m;, A), the backscatter efficiency Qpack (7, m;, A), and
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the lognormal size distribution n;(r) are used in (7) to compute
the lidar ratio

ext 7" myg, )\)71'7"277,1‘ (T) dr

(7

ack T, myg, )\)wr2ni(r) dr

where M is the total number of basic aerosol components ¢ and
m is the refractive index.

D. Air-Mass Classification

Knowledge of the origin of the air masses provides a priori
information that helps one to establish a realistic first-guess
solution for the minimization of the objective function in (6).
This information consists of a plausible combination of basic
aerosol components based on aerosol models by Hess et al.
[33] and Holzer-Popp et al. [36] and associated to the air-
mass classification proposed by Estellés et al. [22]. This most
plausible combination of basic aerosol components in the first
guess increases the viability of the solution.

Air masses can be classified, with respect to the source
region, in terms of two parameters: temperature and surface
type. Temperature allows a distinction to be made between
Arctic, Midlatitude, and Tropical situations, depending on the
latitude where the air masses originated. On the other hand, the
surface type of the region may be continental or maritime, de-
pending on whether they have been developed over continental
or oceanic surfaces, respectively [7]. The classification method
proposed by Estellés er al. [22] was based on the following:
1) a sectorization of the surrounding source regions; 2) a model
for computation of the air-mass origin and history path; and
3) a set of rules for determination of the air-mass character.
The paths followed by the air masses were given by their
120-h back trajectories at different levels, computed with the
NOAA HYSPLIT, which is one of the most used models. Back-
trajectory computation is available online [75] and uses the
1° x 1° latitude—longitude grid, FNL meteorological database
[15]. The 6-h FNL archived data are generated by NCEP’s
GDAS wind-field reanalysis. GDAS uses the spectral medium-
range forecast model for the forecast. The FNL database
contains basic meteorological parameters, such as the
horizontal-wind components, temperature, and humidity at
13 different levels, from a surface level up to 20 hPa. For each
day, three back trajectories were calculated simultaneously,
starting at different altitudes above the measurement station:
1) 500 m above sea level, well within the boundary layer where
a greater part of the interactions affecting the aerosols occur,
although these same interactions create the greatest uncertainty
in the back trajectory; 2) 1500 m above sea level trying to
represent the top of the nominal boundary layer; and finally,
3) 3000 m above sea level, representing the free troposphere,
which has been observed to ubiquitously contain organic
aerosols [29], [54] and also, although relatively less frequent,
mineral dust [56].

For the sectorization, Estellés et al. [22] defined 5 + 1 sectors
for Valencia City, a Mediterranean coastal site. Fig. 1 shows
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Fig. 1. Air-mass classification into five predominant classes for a Mediter-
ranean coastal site Burjassot (Spain).

the sectors used for classifying the arriving air masses. The
sectors are as follows: European, African, Tropical, Atlantic
Midlatitude, Arctic, and Regional. The defined sectors and
mean aerosol size distributions appear in [22].

EU Sector (European): This sector defines continental mid-
latitude air masses from Europe. Its differential characteristic
is the urban-type aerosol load, including smoke and soot. The
mean size distribution is characterized by a well-developed ac-
cumulation mode and a relatively low single-scattering albedo,
with high variable AOD and Angstrém wavelength exponent.
The air mass comes from northern Finland and crosses the
European continent before reaching the city of Valencia. The
first guess associated to this sector is the continental combi-
nation of basic components: water-insoluble particles, water-
soluble particles, and soot [33].

AF Sector (African): The AF sector is characterized by
tropical continental air masses. The air masses have a variable
load of mineral dust due to the Sahara desert and the low-
pressure cells that arise from the high levels of solar irradiance
in summer. This causes dust to be injected at elevated layers
and transported to other latitudes. The air masses are strongly
turbid, thus with high AOD. The aerosols are described by a low
Angstrom wavelength exponent, and thus, the size distribution
has a dominant coarse mode. For this sector, the first guess
would be the mineral-dust combination of components: water-
soluble particles and transported mineral [36].

