JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 109, D22205, doi:10.1029/2004JD004904, 2004

MAX-DOAS O, measurements: A new technique to derive
information on atmospheric aerosols—Principles
and information content

T. Wagner, B. Dix, C. v. Friedeburg, U. FrieB, S. Sanghavi, R. Sinreich, and U. Platt
Institut fiir Umweltphysik, University of Heidelberg, Heidelberg, Germany

Received 14 April 2004; revised 25 July 2004; accepted 3 August 2004; published 24 November 2004.

[11 Multi AXis Differential Optical Absorption Spectroscopy (MAX-DOAS)
observations of the oxygen dimer O4 which can serve as a new method for the
determination of atmospheric aerosol properties are presented. Like established methods,
e.g., Sun radiometer and LIDAR measurements, MAX-DOAS O, observations determine
optical properties of aerosol under atmospheric conditions (not dried). However, the novel
technique has two major advantages: It utilizes differential O4 absorption structures

and thus does not require absolute radiometric calibration. In addition, O4 observations
using this method provide a new kind of information: since the atmospheric O4 profile
depends strongly on altitude, they can yield information on the atmospheric light path
distribution and in particular on the atmospheric aerosol profile. From O4 observations
during clear days and from atmospheric radiative transfer modeling, we conclude that our
new method is especially sensitive to the aerosol extinction close to the ground. In
addition, O4 observations using this method yield information on the penetration depth of
the incident direct solar radiation. O4 observations at different azimuth angles can also
provide information on the aerosol scattering phase function. We found that MAX-DOAS
O, observations are a very sensitive method: even aerosol extinction below 0.001 could be
detected. In addition to the O, absorptions we also investigated the magnitude of the Ring
effect and the (relative) intensity. Both quantities yield valuable further information on
atmospheric aerosols. From the simultaneous analysis of the observed O, absorption and
the measured intensity, in particular, information on the absorbing properties of the
aerosols might be derived. The aerosol information derived from MAX-DOAS
observations can be used for the quantitative analysis of various trace gases also analyzed
from the measured spectra. INDEX TERMS: 0305 Atmospheric Composition and Structure: Aerosols
and particles (0345, 4801); 0320 Atmospheric Composition and Structure: Cloud physics and chemistry; 0345
Atmospheric Composition and Structure: Pollution—urban and regional (0305); 0360 Atmospheric
Composition and Structure: Transmission and scattering of radiation; KEYWORDS: atmospheric aerosol,
MAX-DOAS
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1. Introduction [3] The influence of acrosols on the Earth’s radiation
budget and on atmospheric chemistry is complex, especially
depending on the composition, size distribution, and shape
of the aerosol particles [Houghton et al., 2001; Kaufman et
al., 2002, 2003]. Apart from their direct effects on the solar
and terrestrial radiation, aerosols also indirectly influence
the Earth’s radiation budget [Feingold et al., 1999]. For
example, high concentrations of fine aerosols can reduce
the size of cloud droplets, increase their reflectance

assessments [Charlson et al., 1992; Tegen and Lacis, 1996; [2](;%(0)]”?; rfzizzji;hiz?qgjt] ;lndzroe(;i F C; 5;:;}5 ;;azle[Rggggj]‘eld,
Hansen et al., 1997; Houghton et al., 2001]. ’ " ’ 2 )

[2] Atmospheric aerosols are important for various
aspects of atmospheric chemistry and physics, they have
in particular strong effects on the atmospheric radiation
budget. Thus, human induced changes of the atmospheric
aerosol load and its composition significantly contributes to
climate change and affects human health. The lack of
detailed knowledge on the optical properties of aerosols
causes one of the largest uncertainties in climate forcing

[4] Because of the strength and the complexity of the
aerosol influence on the atmosphere, it is of special impor-
Copyright 2004 by the American Geophysical Union. tance to improve our knowledge on these aerosol properties
0148-0227/04/2004JD004904$09.00 on a global scale [Kaufiman et al., 2002].
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[5] In situ instruments like optical particle counters
provide only data at the instrument location, moreover,
usually only dry aerosol properties are determined. In
addition, remote sensing methods have been developed
for the measurement of aerosols, in particular Sun
photometers and light detection and ranging (LIDAR)
instruments.

[6] Sun photometer observations are performed since the
late 1950s [Volz, 1959]. Usually the intensity (at different
narrow wavelength intervals) of the direct solar radiation
and the radiation scattered in the aureole region is measured
[Twitty, 1975; King et al., 1978; Shaw, 1979; Box and
Deepak, 1979; O’Neill and Miller, 1984; Tanré et al.,
1988]. Additional measurement modes include observations
over a larger angular range and observations of the state of
polarization [Nakajima et al., 1983; Kaufman et al., 1994;
Vermeulen et al., 2000]. Sun photometer observations yield
very precise values for the total aerosol extinction; also,
information on the scattering phase function can be derived.
From these quantities, information on the aerosol size
distribution, the single scattering albedo and the refractive
index can be extracted [Twitty, 1975; King et al., 1978;
Shaw, 1979; Wang and Gordon, 1993; Wendisch and von
Hoyningen-Hiine, 1994; Nakajima et al., 1996; Devaux et
al., 1998; Romanov et al., 1999]. Sun photometers can be
maintained automatically with high accuracy; the aerosol
robotic network (AERONET) currently consists of more
than 200 stations [Holben et al., 1998].

