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We present the results of the aerosol measurements carried out over the Aegean Sea during the Photochemical Activity and Solar Ultraviolet Radiation campaign held in Greece during June 1996. Simultaneous observations performed with a lidar and a double-monochromator spectrophotometer allowed us
to retrieve the optical depth, the Ångström coefficient, and the backscatter-to-extinction ratio. The Sun
photometric data can be used to improve quantitative aerosol measurements by lidar in the Planetary
Boundary Layer. Systematic errors could arise otherwise, because the value of the backscatter-toextinction ratio has to be supplied. Instead this ratio can be retrieved experimentally by use of an
iterative solution of the lidar equation. © 1997 Optical Society of America
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1. Introduction

Particulate matter ~aerosol! in the atmosphere has
been extensively studied by means of the elastic backscattering lidar.1–3 Despite the high vertical and
temporal resolution, attempts to obtain quantitative
information from these measurements can lead to
large inaccuracies because assumptions about the atmospheric target itself are necessary for the inversion of the signal. This is valid for measurements
both in the stratosphere and in the troposphere, but
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for the case of stratospheric aerosol the properties of
the particles are generally well known. They are
believed to be composed of sulfuric acid and water,
whose weight fractions depend on humidity and temperature4; furthermore, their size distribution can be
assumed to be more or less constant, at least in nonvolcanic periods. ~It should be mentioned, though,
that recent studies seem to indicate that the composition of the stratospheric particles is still uncertain.5!
The tropopause is characterized by low aerosol content ~see, e.g., Ref. 6!, and the middle stratosphere is
devoid of particles: this results in two aerosol-free
regions, one above and one below the stratospheric
aerosol layer. This circumstance facilitates lidar
signal inversion and allows good retrieval of the
range-resolved aerosol backscattering and extinction
coefficients, even though some distortion of the profiles cannot be avoided.7 The distortion is intrinsic
in the assumption that the aerosol backscatter-toextinction ratio is constant with height. The
aerosol-free regions above and below the aerosol layer
can be used as boundary conditions for the lidar inversion. In this way the mean value of the
backscatter-to-extinction ratio of the aerosol layer
can be inferred, together with the backscattering and
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extinction coefficient profiles.8 This same scheme
may be used in the case of thin tropospheric clouds.
In the study of lower tropospheric particulate matter, no clean layer can be assumed below the aerosols,
since their highest concentration is to be found near
the ground. In this case the approach proposed by
Fernald9 and Klett10 is often used to invert the lidar
signal profile, and the aerosol backscatter-toextinction ratio has to be given an a priori value; this
assumption severely limits the possibility of quantitatively measuring the optical parameters of the
aerosols. Therefore Planetary Boundary Layer
~PBL! probing by lidar has often been limited to qualitative descriptions of the aerosol behavior. With
the aerosols used as tracers of the atmospheric dynamics, parameters of the PBL such as mixed-layer
depth, entrainment zone boundaries, convective cell
structure, etc., have been determined, providing useful information for the study of atmospheric transport processes and other inferences of air motion.11–14
Takamura et al.15 showed that the uncertainty in
the backscatter-to-extinction ratio can be removed by
using supplementary information from a Sun photometer. Quantitative measurements of aerosols
and their spatial distribution are of considerable importance in atmospheric physics and are essential for
estimating the effects of aerosols on climate. These
effects are direct ~diffusion and attenuation of the
solar radiation penetrating the atmosphere! and indirect, as, for instance, through the enhancement of
cloud formation.
At the Laboratory of Atmospheric Physics of the
Aristotle University of Thessaloniki attempts have
been made to study the influence of lower tropospheric aerosols on global radiation reaching the
ground in the UV spectral range.16,17 Radiation
spectra obtained with the ultraviolet spectrophotometer of the Laboratory of Atmospheric Physics were
combined with lidar-derived aerosol measurements,
and a radiation transfer model was used to validate
the results obtained. To allow us to model the radiation field the absolute optical properties of the aerosols are needed. As stated above, this information is
not obtainable from the lidar signal, unless strong
assumptions are made or complementary observations are available.
In this paper we present a comparison of aerosol
observations obtained at the same wavelength with
two different techniques during the Photochemical
Activity and Solar Ultraviolet Radiation ~PAUR!
campaign held in Greece during June 1996. Aerosol
characteristics have been derived by lidar, whose signals have been analyzed by the Fernald–Klett
method, and by direct-Sun photometric measurements. With the latter having been taken spectrally, the wavelength dependence of the aerosol
optical depth in the UV spectral range has also been
retrieved. Finally, we suggest a method that enables one to combine these two types of measurements to obtain absolute and range-resolved aerosol
backscattering and extinction coefficients. This al6876
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lowed us to deduce the backscatter-to-extinction ratio
experimentally.
2. Inversion of the Lidar Signal
A.