TR Sector (Tropical): The Atlantic Ocean has been divided
into three regions. The first one corresponds to tropical mar-
itime air masses in western Africa. The air masses possess a
certain mineral footprint. Turbidity is higher than the other two
Atlantic regions although lower than the pure AF class. In the
size distribution, the coarse mode was found to be dominant.

AML Sector (Atlantic Midlatitude): This is the region of the
Atlantic located between average latitudes (between 30° and
60°). These were midlatitude maritime air masses generated by
the movement of continental air masses from North America.

AR Sector (Arctic): AR Sector (Arctic) defines air masses
that originate in Canada or in the Arctic basin, with associated
air masses of type Arctic maritime or midlatitude maritime,
according to the exact place of origin. AML and AR air masses
are the cleanest cases with variable Angstrom exponent and
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size distribution with low modes [22]. For the three sectors TR,
AML, and AR, the first guess would be the maritime typified
distribution or a mixture of continental and maritime. The
reason for this mixture is that the Atlantic air masses have to
cross the Iberian Peninsula before arriving at the site, possibly
being loaded with continental aerosols as a result. For the mar-
itime composite, we will use the following basic components:
water-soluble particles, soot, and sea salt (both in accumulation
and coarse modes), based on the work of Hess et al. [33].
The mixture of continental and maritime is formed by adding
the insoluble component to the maritime combination, so the
resulting composite will have both maritime and continental ba-
sic components (thus, water-insoluble particles, water-soluble
particles, soot, and sea salt in accumulation mode and sea
salt in coarse mode). Both combinations of components are
examined because we are not certain of which is the dominant
one. The best combination of components reproducing the
measured AOD is taken as the most representative of the aerosol
distribution.

An Auxiliary Regional class (O) was defined to account
for the stationary air masses wandering around the final des-
tination. Sector O corresponds to synoptic situations of weak
pressure gradients causing air masses to travel a maximum
distance of 600 km over the last five days, usually crossing
several sectors. This sector seldom appears, but it has been
included for thoroughness. For this sector, a first guess is
not possible, so all the aforementioned combinations of basic
components are examined to minimize the objective function
in (6). For those cases, when it is not possible to determine
which sector is predominant between the two, the first-guess
combination of basic components of each sector is examined.
The one that presents a minimum objective function is selected.

IV. RESULTS

A two-year database has been used to validate the combined
Sun-photometer—aerosol-model inversion with lidar ratios
based on the KFS lidar inversion and with the AERONET-
retrieved lidar ratios. The AOD inversion is then applied to
obtain a climatology of the lidar ratio in a Mediterranean
coastal site.

A. Uncertainty Estimates of the Retrieved Lidar Ratios

For the combined Sun-photometer—aerosol-model inversion,
the uncertainty of the lidar ratio is computed by using the
well-known error-propagation method. Specifically, this is the
quadratic sum of two terms: 1) the uncertainty that arises from
the inversion in the form of the root-mean-square value of the
residuals after minimizing the objective function in (6) and
2) the uncertainty associated with AOD retrieval from Sun-
photometric data in the range of 0.01-0.02 [22]. For the set of
data used, a worst case estimate of the uncertainty is 20%.

For the AERONET-inversion, the possible errors in instru-
ment and inversion cannot be computed analytically to fur-
nish an uncertainty estimate in the retrieved lidar ratios [16].
Nevertheless, Cattrall et al. [11] state that the uncertainties are
not high, although they rather use the standard deviation of a
Gaussian fit as an indicator.