[7] One of the main disadvantages of Sun photometers
is that they can only measure optical properties of the
total atmospheric column. In addition, since they observe
the absolute value of the solar radiation, the requirements
on instrument calibration and stability are high.

[s] LIDAR instruments use artificial light sources. They
measure the intensity of the backscattered light as a function
of time. Thus, LIDAR instruments are especially well suited
for the retrieval of altitude information of the scattering
properties of aerosols [Collis, 1966; Sandford, 1967; Barrett
and Ben-Dov, 1967]. In addition, from the degree of
depolarization information on the sphericity of the scatter-
ing particles (and thus on their physical state) can be
derived.

[o] LIDAR instruments are well suited to derive the
spatial distribution of atmospheric aerosols and they can
also measure at night (sometimes only at night). However,
the determination of quantitative estimates of the aerosol
extinction or scattering coefficients is complicated by two
major problems: the uncertainty in the aerosol backscatter-
to-extinction ratio and the LIDAR calibration [Klett, 1981;
Fernald, 1984]. Several approaches have been suggested to
overcome theses fundamental limitations. For LIDAR
instruments using a single wavelength, observations at
different viewing angles allow to derive estimates for the
backscatter-to-extinction ratio [Sandford, 1967; Hamilton,
1969; Fernald et al., 1972; Spinhirne et al., 1980; Young et
al., 1993]. A similar, but more sophisticated approach is the
separation of emitter and receiver using a bistatic LIDAR
setup [Reagan et al., 1977; Kunz, 1987; Hughes and
Paulson, 1988]. Also the combination with simultaneous
Sun photometer observations can force the LIDAR inver-
sion to yield quantitative values for the extinction coeffi-
cients [Voss et al., 2001].
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[10] Another elegant method is to use so called Raman
LIDAR instruments which measure not only the elastically
scattered intensity but also the Raman scattered signal, to
which aerosol scattering does not contribute. Thus it is
possible to separate the scattering and attenuation properties
of aerosols [Ansmann et al., 1990, 1992; Wandinger et al.,
1995; Ferrare et al., 1998]. Because of the weak Raman
signal, reliable Raman LIDAR observations are restricted to
nighttime.

[11] We conclude that both Sun photometers and LIDAR
instruments have their advantages and shortcomings. Sun
photometers measure at various wavelengths and are capa-
ble providing information on the aerosol size distribution,
phase function and extinction. However, no profile infor-
mation can be inferred and all retrieved quantities refer to
the total atmospheric column. LIDAR instruments can yield
information on the atmospheric aerosol distribution at high
spatial resolution. However, to infer quantitative results
additional information (especially on the backscatter to
extinction coefficient) or more sophisticated methods have
to be used. Because LIDAR observations operate at a
limited number of wavelengths, only limited information
on the aerosol size distribution can be derived.

[12] Here we present a new method to derive aerosol
information from passive optical observations using the
DOAS method [Platt, 1994]. We show that from this
method even information on the aerosol profile can be
retrieved. Spectra of scattered sunlight are recorded and
from these spectra the integrated absorption of the oxygen
dimer O, is retrieved. This method was already applied to
zenith sky observations at various wavelengths [Wagner
et al., 2002]. Here we extend the method to Multi-Axis-
DOAS (MAX-DOAS) observations [Honninger and Platt,
2002; Leser et al., 2003; von Friedeburg et al., 2004;
Bobrowski et al., 2003; van Roozendael et al., 2003;
Wittrock et al., 2003; Honninger et al., 2004; A. Heckel
et al., manuscript in preparation, 2004], which observe
scattered sunlight from a variety of viewing directions
(see Figure 1). In some studies MAX-DOAS O, obser-
vations were already successfully used for the determina-
tion of aerosol properties. The aerosol information has
then been used for the interpretation of the MAX-DOAS
observations of further trace gases of interest like HCHO
or NO, [Wittrock et al., 2003; A. Heckel et al., manu-
script in preparation, 2004]. In this study, we develop a
systematic and comprehensive analysis of the potential of
MAX-DOAS 04 observations of aerosols.

[13] Analyzing the differential O, absorption from the
measured spectra has several advantages compared to the
aerosol remote sensing instruments described above:

[14] 1. Since the MAX-DOAS O, analysis is a differential
method, no absolute calibration is needed. In particular,
degradation effects do not significantly influence the ob-
served differential absorptions.