General Remarks

Under the hypothesis of single scattering, for the case
of a monostatic and vertically looking lidar, the detected signal N~z! as a function of the altitude z is
given by the following formula, known as the lidar
equation18:
N~ z! 5 KL

bR(z) 1 bP~z!
~z 2 zL!2

H

3 exp 22

*

z

J

@aR~z! 1 aP~z!#dz ,

zL

(1)

where bR~z! and bP~z! are the backscattering coefficients for the molecular ~Rayleigh! and particulate
~Mie! components of the atmosphere, respectively;
aR~z! and aP~z! are the extinction coefficients for
these two components; and zL is the altitude of the
lidar system. In the extinction coefficients, aR~z!
and aP~z!, effects of both scattering and absorption
are included. KL is known as the lidar constant, and
it depends on several instrumental parameters, such
as laser output, receiver aperture, and the efficiency
of the optics and of the quantum detectors. Equation ~1! is valid provided that the background level
that is due to skylight and detector dark current has
been duly subtracted. In what follows we assume
that bR~z! and aR~z! are known functions of height.
These quantities can be obtained by an independent
measurement carried out with balloon-borne detectors or by use of a suitable atmospheric model ~such
as the U.S. Standard Atmosphere19!.
To retrieve the aerosol parameters from the measured signal we still have two unknowns, bP~z! and
aP~z!, with only one equation. In order to remove
this indeterminacy a relationship between the aerosol backscattering and extinction coefficients has to
be assumed. Unless more information is available,
it is often assumed that the particulate backscatterto-extinction ratio is constant with height:
bP~z!yaP~z! 5 C.

(2)

This ratio depends on several factors, such as chemical composition, shape, and size distribution of the
aerosol particles. The atmosphere being layered,
the temperature and humidity fields present vertical
inhomogeneity, and this influences the properties of
the aerosols in equilibrium with the gases of the molecular atmosphere. It is therefore reasonable to expect a height dependence of the ratio C. It therefore
has to be stressed that assumption ~2! is made because there are no other practical possibilities for
inverting the lidar equation.
Two boundary conditions are necessary to allow us
to assign values to the constants KL and C. Boundary conditions can be set, for instance, at regions

assumed to be aerosol free, where the particulate
backscattering coefficient can be set equal to zero.
In principle KL could be known ~absolutely calibrated
lidar!. However, it is often preferable not to perform
an absolute calibration, since the experimental parameters that determine KL may fluctuate ~e.g., the
laser output power!. In that case the lidar return is
calibrated a posteriori by the choice of an aerosol-free
region in which the data are fitted to a molecular
profile ~a lidar signal profile calculated taking into
account only molecular backscattering.!
B.

Fernald–Klett Solution of the Lidar Equation

Fernald9 and Klett10 gave an analytical solution to
Eqs. ~1! and ~2!. The boundary conditions needed
are the following:
~i! The backscatter-to-extinction ratio as known
from an appropriate model or an independent measurement. If known, even a ratio that is variable
with height may be used. In published models values for tropospheric aerosols can be found ranging
between 0.01 and 0.05 according to the type of air
mass ~rural, urban, or maritime!; see, e.g., Refs. 15
and 20 –22.
~ii! The atmospheric backscattering coefficient bm
5 bR ~zm! 1 bP ~zm! at a far-end reference height zm.
Generally, an aerosol-free region where the signal
follows the molecular profile well can be found in the
lidar return, and bm is assumed equal to bR ~zm!.
The assumption that C is known a priori is probably the largest source of systematic error within this
lidar inversion scheme. The choice of the type of air
mass ~rural, urban, or maritime! can be problematic,
since the backward trajectories of the studied air
masses for a few days before the measurement should
be known. Moreover, the values of C reported in the
literature for each model are climatological averages
or the result of calculations carried out for some standard cases. Thus it is expected that large discrepancies exist. Kovalev23 shows that the resulting
error is larger when the vertical gradient of the aerosol extinction coefficient is large, which is usually the
case for the lower troposphere.
C. A Different Approach:
and Lidar Data