TABLE 1
EXAMPLE OF LIDAR-RATIO VALUES (IN STEREORADIANS) AT 532 nm
FOR THE MOST TYPICAL AEROSOL TYPES AND AIR MASSES.
THE UNCERTAINTY OF THE LIDAR-RATIO ESTIMATES ARE AS
FoLLOWS: AOD INVERSION: 20%; AERONET INVERSION:
CANNOT BE COMPUTED ANALYTICALLY (SEE THE TEXT
FOR MORE DETAILS); LIDAR INVERSION: 10%

Aerosol Type AOD AERONET Lidar
inversion  inversion  inversion

Continental (European) 60 61 63

Continental (Regional) 59 75 66

Mixture confinental + 35 45 36

maritime (Atlantic — Arctic)

Mineral dust outbreak 55 55 60

(African)

According to Pelon et al. [55], the uncertainty of the KFS-
retrieved lidar ratio is the quadratic sum of two terms: 1) the
uncertainty resulting from the natural variability associated
with the data, which is calculated as the standard deviation of
the lidar ratio computed for each individual profile, and 2) the
uncertainty associated with the uncertainty on the AOD, i.e.,
0.01-0.02 [22]. For the set of data considered in this paper, a
worst case estimate of the uncertainty associated with the lidar
ratio is 10%.

B. Validation

We have compared the lidar-ratio outputs of the combined
Sun-photometer—aerosol-model inversion at 532 nm with the
lidar ratios computed from the lidar inversion based on the KFS
algorithm considering a constant lidar ratio. The AOD-inverted
lidar ratios have also been compared with those obtained from
AERONET aerosol inversions. The database covers the years
2007 and 2008 and has been selected so that measurements
of direct solar irradiance, sky radiance, and lidar profiles are
made with less than 1-h difference. The simultaneity is very
demanding and has reduced the two-year database to 26 days
of measurement. The AERONET aerosol inversions (level 1.5)
provide the single-scattering albedo and the phase function at
180°, which are used to calculate the lidar ratio at 532 nm
by using (1) and a cubic-spline interpolation (which will be
hereinafter referred to as AERONET-inverted lidar ratio).

Table I shows the lidar-ratio estimates derived from single
instances (i.e., as in Fig. 2) of the most typical aerosol types and
air-mass origins in the Iberian Peninsula (continental, maritime,
and mineral-dust intrusion) using each of the three different re-
trieval techniques. The air-mass origins appear in Fig. 2, which
contains the 120-h signature previous to the start of the Sun-
photometric measurements. The study site is Barcelona (Spain),
a Mediterranean coastal site. Barcelona is about 300 km
north of Valencia, the site used in the air-mass classification
described in Section III-D. Since both cities are not far apart
from each other compared to the distances traveled by the air
masses, the air-mass classification can be applied to Barcelona.
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Fig. 2. As computed with the NOAA HYSPLIT model ending in Barcelona, these are 120-h air-mass back trajectories. (a) Continental aerosols on March 12,
2007, at 13:00 UTC from the European sector. (b) Continental aerosols on February 6, 2007, at 15:00 UTC from the Regional sector. (c) Maritime aerosols on
February 7, 2007, at 12:00 UTC from the Arctic sector. (d) Mineral-dust outbreak on May 24, 2007, at 17:00 UTC from the African sector.

Furthermore, both cities exhibit very similar characteristics as
Mediterranean coastal sites in densely populated areas, so the
results can reasonably be extrapolated from one to the other.

In Fig. 2(a), the air masses are in the EU sector, so according
to Section III-D, the first guess for the minimization of (6) is the
continental combination of basic components. For Fig. 2(b),
the air masses correspond to the Regional class. In this case,
the best results of the AOD inversion correspond to continental
aerosols. Fig. 2(c) shows an AR air-mass class, i.e., the air
masses have spent part of the previous 120 h over the At-
lantic Ocean, but they have also crossed the Iberian Peninsula.
Therefore, both the maritime composite and the mixture of
maritime and continental are examined in the minimization of
(6). Fig. 2(d) shows a clear passage of the air masses over the
Sahara region at high altitude. The air masses are classified into
the AF sector, and we can reasonably assume that Saharan dust
is the dominant type in elevated layers. This is supported by a
measured AOD that is relatively high, i.e., 0.26 at 675 nm, and

a low value of 0.42 of the fitted Angstrém exponent o, which
indicates the addition of large particles to the atmospheric
column. This Saharan outbreak could be described as the linear
combination of water-soluble particles and transported mineral
according to Section III-D.