[15] 2. The observed O4 absorption allows to conclude on
the atmospheric distribution of photon paths, since the
atmospheric O4 concentration profile is well known and
nearly constant. According to their altitude distribution,
aerosols change the atmospheric photon path distribution
in a characteristic way. Thus from MAX-DOAS O, obser-
vations, information on the atmospheric aerosol profile can
be derived.
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Figure 1. Scheme of the MAX-DOAS observation
geometry. Scattered sunlight is observed under various
elevation (and often also azimuth) angles. Often the
elevation angle of the telescopes is defined with respect to
the ground. The solar zenith angle (SZA) is defined as the
angle between the incident sunlight and the zenith.

[16] 3. In addition to the O4 absorption also the amount
of Raman scattering can be retrieved from the MAX-
DOAS spectra. Together with the O, absorption and the
observed average (relative) intensity it might even be
possible to separate the absorbing and scattering proper-
ties of aerosols.

[17] 4. O, absorption bands are distributed over the
entire UV and visible wavelength range [Greenblatt et al.,
1990]. Thus it is possible to derive information on the
wavelength dependence of various aerosol effects. The
basic effects of aerosol scattering on several quantities
derived from MAX-DOAS observations are summarized
in Table 1.

[18] In this study we explore the potential of the
proposed new method in three different ways. After a
short introduction to the MAX-DOAS method, we first
describe the basic effects of aerosol scattering on our
observations. Second, we present examples of MAX-
DOAS Oy observations made on several clear days during
the FORMAT 1II campaign in Milan/Italy in September
2003 (Formaldehyde as a tracer for oxidation in the
troposphere (FORMAT) is a European research project,
see: www.nilu.no/format/). During these days, the atmo-
spheric aerosol load strongly increased. Third, we present
and discuss results of numerical radiative transfer simu-

Table 1. Overview on the Relationships Between
Observations and Aerosol Properties
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lations which confirm the findings of the two first
sections. Finally, we summarize our results and show
future potentials of the method.

2. MAX-DOAS Instrument and Data Analysis

[19] The MAX-DOAS instrument which was used dur-
ing the FORMAT II campaign consists of three major
components: a set of three moveable telescopes, which
are connected via glass fiber bundles to a temperature
stabilized imaging Czerny-Turner spectrograph with a two
dimensional CCD-detector. The telescopes are directed at
three different azimuth angles (5°, 185°, 250°) with
respect to north. For simplicity we refer to these direc-
tions as north, south, and west, respectively. Each tele-
scope sequentially scans 5 different elevation angles: 3°,
6°, 10° 18° and 90° (zenith); a single measurement is
taken every 90 seconds. The individual glass fibers from
each bundle associated with the three different telescopes
are arranged in a vertical column at the entrance slit of
the spectrograph (with two gaps between the three fiber
bundles, see Figure 2). The light is dispersed by a grating
(1200 grooves per mm) and detected by a CCD array
(1024 x 256 pixels over an area of 26.6 x 6,7 mm~)
with the wavelength axis in x-direction (from 320.4—
457.2 nm) and the light from the different telescopes
separated in y-direction (see Figure 2). Each spectrum
from each of the individual telescopes covers about
55 lines on the CCD,; these lines are added and yield
the individual spectra for the different telescopes. The
spectral resolution of our instrument is about 0.75 nm
(FWHM). The gaps between the three spectra are about
40 lines wide (see Figure 2) and are used for a combined
correction of electronic offset, dark current and spectro-
graph straylight for each individual measurement. This
type of correction is especially important because of
the largely varying amount of spectrograph straylight,
which can reach up to about 20% in specific situations
with large intensity differences between the different
telescopes.

[20] The measured spectra are analyzed using the DOAS
method [Platt, 1994]. To the (logarithm of the) measured
spectrum several trace gas cross sections (see Table 2) as
well as a Ring spectrum [Grainger and Ring, 1962,
Bussemer, 1993], a Fraunhofer reference spectrum and a
polynomial of degree 5 are fitted by means of a least squares
fitting routine [Gomer et al., 1993; Stutz and Platt, 1996].
As Fraunhofer spectrum, observations around noon in
zenith direction were selected. Also included in the fitting
routine was an inverse Fraunhofer spectrum (1/Iy) for the
correction of a possibly remaining intensity offset. For the

Different Quantities Extracted From MAX-DOAS

Quantity Analyzed From MAX-DOAS Measurement

Derived Atmospheric Aerosol Properties

Modification of the O4 absorption for different
telescope elevations and SZA
Wavelength dependence
Azimuth dependence
Polarization dependence
Comparison of the measured intensity and O4 absorption

= total optical depth

= information on the vertical profile
= size distribution

= phase function

= phase function

= single scattering albedo
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Figure 2. Projection of the three spectra on the two-dimensional CCD array. The three entrance slits
(left) are formed by the exit ends of the fiber bundles. The gaps between the spectra are used for the
correction of dark current, offset, and spectrograph stray light.

O, analysis the spectral range from 335-367 nm was
selected. The wavelength calibration was performed by
fitting the measured spectra to a high resolution solar
spectrum [Kurucz et al., 1984]. An example of the DOAS
O, analysis is shown in Figure 3.