Combination of Photometric

Kovalev has considered the possibility of using the
optical thickness of an aerosol layer as a boundary
condition for the inversion of the lidar equation. In
his approach a constant or range-dependent value of
C still has to be given a priori, but it is no longer
necessary to know the atmospheric backscattering
coefficient bm at a reference height zm. Takamura et
al.15 considered instead the possibility of removing
the indeterminacy in the backscatter-to-extinction
ratio by combining lidar data with independent measurements of the optical depth t. In their method
the Fernald–Klett analysis is performed with a few
different values of C, and then interpolation in the ~C,
t! plane is performed to determine the correct value.
24

We describe here an alternative inversion method,
which through an iterative procedure allows one to
determine the aerosol backscattering and extinction
coefficients by using as boundary conditions ~i! the
optical depth t* of the aerosols in the considered altitude range ~ z0, zm! and ~ii!, as in the Fernald–Klett
approach, the total backscattering coefficient bm ~due
to molecules and aerosols! at a far-end reference
height zm. We stress that the assumption that C is
constant with height is still necessary, but this value
can now be determined through the retrieval procedure. This method was first used by the researchers
of the University of Rome for the study of the Pinatubo
aerosol layer in the lower stratosphere.8 The version
that we present here has been slightly adapted for the
study of lower tropospheric aerosol. In the original
version of this algorithm, applied to stratospheric aerosols, two clean regions above and below the aerosol
layer were assumed. Then t* could be deduced from
the lidar signal itself, by examination of the attenuation of the molecular profile through the aerosol layer.
In the case that no clean layer is present below and
that the lidar is not absolutely calibrated, t* must be
taken from an independent source.
The lidar equation ~1! is solved by direct substitution by successive iterations. We restate this equation by conglobating the transmissivity factor for the
~zL, z0! range into the constant KL, thus obtaining a
new constant KL*:

N~ z! 5 KL*

bR~z! 1 bP~z!
~z 2 zL!2

H

3 exp 22

*

z

J

@aR~z! 1 aP~z!#dz .

z0

(3)

The procedure is based on the comparison of N~z!
with a molecular profile, i.e., a profile calculated with
the above formula, with bP~z! 5 0 ~but still taking
into account aerosol extinction!:

M~ z! 5 KL*

bR~z!
~z 2 zL!2

H

3 exp 22

*

z

J

@aR~z! 1 aP~z!#dz .

z0

(4)

KL* is determined by using the boundary conditions
and solving the following equation ~signal normalization!:

N~zm! 5 KL*

bm
~zm 2 zL!2

[

3 exp 22

*

zm

]

aR~z!dz 2 2t* .

(5)
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z0

As a first approximation the aerosol extinction coefficient is assumed to be independent of height:
aP9~z! 5 aP9 5

t*
,
zm 2 z0

(6)

and by substitution into Eq. ~4! an approximate molecular profile M9~z! is calculated. The first approximation of the particulate backscattering coefficient
is obtained from the ratio of Eqs. ~3! and ~4!,

F

bP9~z! 5 bR~z!

G

N~z!
21 ,
M9~z!

(7)

and by integration an estimate of the aerosol integrated backscattering is computed:
IP9 5

*

zm

bP9~z!dz.

B.

The first estimate of the aerosol backscatter-toextinction ratio is then obtained from the ratio of the
integrated backscattering and the optical depth:
C9 5 IP9yt*.

(9)

This value of C9 allows us to find a second estimate of
the extinction coefficient:
aP0~z! 5 bP9~z!yC9.

(10)

Equations ~4! and ~7!–~10! are then reiterated by use
of aP0~z! to derive a new molecular profile M0~ z!; this
yields new values for the backscattering coefficient
bP0~z!, the integrated backscattering IP0, and the
backscatter-to-extinction ratio C0. The procedure is
repeated until

U

C~n! 2 C~n 2 1!
C~n 2 1!

, ε.

(11)

Very few iterations have been found to be necessary
for the results to converge to a stable solution ~typically less than six for ε 5 0.0005!, and an excellent
agreement with the Fernald–Klett analytic method is
obtained when the retrieved value of C is used.
3. Experimental Setup

An elastic backscattering lidar and a Brewer spectrophotometer were operated on a continuous basis in
daytime during the PAUR experiment. One of the
experiment sites was the Greek island Agios Efstratios ~39.5 °N, 25 °E!, and the period of measurement
lasted between 3 and 14 June 1996. This island is in
the Aegean Sea, far from cities, industries, and other
major pollution sources, at a distance of ;30 km from
the island Limnos, ;110 km from mainland Greece,
and ;80 km from mainland Turkey. The lidar was
placed at sea level, while the Brewer was located at
an altitude of ;50 m. A brief description of the instruments is given in the following paragraphs.
6878