For the situation of Fig. 2(a), the continental aerosols issued
from the combined Sun-photometer—aerosol-model algorithm
(AOD inversion) yield a lidar ratio of 60 sr. This value concurs
with the lidar ratio of 63 sr resulting from the KFS inversion of
the simultaneous lidar measurements. The AERONET-inverted
lidar ratio for this case is also very similar, with a value of
61 sr. The Sun-photometer—aerosol-model-algorithm lidar ra-
tios are also coherent with several values found in the literature:
the values of 60—70 sr with a 20% uncertainty for continental
aerosols [14], and with the value of 64 + 4 sr for a continental
site [2], both measured with a 180° backscatter nephelometer,
as well as with the values measured with a Raman lidar in the
range of 30-80 sr by Ansmann et al. [5] for polluted continental
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air and between 60 and 70 sr for the urban aerosols measured
[45]. Cattrall ef al. [11] determined from AERONET data an
average value of 71 + 10 sr for urban/industrial aerosols.

Fig. 2(b) corresponds to continental aerosols in the Regional
class, which indicate weak pressure gradients and, thus, station-
ary air masses. The combined Sun-photometer—aerosol-model
algorithm gives a lidar ratio of 59 sr. This value fits within the
uncertainty range with the lidar ratio of 66 sr from the KFS
inversion of the lidar measurements. The AERONET inversion
gives a lidar ratio of 75 sr, thus deviating 13% from the lidar-
inverted value and comparable to the 11% deviation of the
AOD-inverted lidar ratio with the lidar-inverted value.

With regard to the Atlantic air masses in Fig. 2(c), we have
assumed the following: 1) maritime aerosol and retrieved a
lidar ratio of 39 sr; 2) a mixture of continental and maritime
and retrieved a lidar ratio of 35 sr, with also the best result
in the minimization of the objective function. These results,
particularly the mixture of maritime and continental, concur
with the value of 36 sr of the KFS lidar inversion. However, the
AERONET inversion gives a value of 45 sr, which deviates al-
most 30% from the AOD-inverted value. This Atlantic air mass
has a low AOD of 0.08 at 675 nm. Thus, this quite-clean air
mass is likely increasing the relative error in the retrieval of the
lidar ratio in the AERONET inversion. On the other hand, the
lidar ratios retrieved with the AOD inversion are also consistent
with the values around 40 sr obtained by Ansmann et al. [5]
with a Raman lidar for mixtures of maritime and continental
aerosols. The lidar ratio for maritime aerosols is lower than
this value, so it probably yields an underestimated result. For
instance, Doherty et al. [14] measured values around 20 sr,
with an uncertainty of 20% with a backscatter nephelometer;
Miiller er al. [50] found an average of 23 £ 3 sr for North
Atlantic maritime aerosols with a Raman lidar. Also, [11]
obtained an average lidar ratio for oceanic aerosols of 28 4 5 sr
with AERONET.

With regard to the mineral-dust outbreak in Fig. 2(d), the
combined Sun-photometer—aerosol-model inversion initially
yields a lidar ratio of 27 sr, and the KFS lidar inversion gives
a value of 60 sr. Lidar ratios of mineral dust can vary strongly
as a function of size distribution, particle shape, and particle
chemical composition, i.e., content of light-absorbing hematite
[50]. Ackermann et al. [1] computed lidar ratios around 20 sr
by assuming spherical shape of the dust particles. Barnaba and
Gobbi [6] computed with an aerosol model 532-nm lidar ratios
and found values between 35 and 50 sr under the assumption of
spheroid-like particles. Liu ef al. [41] obtained values between
13 and 39 sr using a spherical model and between 21 and 60 sr
using T-matrix calculations applied to oblate and prolate spher-
oids. Values measured using HSRL and Raman range between
42 and 55 sr, with a mean of 51 sr. However, Liu et al. examined
Asian dust, which may not be directly comparable to the Saha-
ran dust present in the Mediterranean. Mattis et al. [46] clearly
showed the impact of dust shape on reducing the backscatter
coefficient, whereas the light extinction remained fairly con-
stant. Mattis et al. found values of lidar ratios between 50 and
80 sr with a Raman lidar and explained them by considering
dust as nonspherical particles, a fact that had been predicted
by Mishchenko et al. [48]. Cattrall et al. [11] determined lidar
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Fig. 3. Measured (circles) and modeled AODs using Mie scattering theory

for continental and maritime aerosols and mineral dust. Angstrom parameter
a fitting of AOD according to (4). Barcelona (Spain) on May 24, 2007, at
17:17 UTC.