[21] The result of the spectral analysis is the slant
column density (SCD, the trace gas concentration along
the absorption path). In the case of Oy, the SCD cannot
be directly referred to Oy4, because the equilibrium con-
stant between O, and (O,), is not known. Therefore
usually the O4 SCD is referred to the integrated quadratic
O, concentration [see also Greenblatt et al., 1990]. The
04 SCD then includes the equilibrium constant and it has
the unit [molec?/cm?].

[22] Because the Fraunhofer spectrum also contains
atmospheric absorption structures of O4 (and other trace
gases) the result of the DOAS analysis represents the
difference of the SCDs of the measured spectrum and of
the Fraunhofer spectrum; this difference is referred to as
DSCD in the following. It should be noted that the
Fraunhofer reference spectrum was selected in a way
(telescope in zenith direction at small SZA during noon
on September 14) that the O4 SCD is small (about
2.2 10¥molec?/cm?, see section 5).

3. Influence of Aerosols on MAX-DOAS O,
Measurements

[23] In contrast to direct light observations (using, e.g.,
the Sun or Moon as a light source), for scattered light
observations the photons have traveled through the
atmosphere on a variety of light paths. Thus for the
detailed understanding and interpretation of scattered
light observations usually radiative transfer models are
applied [Noxon et al., 1979; Solomon et al., 1987; Marquard
et al., 2000]. For the interpretation of our MAX-DOAS
observations (see section 5), we apply a Monte-Carlo radi-
ative transport model [von Friedeburg, 2003; Honninger
et al., 2004].

[24] In this section, our aim is to start with a discussion
of the main characteristics of MAX-DOAS observations
and the respective aerosol influence on these measure-
ments in a simplified and more descriptive way. Figure 4
shows a simplified scheme of the atmospheric light paths
relevant for MAX-DOAS observations for a given eleva-
tion angle. Also shown is the atmospheric height profile
of the oxygen dimer Oy; due to its square dependence on
the oxygen concentration its atmospheric scale height is
only about 4 km.

[25] In order to illustrate the main effects of aerosols on
the MAX-DOAS measurements, it is instructive to divide
the total path of the scattered light into three segments
(Figure 4): The first segment describes the incident
sunlight penetrating into the atmosphere along a direct
path. The penetration depth is determined by the optical
depth with respect to Rayleigh and Mie scattering; in
general, it is large for large wavelengths (because of the
strong wavelength dependence of Rayleigh scattering, see
Table 3), low aerosol load, and small solar zenith angle

Table 2. Trace Gas Cross Sections Used for the MAX-DOAS Oy4
Analysis

Adaptation to

Molecule Data Source Our Instrument
04 (296 K) Greenblatt et al. [1990] interpolation®
BrO (228 K) Wilmouth et al. [1999] convolution®
NO, (273 K) Vandaele et al. [1997] Iy-correction®
05 (221 K) Bogumil et al. [2003] Iy-correction®
03 (293 K) Bogumil et al. [2003] Io-correction®

HCHO (298 K) Meller and convolution®

Moortgat [2000]

“The cross section is interpolated to the wavelength grid of our
instrument.

"The cross section is convoluted by the instrument function and
interpolated to the wavelength grid of our instrument.

“The cross section is convoluted by the instrument function and
interpolated to the wavelength grid of our instrument. In addition, a so-
called I correction is applied [Aliwell et al., 2002].
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MAXDOAS analysis, Bresso, 15.09.2003, 10:23, SZA: 43.0°
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Figure 3. Example of a spectral DOAS analysis. The thick
lines show the trace gas cross sections scaled to the
respective absorptions detected in the measured spectrum
(thin lines). The mainly stratospheric trace gases O3 and
BrO show only a very weak absorption, because both the
measured spectrum and the Fraunhofer reference spectrum
contain nearly the same stratospheric absorption. In
contrast, the trace gases with enhanced tropospheric
concentrations show a large absorption (difference) since
the measurement was taken at 3° elevation whereas the
Fraunhofer reference spectrum was measured in zenith
direction (see section 3).

(SZA). After this first segment, the photons might enter a
multiple scattering layer (Figure 4, bottom). Especially
inside thick clouds, multiple Mie-scattering can cause
extended layers of diffuse radiation in which the photons
have lost their ‘memory’ of direction [Erle et al., 1995;
Wagner et al., 1998; Veitel et al., 1998; Pfeilsticker, 1999;
Pfeilsticker et al., 1998, 1999]. However, for many
measurement situations (especially for clean air and/or
for large wavelengths) the optical depth of the atmosphere
is rather small and no significant multiple scattering layer
establishes. Finally the photons are scattered into the field
of view of the telescopes of the instrument. Similarly to
the penetration depth of the incident sunlight also the
length of the direct light paths along the line of sight of
the telescopes depends on the optical depth with respect
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to Rayleigh and Mie scattering; short direct light paths
occur especially for small wavelengths and high aerosol
load. It is interesting to note that the length of the direct
light path along the line of sight of the telescopes
(especially for low elevation angles) is directly related
to the visibility of the atmosphere close to the ground
(see, e.g., Table 4).