Lidar

The mobile lidar system of the Laboratory of Atmospheric Physics operates at the wavelengths 355 and
532 nm.25 The complete overlap of the laser beam
with the telescope field of view is at a range of ;500 m
as estimated by geometrical form factor calculations
performed according to the procedures of Halldorsson
and Langerholc.26 The data are recorded on a continuous basis, with a verical resolution of 15 m and a
temporal resolution of 10 min. In the lidar inversion
the reference height has been chosen, for each profile,
in a region where the signal followed the molecular
profile, generally between 5 and 6 km. The reference value has been chosen as bm 5 bR~zm!. The
backscatter-to-extinction ratio assumed for the
Fernald–Klett inversion was always C 5 0.05, a
value representative of maritime aerosols.20

(8)

z0

U

A.
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Brewer Spectrophotometer

The spectra of both the direct and the global solar
ultraviolet irradiance at the ground were measured
with a double-monochromator Brewer spectrophotometer as described by Bais et al.27 These spectra
cover the spectral range from 285 to 366 nm, in steps
of 0.5 nm and with a resolution of 0.64 nm ~FWHM!;
their absolute calibration is maintained regularly by
use of a 1000-W quartz-halogen standard source of
spectral irradiance, traceable to National Institute of
Standards and Technology standards. In particular, the absolute calibration of the direct irradiance
spectra followed the procedure described by Bais.28
In the field a set of two 50-W lamps was used to
monitor the instrument stability and to detect any
changes in its absolute calibration. On the basis of
these measurements no detectable change was found
during the campaign after the time of the last absolute calibration.
The Brewer spectrophotometer was programmed
to perform a series of global and direct-Sun scans
every 30 min from sunrise to sunset. Each of these
scans lasted ;10 min, so the remaining time was
devoted to a wavelength alignment calibration, followed by a measurement of the total-column ozone.

4. Aerosol Optical Depth from Spectrophotometric
Measurements

The total-column optical depth of the aerosols in the
UV region, as well as its spectral dependence and
time variations, can be retrieved from the direct-Sun
irradiance measured at ground level. The common
assumption made is that the atmosphere is plane
parallel. Owing to the curvature of the Earth, the
optical path is actually longer than it would be for a
plane-parallel atmosphere. This can lead to a systematic error ~overestimate of the optical depth!.
However, this error is small compared with other
sources of error for solar zenith angles u # 75°. All
data corresponding to larger solar zenith angles have

Fig. 1. Total optical depth of the atmosphere as a function of
wavelength, measured by the Brewer spectrophotometer. Also
shown are the contributions from Rayleigh scattering, ozone, and
aerosols. For this measurement the solar zenith angle was 66°
and the columnar amount of ozone was 312 D.U.

been discarded, and the optical depth has been derived from the following equation:
tP~zB, `, l! 5 ~cos u! ln
2

I0~l)
I~l!

p
ln 10
tR~l! 2 DO3kO3~l!
,
p0
1000

(12)

Fig. 2. Center solid curve: aerosol optical depth as a function of
wavelength. The dashed curve represents a least squares fit with
a l2m dependence. The other solid curves show the amplitude of
the experimental error ~6DtP!.

spectrophotometer is adopted here to minimize the
error in the absolute calibration and the inaccuracy
resulting from the use of data obtained with a different slit function. The solar spectrum was also
corrected to account for the seasonal variation of
the Sun–Earth distance.
The Rayleigh optical depth was calculated according to Hansen and Travis30:

where
zB is the altitude of the Brewer spectrophotometer,
l is the wavelength,
u is the solar zenith angle,
I~l! is the measured irradiance,
I0~l! is the solar extra-terrestrial irradiance,
p is the atmospheric pressure at height zB,
p0 is the standard atmospheric pressure
~1013.25 mbar!,
tR~l! is the optical depth due to Rayleigh scattering from sea level to infinity under standard
pressure condition,
DO3 is the ozone column in Dobson units ~D.U.!
measured with the Brewer spectrophotometer,
kO3~l! is the absorption coefficient of O3 in inverse
centimeters ~cm21!.
Figure 1 shows the contribution of the different
terms in Eq. ~12! as a function of wavelength.
The extraterrestrial spectrum I0~l! was measured with the same Brewer spectrophotometer by
the Langley extrapolation method in July 1995.28
The measurement was carried out at the Izana Observatory, Tenerife, situated at an altitude of
2370 m in an aerosol-free and stable ozone condition. The resulting spectrum is generally in good
agreement with the measurements of the satelliteborne Solar Ultraviolet Spectral Irradiance Monitor
experiment.29 A spectrum obtained with the same