ratios of 15 £ 2 sr for dust (considering spherical particles) and
42 £ 4 sr for dust (for spheroids). For the Fig. 2(d) case, the
lidar-inverted lidar ratios concur with the values reported for
mineral dust. In some other cases, the lidar-inverted lidar ratios
presented large discrepancies with the directly measured lidar
ratios found in the literature. This can be attributed to the limi-
tations of the inversion method, particularly the use of only one
elastic wavelength and the consideration of single scattering in
the lidar equation. These inversions were discarded.

Although the combined Sun-photometer—aerosol-model in-
version considers that aerosols are spherical, mineral dust is
the composite that minimizes the objective function in (6). The
reason for the agreement is the low Angstrém coefficient a,
i.e., the smaller slope in the curve of AOD as a function of
wavelength of the mineral-dust composite. Fig. 3 shows the
measured and modeled AODs for continental and maritime
aerosols and mineral dust. The Angstrém exponent « of the
measured AOD is 0.42 £ 0.01. Mineral dust is the combination
that best fits the measured AOD, having a value of o of 0.43 &
0.01. On the other hand, continental and maritime exhibit
a poor fit as the Angstrém exponents a’s are much higher
(1.38 £ 0.01 and 1.00 + 0.01, respectively) than that of the
measured AOD. Nevertheless, the fact that the OPAC model
uses spherical particles may lead to underestimate the lidar
ratio for mineral dust [6]. Thus, when mineral dust is the
combination of aerosol basic components that minimizes the
objective function in (6), we suggest the use of the latest
state-of-the-art computation values for spheroid-like particle
shapes by Dubovik et al. [18] for several radius values, rather
than sticking to the Mie output lidar-ratio values. These com-
puted lidar ratios are about 70 sr (for a radius 7, of 5 pm),
55 sr (for 2 pum), and 45 sr (for 1 pm). The AERONET
aerosol inversions (available on the AERONET homepage [73])
will provide the radius of the size distribution to select the
appropriate lidar ratio for each dust situation. For the mineral-
dust outbreak shown in Fig. 2(d), the size-distribution inver-
sion shows a coarse mode around 2 pm at the time of the
measurement. Therefore, according to Dubovik et al. [18],
the corresponding lidar ratio would be 55 sr.
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Fig. 4. Deviation of the lidar ratio at 532 nm derived from (straight line) the
AOD inversion and from (dotted line) the AERONET inversion with respect to
the KFS lidar inversion. Mineral dust is marked as squares.

Fig. 4 shows the results of the deviations of the lidar ratios of
the AOD inversion and the AERONET inversion with respect to
the KFS lidar inversion. For the AOD at 675 nm below 0.1, the
deviations are large. One cause is that low AOD values make
the AERONET inversion less reliable. Also, many low AOD
cases appear in winter when boundary-layer heights are about
1 km. In these cases, the fact that the full overlap of the lidar
is 0.5 km leads to errors in the lidar inversion. On the contrary,
for larger AOD values, the deviations with respect to the KFS-
inverted lidar ratios are smaller, with an average deviation for
both procedures of +21% and similar tendencies.

We have also analyzed the deviations of the AOD-inverted
lidar ratios with respect to the AERONET-inverted lidar ratios
for the whole 2007-2008 AERONET database, i.e., without the
restriction of temporal coincidence with lidar measurements.
The differences of the combined sun photometer—aerosol-
model inversion with respect to the AERONET-inverted lidar
ratios are £21% for AOD at 675 nm above 0.1. This value is
consistent with the uncertainty estimate of the lidar ratio for the
proposed method.