[26] Owing to their scattering and absorbing properties,
aerosols modify all of the three described segments of the
atmospheric light path compared to a pure Rayleigh atmo-
sphere. The most important effects of aerosols are as
follows (see Figure 4, bottom):

[27] 1. Reduction of the visibility: Aerosols reduce the
visibility of the atmosphere and thus decrease the direct
light paths of the incident solar radiation and along the line
of sight of the telescopes. These effects will, in general,
reduce the observed O, absorptions.

[28] 2. Increased probability of multiple scattering: Aero-
sols increase the number of scattering events, especially in
the case of extended clouds. This effect will in general lead
to a simultaneous increase of the O, absorption for all
viewing angles [Erle et al., 1995; Wagner et al., 1998,
2002].

[20] 3. Modification of the received intensity: Aerosol
scattering increases the total amount of scattered photons
and thus, in general, enhances the observed intensity. For
high aerosol concentrations (especially also for thick
clouds) this effect, however, can be (over-) compensated
by aerosol extinction along the line of sight. Especially for
absorbing aerosols the light intensity is further reduced. In
contrast to Rayleigh scattering, aerosol scattering usually
strongly prefers the forward direction. Thus the effect of
aerosol scattering is significantly different for telescopes
looking at different elevations and, especially, different
azimuth angles.

[30] These modifications of the atmospheric light paths
change the relative composition of light paths having
experienced different atmospheric O,4 absorptions and thus
make MAX-DOAS O, measurements especially sensitive
to the influence of aerosols. Since the atmospheric Oy
profile is located close to the surface (the scale height is
about 4 km), aerosol scattering at different altitudes has
different effects on the observed O, absorption. This
makes MAX-DOAS O, absorptions (in contrast to mea-
surements of the absolute intensity) particularly sensitive
to the atmospheric altitude distribution of aerosols. As
will be shown in section 5 the aerosol absorption has
a significantly different influence on the observed Oy
absorption compared to the measurements of the absolute
intensity. Therefore, from the simultaneous analysis of the
O, absorption and the measured light intensity, also
conclusions on the absorbing properties of aerosols might
be drawn.

[31] Since aerosol scattering also changes the relative
contribution of elastic scattering (due to molecules and
aerosols) and inelastic molecular scattering events, it also
modifies the strength of the Ring effect (the filling-in of
Fraunhofer lines [see Grainger and Ring, 1962; Kattawar et
al., 1981; Bussemer, 1993]), which can also easily be
derived from MAX-DOAS observations.

[32] In sections 4 and 5, we present measurements and
radiative transfer modeling results, which in detail investi-
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Figure 4. (a) Scheme of the different segments of the atmospheric light paths for MAX-DOAS
observations. For an optically thin atmosphere, e.g., for an atmosphere without aerosol scattering and
observations in the visible spectral range the observed photons are mainly single scattered. The
penetration depth of the direct sunlight is large (first segment); also the direct line of sight of the
telescopes (third segment) is long. (b) If additional aerosol scattering takes place, the direct line of sight
of the telescopes decreases. Since the majority of the atmospheric O, is located close to the ground, the
observed O, absorption is then also significantly decreased. Additional aerosol scattering also decreases
the penetration depth of the incident direct solar radiation. For very strong aerosol scattering (e.g., inside
extended clouds) also a regime of diffuse multiple photon scattering can occur which can enhance the O4

absorption.

gate these effects of aerosols on MAX-DOAS observations
of the O4 absorption, on the (relative) light intensity, and the
Ring effect.

4. MAX-DOAS Observations During a Period of
Increasing Aerosol Load

[33] For the analysis of MAX-DOAS O, observations, we
focus on a measurement period of four mostly clear days
during the FORMAT II campaign in Milan, Italy in Sep-
tember 2003 (see http://www.nilu.no/format/). During these
days the aerosol load of the atmosphere was strongly
increasing. At the beginning, on September 14, the atmo-
sphere was very clear after a series of rainy days. The
atmospheric visibility was very high and even the Monte
Rosa mountain at a distance of about 120 km was clearly
visible. During the following days the atmospheric visibility
was steadily decreasing. Finally, even the southern edge of
the Alpine mountains at a distance of only about 30 km was
not visible anymore.

[34] In Figure 5 the respective MAX-DOAS O, observa-
tions for the southern telescopes are presented. Except for
the morning of September 15, the diurnal variation of the O,
absorptions is smooth and almost symmetric, indicating that

Table 3. Optical Depth of the Atmosphere as a Function of
Wavelength and Telescope Elevation Angle (With Respect to
Rayleigh Scattering)®

Wavelength, nm

Elevation
Angle, deg 350 450 700
3 10.95 4.01 0.68
10 3.30 1.21 0.21
90 0.57 0.21 0.04

For an optically thin (thick) atmosphere the probability of a photon to be
multiple scattered is low (high).

the sky was clear throughout most of the period. Neverthe-
less, the magnitude of the O, absorption and also the
amplitude of the diurnal variation of the O, absorptions
change significantly during the following days, which can
be attributed to the influence of additional aerosol scatter-
ing. Different aerosol effects can be distinguished, which
are described in the sections below.