tR~l! 5 0.09364

SDF
SDG
l
l0

1 0.00142

SD

24

l
l0

1 1 0.0374

24

l
l0

22

,

(13)

where l0 5 550 nm. A comprehensive survey of the
different fitting equations that can be used to compute Rayleigh optical depths can be found in the article by Teillet.31. The formula given above best
matches the result of his exact calculations performed for standard atmospheric conditions.
The ozone absorption cross sections that we used
are those measured by Molina and Molina32 for the
285–350-nm range, extended up to 355 nm with the
values obtained by Cacciani et al.33 No values were
available for l . 355 nm, and the ozone term has
been neglected at those wavelengths.
The experimental error in the aerosol optical
depth obtained with Eq. ~12! can be estimated as
follows:
~DtP! 5 ~cos u!
2

2

FS D S D G S
DI0
I0

2

DI
1
I

2

1

DDO3
DO 3

D

2

tO3 ,

(14)

where tO3 is the contribution that is due to ozone
absorption, given by the last term in Eq. ~12!. All
errors are statistical ~1s!, and the errors in the Rayleigh term and the ozone absorption coefficients have
been neglected.
The aerosol optical depth is expected to be a smooth
function of wavelength, but as can be seen in Fig. 2,
20 September 1997 y Vol. 36, No. 27 y APPLIED OPTICS
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Fig. 3. Mean daily values of optical depth as derived ~solid curve
with filled circles! by the Brewer spectrophotometer and ~dashed
curve with triangles! by lidar with the Fernald–Klett method.
The solid and dashed curves without circles or triangles show the
corresponding 61 standard deviation, which is a measure of the
variability of the measured quantity during the day.

small fluctuations are present, especially for l ,
330 nm. This is believed to be caused mostly by an
imperfect removal of the ozone contribution, since the
absorption coefficients present an oscillatory behavior and, moreover, are temperature dependent. It
has to be pointed out that absorption by sulfur dioxide, which has not been taken into account, may contribute to these fluctuations as well. To remove
them, a power-law dependence on wavelength has
been assumed34:
tP~l! 5 t0~lyl0!2m,

(15)

where m is known as the Ångström coefficient or
Ångström exponent and l0 is a chosen wavelength.
The constants t0 and m have been determined for
each direct-Sun scan by a least-squares fit of the
optical depth data between 320 and 355 nm: the
data below 320 nm are believed to be affected by high
measurement errors owing to the low intensity of the
sunlight reaching the ground ~high ozone absorption!; the data above 355 nm have been discarded
owing to the nonavailability of O3 cross sections.
5. Results

In this section we present the results of the aerosol
measurements obtained during the first two weeks of
June 1996 on Agios Efstratios. The weather conditions were excellent throughout the campaign, and
only in very few cases did clouds affect the measurements. The cloudy data have been removed from
the data set. The general results are given here,
mainly with the aim of comparing the two measurement techniques and showing the ability of both to
highlight the evolution of short-term features. The
diurnal evolution of the aerosol, in relation to the
meteorological conditions, will be the object of a separate study.
A. Lidar and Brewer Measurements of Optical Depth
Analyzed Separately

In Fig. 3 we show the daily mean values of the
optical depth tB at 355 nm obtained with the
6880
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Fig. 4. Mean daily values of the Ångström coefficient, as derived
by Brewer observations. The error bars show 61 standard deviation.

Brewer spectrophotometer for the altitude range
from 50 m to infinity ~outer space!. Also shown are
the daily means of the aerosol optical depth derived
by lidar at the same wavelength for the 0.6 –5-km
range, tL, deduced with the Fernald–Klett method
and vertical integration of the extinction coefficient.
The average values throughout the campaign are tB
5 0.35 and tL 5 0.28 ~with standard deviations 0.28
and 0.24, respectively!. As can be seen the aerosol
load showed a large variability: high values of tB
~larger than 0.4! were observed until 6 June, with a
value as large as 0.7 on 5 June. A period of very
low values followed between 7 and 12 June ~tB ,
0.2!. Finally, the optical depths showed a strong
increase on 13 and 14 June, reaching a daily mean
value of 0.9. The lidar-derived optical depths show
good agreement with the Brewer data. They are
generally smaller, as is expected, since the altitude
range scanned by lidar does not cover the total column.
The wavelength dependence of the optical depth,
also resulting from the Brewer measurements, can be
summarized by the Ångström coefficient m given by
Eq. ~15!. In Fig. 4 the daily means of m are depicted
as a function of time. The average Ångström coefficient was 2.4, but high variability was observed ~standard deviation 1!. Lower values, approximately
1.5–2, were found on high-turbidity days ~0.3 # tB #
0.9!, and values of approximately 2.5–3 were observed on low-turbidity days ~tB # 0.2!. The two
extremes were on 14 June, with m ; 1, and on 8 June,
with m ; 4. It has to be noted that these two days
are also those in which respectively the highest and
the lowest turbidity were reached.
The optical depths derived from the Brewer spectrophotometer and the lidar observations are shown
in Fig. 5 as a function of local time for the whole
campaign period at the 355-nm wavelength. Again
a great variability appears, sometimes for timescales
as short as a few hours, and the extremes are as low
as tB 5 0.05 ~on 8 June, around noon! and as high as
tB 5 1.1 ~in the afternoon of 14 June!. The optical
depths measured with the two techniques follow the
same diurnal evolution, confirming that good agreement exists between the two data sets. In Fig. 6 the
optical depths obtained simultaneously by the