C. Multiannual Climatology of the Lidar Ratio

We have applied the procedure described in Section III
to a database of continuous measurements carried out with
a CIMEL Sun photometer from June 6, 2003, to July 30,
2005. The site of measurements is Burjassot, which is located
in the metropolitan area of Valencia (39.5° N, 0.4° W), a
Mediterranean coastal site. After filtering cloudy days and only
selecting the data with available relative humidity, the database
was reduced to 545 days of measurement. HYSPLIT air-mass
back trajectories were obtained for the entire database.

Fig. 5 shows the daily cases of the incidence of each pure and
several mixed air-mass types with sufficient number of cases
for our study to be relevant. The air masses that were most
frequently found were of AF class and mixed AML-TR type.
The histogram also shows the minimal incidence of the mixed
TR-AF class. Some 7% of the days are sectors, or combinations
of sectors, with low occurrence, which have not been included
in the analysis of the lidar ratio.
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Fig. 5. Incidence of each type of air mass in Valencia City during the
period considered. AF: African. TR: Tropical. EU: European. AML: Atlantic
Midlatitude. AR: Arctic. O: Auxiliary Regional class.
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The AOD inversion shows that continental aerosols appear
on 42% of the days, for which the mean lidar ratio is 62 &£ 13 sr.
For coastal sites, the Angstrém exponent o is expected to have
higher values than those reported for remote maritime sites.
These higher « values are related to background conditions,
i.e., the mixture of maritime aerosols, typical of coastal sites,
with continental or urban-polluted aerosols [65]. The frequency
histogram of o shown in Fig. 6 shows only one frequency
mode, centered at 1.5, which coincides with the mean « for
continental aerosols. Maritime aerosols appear on 38% of the
days and have a mean lidar ratio of 37 & 10 sr. The mean « for
maritime aerosols is 1.21, which accounts for the occurrences
of a around 1.0 in Fig. 6. The background conditions also
account for the o value of 1.18 for the mixture of continental
and maritime. Such a mixture appears only on 7% of the days,
which yield a mean lidar ratio of 33 £ 17 sr. Saharan dust
intrusions are not rare, appearing on 13% of the days. Since
the AERONET inversions were not available, we have inverted
the sky-radiance data with the ESR.pack package to obtain the
radius of the coarse mode in the size distribution. These radii
were used to replace the underestimated Mie output lidar ratios
by using the computations by Dubovik et al. [18].

The mean lidar ratio of mineral dust is 51 & 3 sr due to a
higher proportion of radius in the coarse mode of 2 pm [18].
The mean value of o for mineral dust is 0.60. This low value is
the result of the extinction by large particles that constitute the
dust [37], [63]. The « values that are greater than 1.75 in Fig. 6,
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which also have a low mean AOD value of 0.1, correspond to
forest fires.

Fig. 7 shows a climatology of the lidar ratios according
to the air-mass sector or combination of two sectors. In this
box diagram, the divisory segment in the box represents the
median; the top (bottom) box limits represents the upper (lower)
quartile—UQ (LQ). The difference between UQ and LQ is the
interquartile distance (IQD). The circles are the outlier points,
whose value is either greater than UQ + 1.5 IQD or less than
LQ — 1.5 IQD; the top whisker (a vertical line ending in a
capital T) is the largest value that is not an outlier; the bottom
whisker (a vertical line ending in an inverted capital T) is the
lowest value that is not an outlier.

Due to the differences in the lidar-ratio values that may
appear in the same sector, we use the median values for the
analysis, as they provide a more representative lidar ratio than
the mean. The EU sector is dominated by continental aerosols
with 88% of the cases, and thus, the median lidar ratio is 59 +
11 sr. The AF sector has an equal occurrence of 44% for
both continental and mineral-dust outbreak, as well as 12% for
maritime and a mixture of continental and maritime aerosols.
This accounts for the median value of 55 £ 5 sr. On 44% of
the days, aerosols are dust, 56% of which have a radius for the
coarse mode of 2 um; and on 12% of the days, aerosols are
maritime pure or mixture with a median lidar ratio of 41 4 4 sr.
On the other hand, the three Atlantic sectors AML, AR, and TR
exhibit similar features. Maritime aerosols constitute the more
typical situation occurring in more than 80% of the cases. Thus,
the median values are 36 = 11 sr for AML, 31 &+ 11 sr for AR,
and 37 £ 9 sr for TR.