4.1. Reduction of the Direct Light Path Along the Line
of Sight

[35] Aerosol extinction reduces the direct light path along
the line of sight of the telescopes (see Figure 4). The higher
the aerosol load is, the shorter is the distance from which
photons can reach the telescopes on a direct path. Thus
especially the O, absorptions for telescopes with low
elevation angles are strongly reduced for high aerosol
extinction. This aerosol effect can clearly be identified in
our O4 observations (Figure 5). In particular, interesting is
also the fact that the differences of the O,4 absorptions for all
low elevation telescopes (3°, 6°, 10°, 18°) significantly
decrease during the period. This indicates that due to
additional aerosol scattering the direct light paths along
the line of sight become nearly independent on the elevation
angle.

Table 4. Properties of the Aerosol Profiles Used for the Radiative
Transfer Simulations

Altitude Total Visibility,
Profile Aerosol Range, Aerosol km
Name Extinction km Extinction (Mie Only)
0.05_2 0.05/km 0-2 0.1 78
0.1_1 0.1/km 0-1 0.1 39
0.1.2 0.1/km 0-2 0.2 39
0.5_1 0.5/km 0-1 0.5 8
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Figure 5. O, DSCDs measured for different elevation angles of the southern telescope during four mostly
clear days (September 14—17, 2003) at Milan, Italy. Because of the changing Sun position during the day
the relative azimuth angles of the telescopes with respect to the Sun are ~90° during sunrise, ~0° during
noon, and ~—90° during sunset. The main effects are the general reduction of the observed O4 absorption
and the decreasing difference between the low elevation telescopes (3°, 6°, 10°, 18°). These effects can be
related to the increased aerosol load during the selected period (see text). The zenith observations during the
morning of September 15 were affected by sporadic clouds and should not be taken into account for the
detailed interpretation of the time series. With the knowledge of the O, VCD and the O,4 absorption of
the Fraunhofer reference spectrum, the measured O, DSCD can also be expressed as (absolute) air mass
factor (AMEF, see section 5). For the comparison of the measurements to radiative transfer models the
respective AMF is also shown (right axis). See color version of this figure at back of this issue.

[36] A simple way to quantify this decrease is to compare
the observations around noon, when the atmospheric light
path of the incident sunlight is smallest. For this time
of the day, the difference between the 3° telescope and
the zenith telescope decreases by a factor of 5 (from about
2.1 - 10* molec’cm’ to 0.4 - 10* molec’/cm®) from
September 14 to 17.

4.2. Influence on the Penetration Depth of the Incident
Sunlight

[37] Aerosol scattering changes the penetration depth of
the incident sunlight and thus the amplitude of the diurnal
variation of the measured O, absorption. Two different
situations have to be considered:

[38] For an optically thin atmosphere (e.g., for zenith
viewing telescopes and/or for measurements at long wave-
lengths, see Table 3) a large fraction of the incident photons
traverses the atmosphere without being scattered into the
instrument. In the case of additional aerosol scattering part of

these photons are also scattered into the instrument. Since the
bulk of atmospheric aerosols is usually located close to the
surface the average scattering altitude of the measured photon
is decreased compared to the pure Rayleigh case (for high
clouds also an increase of the average scattering altitude can
take place [Wagner et al., 1998]). Accordingly, the effective
penetration depth of the incident sunlight is increased and so
is the amplitude of the diurnal variation of the O,4 absorption.
In our measurements this effect can be identified for the
zenith pointing telescopes: during the selected period the
diurnal variation of the zenith telescope increases from about
1.1 - 10* molec*/cm’ to 1.6 - 10** molec?/cm’. The high
values on the morning of September 15 should be ignored
here because they can be related to sporadic clouds.

[39] For an optically thick atmosphere (see Table 3)
the probability for an incident photon to be scattered is
already close to unity. Now, the main effect of additional
aerosol scattering is to reduce the penetration depth of the
incident sunlight, because of the reduced visibility. The
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(a) O4 DSCDs for a cloudy day (September 9) during the FORMAT II campaign (for the

AMF-scale, see Figure 5). During the whole day the sky was overcast. The synchronous diurnal variation
of the O,4 absorption for all telescopes indicates that the absorption path for O, is dominated by multiple
scattering inside the clouds. The nearly constant difference between the low elevation angles (3°, 6°, 10°,
18°) and the zenith direction can be referred to different light paths below the cloud layer. (b) Relative
intensities for September 9. Around 12:00 the appearance of a thick cloud is indicated by a reduced
intensity for all telescopes. (¢) Ring effect for September 9. Around 12:00 the Ring effect (and the Oy4
absorptions) for all telescopes are simultaneously enhanced.

corresponding reduction of the diurnal variation can be
especially expected for the telescopes at low elevation
angles (see Figure 4). In our MAX-DOAS O, observations,
this effect can be identified for the low elevation telescopes
(Figure 5). On the first day, the amplitude of the diurnal
variation ranges from 2.8 - 10* molec’/cm’ for the tele-
scope with 18° elevation to 4.5 - 10** molec?/cm’ for the
telescope with 3° elevation. During the following days these
amplitudes decrease to about only 2.8 - 10** molec?/cm” for
all low elevation telescopes.