Fig. 5. Optical depths retrieved ~solid curves with dots! by the Brewer spectrophotometer and ~dashed curves! by lidar with the
Fernald–Klett method. The other two solid curves show 6DtP ~experimental error! of the Brewer optical depths.

Brewer instrument and by lidar are compared. The
best-fit line is
tB 5 a 1 btL

(16)

with a 5 0.041 6 0.004 and b 5 1.13 6 0.01. The
correlation between the two methods is high ~corre-

lation coefficient 0.98!. A more significant comparison can be achieved by subtraction of the
contributions due to the lowest and highest layers
from the data obtained with the Brewer spectrophotometer. We perform this correction empirically by
assuming that the extinction coefficient is constant in
the 50 – 600-m range and is equal to the value derived
20 September 1997 y Vol. 36, No. 27 y APPLIED OPTICS

6881

Fig. 6. Comparison of the optical depths retrieved simultaneously
with the Brewer spectrophotometer in the 50-m to infinity altitude
range ~tB! and with the lidar in the 0.6 –5-km altitude range ~tL!.
Also shown are ~solid line! a best-fit line and ~dashed line! the tB 5
tL line.

from the lidar measurement at 600 m. As for the
highest layers ~z . 5 km!, their contribution has been
neglected. This is possible because the aerosol layer
caused by the eruption of Mount Pinatubo in 1991
has settled down; see, for instance, Fig. 7, where the
stratospheric aerosol profile measured at 532 nm by
lidar in Firenze, Italy ~43°489N, 11°149E!, is shown.
This measurement was performed by the Istituto di
Ricerca sulle Onde Elettromagnetiche—Consiglio
Nationale delle Ricerche ~IROE! simultaneously with
the experiment on Agios Efstratios and showed that
the stratospheric aerosol optical depth is smaller
than 0.002 at that wavelength. The plot of the corrected Brewer optical depth, tB9, as a function of tL is

Fig. 7. Aerosol backscattering ratio, R 5 ~bR 1 bP!ybR, as measured at 532 nm by lidar in Firenze, Italy, on June 11, 1996. The
signature of a tropospheric cloud is visible at ;12 km in height.
The stratospheric aerosol layer is confined between 15 and 30 km,
and its optical depth was found to be less than 0.002 at 532 nm.
Courtesy of IROE.
6882
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Fig. 8. Same as Fig. 6, but the optical depths measured by Brewer
spectrophotometer have been corrected to remove the contribution
due to the 50 – 600-m altitude range.

shown in Fig. 8. This rough correction produces a
better correspondence between the two data sets.
The best-fit parameters this time are a 5 0.011 6
0.003 and b 5 0.976 6 0.009 ~correlation coefficient
0.98!. The scattering of the data, visible in Fig. 8,
can be attributed to the low signal-to-noise ratio of
the lidar return from the largest altitudes, which
makes the choice of the reference height critical, and
to the roughness of the correction performed by assuming a constant aP below 600 m. As a matter of
fact the aerosol height distribution in the lowest PBL
is subject to variation, even on very short timescales.
B.