With regard to the mixed sectors, TR—AF has a median lidar
ratio of 55 + 7 sr. This value corresponds to 30% of the days
with maritime pure and mixture with continental aerosols, and
439% of the days with mineral dust, 80% of which have a particle
radius of 2 pym. Sector TR—EU has a lidar ratio of 59 + 13 sr,
as it is dominated by continental aerosols on nearly 80% of
the days. Similarly, section AML-EU is also dominated by
continental aerosols, leading to a lidar ratio of 59 £ 11 sr. On
the contrary, the TR-AML sector exhibits a lidar ratio of 35 +
11 sr, which corresponds to more than 80% of maritime pure
aerosols. With regard to section O-AF, continental aerosols
account for 71% of the days, as opposed to 21% of mineral
dust, leading to a median lidar ratio of 61 £ 6 sr.

V. CONCLUSION

We have obtained the lidar ratio at 532 nm for a multiannual
database of continuous Sun-photometric measurements of
direct irradiance at a Mediterranean coastal site. The method
is based on reconstructing the AOD determined from Sun-
photometric measurements by iterative lidar-ratio tuning. An
air-mass back-trajectory classification is used to help in the
selection of an appropriate combination of basic components.
This composite constitutes a plausible first-guess solution
that increases the viability of the solution. Then, the single-
scattering theory implemented in the OPAC model provides
the lidar ratio.

The results show that the proposed method yields lidar
ratios that agree within the uncertainty range, with both values
resulting from the KFS lidar inversion and with the AERONET
inversion. However, Mie theory considers that the aerosols are
spherical, which, in the case of mineral dust, may lead to
underestimation of the lidar ratio [6]. Therefore, in these cases,
we have substituted the Mie-modeled lidar-ratio values with the
computations of Dubovik et al. [18] for spheroid-like particle
shapes. The drawback of the proposed method is that, when
mineral dust is detected, the lidar-ratio value depends on the
availability of the radiance inversions. In the longer term, a
better solution would probably be to devise a spheroid-based
scattering model to replace the spherical model currently used
in OPAC.

We have obtained a climatology of the lidar ratio according
to the air-mass classification. The EU sector has a median
lidar ratio of 59 £ 11 sr, as it is dominated by continental
aerosols (88% of occurrence). The AF sector has a median lidar
ratio of 55 = 5 sr due to a 12% occurrence of maritime pure
or mixture with continental (with median lidar ratio of 43 +
5 sr), as well as 44% of mineral dust (56% of which have
a radius of 2 um, thus with a lidar ratio of 55 sr according
to Dubovik er al. [18]). The results for the Atlantic Ocean
sections AML, AR, and TR are very similar. Maritime aerosols
appeared on more than 80% of the days, leading to median lidar
ratios of 36 &+ 11, 31 & 11, and 37 & 9 sr, respectively. With
regard to the mixed air-mass types, the results are considered
relevant when they include at least 4% of the days. TR-AF
has a median lidar ratio of 55 £ 7 sr as a result of 43%
of mineral intrusions and 30% of maritime pure aerosols. In
sectors TR-EU and AML-EU continental aerosols prevail,
leading to median lidar ratios of 59 £ 13 and 59 + 11 sr,
respectively.

The advantage of the proposed technique to retrieve the lidar
ratio is that which is based on direct-sunlight measurements.
The AERONET-retrieved lidar ratios are only available when
no clouds are present at all. Moreover, the radiance inversion
requirements (high aerosol loading and large elevation angle)
reduce further the data that can be used. Thus, the proposed
method will be more applicable for practical use.

Next, a climatology of the lidar ratio only based on back
trajectories will be explored. This knowledge of the lidar ratio
would benefit satellite lidars GLAS and CALIPSO when ancil-
lary data such as the AOD are not available, yet air-mass back
trajectories are.
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