[40] It is interesting to note that the amplitude of the
diurnal variation is sensitive not only to the aerosol extinc-
tion but also to the height of the aerosol layer (see also
section 5). Thus from the diurnal variation also information
on the vertical profile of the aerosol concentration could be
derived. An indication of this possibility can be seen at the
last two days of the selected period. For these days the
diurnal Varlatlon changes (from about 3.5 - 10** molec’/cm’
to 2.8 - 10** molec?/cm®), although the O4 absorption of the
low elevation telescopes during noon is similar (about 0.4 -
10* molec’/cm’). This finding is a hint that the vertical
extent of the aerosol layer has increased from September 16

to 17, leading to a reduced penetration depth of the incident
sunlight.

4.3. Effect of Multiple Scattering

[41] At low aerosol levels (and in particular at relatively
long wavelengths) the bulk of the light recorded by the
spectrometer is only scattered once [e.g., Perliski and
Solomon, 1993]. However, for high aerosol concentrations,
a layer can occur in which the photons undergo diffuse
multiple scattering (see Figure 4). In such cases, a (nearly
constant) additional O,4 absorption is added to the measure-
ments for all viewing directions. During the selected period
of clear days (Figure 5) we found no indication for such a
multiple scattering regime. However, a simultaneous in-
crease of the O4 absorption for different elevation angles
can be often observed for vertically extended clouds, e.g.,
on September 9 (Figure 6) [see also Erle et al., 1995;
Wagner et al., 1998, 2002].

4.4. Influence of Aerosol Absorption

[42] The distribution of the atmospheric light paths which
contribute to the observed light is largely determined by
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Figure 7. (a) For a pure Rayleigh atmosphere a telescope directed toward the Sun and another away
from the Sun receives nearly the same amount of photons. (b) Influence of aerosol scattering for
observations at similar (small) elevation angles but different azimuth angles (0° and 180° with respect to
the Sun). Additional aerosol scattering strongly prefers the forward direction, and the telescope directed
toward the Sun receives more single scattered photons compared to the telescope directed away from the

Sun.

aerosol and molecular scattering. Thus the aerosol induced
deviation of the O,4 absorption from the Rayleigh case is
primarily an indicator of the scattering properties of acrosols
and is, in general, only weakly affected by aerosol absorp-
tion. Additional aerosol absorption, however, decreases the
absolute values of the observed intensity. Since this reduc-
tion affects both the center and the wings of the O,
absorption bands the differential optical depth of the Oy
absorption is only slightly affected (see also section 5).
Information on the absorbing properties of aerosols might
thus be retrieved if both the measured O,4 absorption and the
broadband intensity are taken into account for the interpre-
tation of the MAX-DOAS observation. For a given Oy
absorption, a reduced intensity indicates a stronger aerosol
absorption. This effect is not clearly obvious in our obser-
vations but an indication might be seen on September 16
and 17. While during noon the O, absorption is nearly
similar for the low elevation telescopes (Figure 5), the
observed intensity is significantly lower on September 17
(intensity of the southern telescopes, see Figure 10, center
and bottom) possibly because of elevated aerosol absorption
on that day. However, it should be noted that, so far, the
experimental evidence on the retrieval of the absorbing
properties is neither clear nor comprehensive and has to
be confirmed in future studies.

4.5. Influence of the Scattering Phase Function

[43] The angular dependence of aerosol scattering dif-
fers significantly from that of molecular scattering. In
particular, aerosol scattering strongly prefers the forward
direction. Thus the influence of aerosols on the observed
O, absorption is different for different azimuth angles (at
moderate to large SZA). Assuming, e.g., a solar zenith
angle of 40° and two telescopes at 3° elevation, one
directed toward the Sun and the other away from the Sun
(Figure 7), the probability for Rayleigh scattering is
almost similar for both telescopes and the same Oy
absorptions (and light intensities) should be measured
for an atmosphere without aerosols. In contrast, if aero-

sols are present, forward scattering of the incident sun-
light becomes much more pronounced, and the telescope
directed toward the Sun receives more single scattered
photons than the other telescope. In the considered case
(SZA = 40°), the O, absorptions of single scattered
photons are on average smaller than those of multiple
scattered photons, since the latter have traveled a longer
path through the lower part of the atmosphere. Conse-
quently, the O, absorption of the telescope directed
toward the Sun becomes smaller than that of the other
telescope. The magnitude of this difference depends on
the frequency of aerosol scattering and on the scattering
phase function.