Lidar and Photometric Measurements Combined

We have applied the iterative method described above
by keeping the same reference height. We have chosen t* 5 tB9, the Brewer optical depth corrected for the
lowest layers ~where this correction was performed
with the Fernald–Klett method!. In Fig. 9 the profiles of backscattering and extinction coefficients are
shown for the daily averaged lidar signal of June 13.
These plots have been obtained with the iterative
method and with the Fernald–Klett method. In the
latter case the value of the backscatter-to-extinction
ratio used was 0.05, while in the former case it was
derived, and we found C 5 0.042 6 0.005. The measurement error was determined ~i! taking into account
the error on t*, obtained from the uncertainty of the
Brewer measurements, and assuming an additional
33% error on the contribution of the 50–600-m range,
and ~ii! by assuming a 5% error on bm. We have also
verified how critical the choice of the reference height
is; in this case it was found to be negligible compared
with the other sources of error when zm was chosen to
be in the altitude range were the lidar follows the
molecular profile well ~between 5 and 6 km in this
case!. Figure 10 shows the retrieved values of C ~daily means! and the associated standard deviations.
The backscatter-to-extinction ratio is more or less constant throughout the campaign and is consistent with

Fig. 9. Profiles of aerosol backscattering ~b! and extinction ~a! coefficients at 355 nm, derived with the iterative method ~solid curves!.
Also shown is the Fernald–Klett solution ~dashed curves!. These curves were obtained for the daily averaged lidar profile of 13 June 1996.

Fig. 10. Mean daily values of the backscatter-to-extinction ratio.
The error bars denote the magnitude of the standard deviation.
The dashed line indicates the maritime aerosol model used for an
a priori input to the Fernald–Klett solution ~C 5 0.05!.

the value assumed for a maritime aerosol model by
Browell et al.20
The experiment could be improved by use of a
more accurate method to perform the correction to
tB. For instance, the Sun photometric measurements could be performed at the elevation of the
lidar overlap, thus removing the necessity for a
correction at the lower levels. Another possibility
would be to measure independently the extinction
coefficient at ground level rather than to take the
value obtained with the Fernald–Klett solution at
600 m. It should also be pointed out that it is not
always possible to neglect the stratospheric contribution. In a volcanic condition the method could
still be used, but an independent determination of
the stratospheric optical depth would be needed ~for
instance, by lidar!.
6. Discussion and Conclusions

During the PAUR experiment, simultaneous aerosol
measurements were performed at 355 nm in a sum-

mertime marine environment, by lidar and by photometric technique. The two techniques showed good
agreement when the Fernald–Klett solution was applied to invert the lidar signal and a maritime value
of the backscatter-to-extinction ratio C was supplied.
The aerosol load was found to be highly variable in
time, with values ranging between 0.05 and 1.1 for
total-column optical depth during the measurement
period. The high variability of the atmospheric
transparency is a well-known feature; see e.g., Ref.
35. Our results show that in nonvolcanic conditions
for the stratospheric aerosol layer the major contribution to the total-column particulate optical depth
comes from the first 5 km of the atmosphere. The
spectrophotometric measurements also allowed us to
retrieve the wavelength dependence of the optical
depth in the UV spectral range and to infer the Ångström coefficient m, which is an intensive property of
the aerosol particles ~that is, independent of quantity!. The obtained values range between 1 and 4.
Two regimes were found and have been correlated to
the optical depth at 355 nm: For tB . 0.3, m was
found to lie between 1 and 2, while for tB , 0.2, m was
found to be near 2.5–3, and in one case the Ångström
coefficient was as high as ;4.
These results can be compared with other works on
the subject. Borghesi et al.,36 who also performed
measurements at the Mediterranean Sea, in Lecce,
Italy, obtained an optical depth varying between approximately 0.3 and 4 at the same time of the year
~when scaled to 355 nm with the Ångström formula!.
They also derived the Ångström coefficient, obtaining
values between 0.5 and 1.5, with an average m of 1.1.
Slightly higher values of the Ångström coefficient ~as
high as 1.9! were encountered by the same research
team in a mountain area, at Campo Imperatore, Italy
~2.2-km altitude!. Although the Ångström coefficient is generally between 0.5 and 2.0 ~see, e.g., Ref.
20 September 1997 y Vol. 36, No. 27 y APPLIED OPTICS
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37!, larger values are found in the literature. Values of m 5 2.2 have been observed at Valladolid,
Spain, for low turbidity cases,38 and m 5 2.26 has
been found by Je and Je Tai39 at Beijing, China.
Trier and Horvath40 show values of m as high as 3 at
Santiago de Chile. Ogren and Sheridan41 report
aerosol observations carried out in the boundary
layer and the free troposphere across the United
States. They obtain Ångström coefficients that are
always between 2 and 2.5.
For large-optical-depth conditions our results are
generally in agreement with results from other
groups. In the low-optical-depth regime our larger
values of the Ångström coefficient generally exceed
those reported in the literature. It must be mentioned, though, that the determination of the Ångström coefficient is generally made on the basis of
photometric measurements in discrete bands in the
visible and near infrared spectral range. The Ångström formula is an empirical fitting equation, and it
is plausible that different values of the Ångström
coefficient apply for different parts of the spectrum.
Moreover, the determination of the Ångström coefficient with low turbidity requires the measurement of
very small optical depths, possibly producing larger
uncertainties in the visible and infrared, where the
optical depths are smaller than in the ultraviolet.
Thus it may be speculated that determinations of m
in the ultraviolet spectral range are more accurate.
However, it also must be noted that almost all the
points on the graph in Fig. 4 are compatible with
m 5 2, within 1 standard deviation.
By using the optical parameters for the tropospheric
aerosol models that are at the base of LOWTRAN, given by
Selby et al.,42 we have calculated the values of the
Ångström coefficient in the visible ~between 400 and
694 nm! and in the ultraviolet ~between 300 and 400
nm!. In this model the Ångström coefficient does not
vary with the atmospheric turbidity. It is found between 0.23 and 1.19 in the visible and between 0.29
and 0.95 in the UV, the smallest values being for maritime aerosols. The aerosol model developed by Shettle and Fenn43 also takes into account the effect of
humidity on the optical properties of the aerosols.
For relative humidity below 80% this model gives approximately the same values of m as Ref. 42, except for
the maritime case ~where the Ångström coefficient is
higher!. The Ångström coefficient from the data of
Ref. 43 is calculated between 300 and 337 nm in the
UV and between 337 and 694 nm in the visible. In
general the Ångström coefficients derived from these
models appear smaller in the UV than in the visible.
They are also smaller than those obtained from our
observations, but we stress that these aerosol models
~in which size distribution and refractive index are
given a priori! are quite general and probably are not
able to describe correctly the different situations of the
troposphere.
The large values of m obtained from the ultraviolet
photometric measurement could be ascribed partly to
the presence of absorbing particles. An increased absorption in the UV, as expected, for example, from
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organic or crustal material,44,45 could produce a larger
extinction coefficient at shorter wavelengths and thus
a large Ångström coefficient. Some types of carbonaceous aerosols also show a large increase of the imaginary part of the refractive index in the UV.46
Results linking particle dimensions with the Ångström coefficient have been reported ~see, e.g., Ref.
40!, indicating that a large value of m is attributable
to small aerosol particles, while a small m corresponds to large particles. Atmospheric processes
leading to very low turbidity conditions are generally
selective with respect to the size of the particles.
This is the case, for instance, for nucleation, cloud
formation, and precipitation processes and for longrange transport. In fact, aged aerosols are generally
constituted by small particles, which are removed
less efficiently than large ones. These processes
may explain the correspondence between high turbidity and small Ångström coefficients ~i.e., large particles! and between low turbidity and large values of
m ~small particles!.
Combining the photometric and the lidar data allowed us to find an estimate of the backscatter-toextinction ratio, which is another intensive property
of the particles. In our case the value of C that was
chosen a priori was confirmed, but in other cases the
guess for this quantity can be problematic. For instance, our laboratory in Thessaloniki is situated in
an urban area, but at the same time it is near the
seashore, an industrial area, and rural surroundings.
Different types of aerosol with different properties
are expected to come from different directions, making it difficult to choose an aerosol model adequately
for the selection of the backscatter-to-extinction ratio.
Our measurements of C are consistent with the
value of 0.05 that is assumed for maritime aerosols by
Browell et al.20 Evans22 has revised a series of 368
experimental determinations of the backscatter-toextinction ratio obtained in the visible and at 694 nm
and has performed 106 calculations of the same ratio
on the basis of measurements of the aerosol size distribution. His results show that 67% of the experimental values of C fall in the range 0.05– 0.06, 11%
are between 0.02 and 0.04, and 22% are between 0.07
and 0.08, the last being attributed mainly to ash
particles. Out of the calculated values, 82% were
between 0.05 and 0.06. Our findings, although obtained in a different wavelength range, compare well
with the results reported by Evans.
The backscatter-to-extinction ratios reported in
Fig. 10 seem to be independent of the mean daily
aerosol optical depths and Ångström coefficients,
which vary considerably over the same period of time.
This fact, again, must be compared with the Mie
scattering calculations performed by Evans.22 His
results indicate that, for any given wavelength, specific ranges of the aerosol refractive index and size
distribution exist, where C is relatively insensitive to
variations of aerosol properties.
We emphasize that an experimental determination
of the backscatter-to-extinction ratio could, in principle, provide more information about the particles.

Important properties such as the size distribution
parameters and the refractive index could probably
be deduced from Mie scattering calculations by use of
simultaneously measured values of the backscatterto-extinction ratio and the Ångström coefficient.
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