[44] This azimuth effect can be clearly identified in our
MAX-DOAS O, observations, especially for the low ele-
vation angles of the northern and southern telescopes
(Figure 8). The O,4 absorptions of the southern telescopes
are smaller than those of the northern telescopes almost
throughout the selected period, indicating a higher fraction
of single scattered photons. Another interesting finding is
that this difference becomes smaller toward the end of the
period (especially for the lowest elevation angle of 3°). This
is an indication that for an increasing aerosol load the
influence of multiple scattering increases. In consequence,
the relative contribution of the single scattered light
becomes smaller and correspondingly also the differences
of single scattered light for different azimuth angles are
reduced.

[45] It is interesting to consider also the western tele-
scope. Here we find that during the first half of the day
(azimuth ~90°) the observed O, absorption is similar or
even higher than for the northern telescope. This is in
agreement with the expectation that for Rayleigh scattering
the 90° scattering angles are strongly suppressed. During
the afternoon, however, the observed O, absorptions fall
below even those of the southern telescopes, because then
the azimuth angle between the western telescope and the
Sun is close to zero and the probability of acrosol scattering
is high.
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(a) Measured O, DSCDs for the different telescopes (north, south, west) at 90° elevation for

September 14 to 17 (for the AMF-scale see Figure 5). The observations during the morning of September
15 were affected by clouds and should not be taken into account for the detailed interpretation of the time
series. (b) Measured O, DSCDs for 18° telescope elevation and different azimuth angles (north, south,
west). (c) Measured O, DSCDs for 3° telescope elevation and different azimuth angles (north, south,

west).

[46] The above discussed effects of aerosols on MAX-
DOAS O, absorptions are summarized in Figure 9. For
the various MAX-DOAS geometries and solar zenith
angles, aerosol scattering and absorption influence the
O, absorption in a characteristic way. It should be noted
that for reasons of clarity Figure 9 displays only a small
subset of possible MAX-DOAS geometries; in addition,
it is restricted to only one wavelength. At different
wavelengths, the aerosol influence on MAX-DOAS O,
absorptions can become significantly different (see, e.g.,
Figure 16).

4.6. Aerosol Influence on the Intensity of Scattered
Radiation and on the Ring Effect

[47] Our interpretation of the influence of aerosols on
the atmospheric light paths for different azimuth angles
can be confirmed by considering further observed quan-
tities. For that purpose we also investigated the observed
average intensity between 335 and 366 nm (Figure 10)
and the magnitude of the Raman-scattered light, the so-
called Ring effect (Figure 11). From the measurement of
the intensity we can clearly confirm the conclusions
drawn from the O4 absorptions in section 4.5. In
Figure 10, it is obvious that the intensity of the northern
telescope is always smaller than that of the southern

telescope. In addition, the intensity of the western tele-
scope is smallest in the morning and highest in the
afternoon. Both findings are in agreement with the
difference of the O,4 absorptions for the different azimuth
angles.

[48] We can also study the influence of the increasing
aerosol load on the intensity during the four days. The
behavior is different for the zenith and low elevation tele-
scopes. For the zenith direction the intensities for September
15—17 are significantly enhanced compared to September
14 indicating that the telescopes receive additional photons
due to aerosol scattering. For the 18° telescopes, the
intensity first increases (September 15), but later gradually
decreases because of increasing aerosol extinction along the
line of sight. For the 3° telescopes the latter effect dominates
throughout all days and the intensities decrease from Sep-
tember 14—17.

[49] The magnitude of the Ring effect (e.g., expressed as
the strength of the filling-in of a Fraunhofer line [see, e.g.,
Grainger and Ring, 1962]) is a measure for the relative
contribution of light having undergone rotational Raman
scattering to the measured total intensity. Rotational Raman
scattering occurs only for scattering on molecules; the
probability of a photon being Raman scattered is about a
few percent [Bussemer, 1993; Chance and Spurr, 1997].
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Figure 9. Overview on the influence of aerosols on MAX-DOAS O, observations for 360 nm
(expressed as AMF, see section 5). Along the x-axis the possible MAX-DOAS geometries are shown (the
first case is for a SZA of 20° and a telescope elevation of 90°). Even for a pure Rayleigh atmosphere a
large variety of different O4 absorptions is found. If aerosols are added, these O, observations are
modified in a characteristic way depending on the aerosol properties (the aerosol extinction was set to
0.5/km, and the single scattering albedo was either set to 0 or 0.5). In contrast to the absolute intensity the
influence of the aerosol single scattering albedo on the O,4 absorption is relatively weak. It should be
noted that similar schemes for O, absorption bands at other wavelengths show different dependencies
indicating additional information content of multiwavelength MAX-DOAS observations. Also the
observation of the O, absorption for light with different polarization might add valuable further

information.

The magnitude of the Ring effect thus depends on the
specific conditions of a given measurement. Two different
cases have to be considered:

[s0] 1. The first case is measurements in which mainly
single scattered photons are received by the telescope (e.g.,
zenith sky observations under clear sky at large wave-
lengths, see Table 3). In this case the relative contribution
of Raman scattered photons decreases if additional (elastic)
scattering on aerosols takes place. Consequently, the
magnitude of the Ring effect decreases with increasing
frequency of aerosol scattering.

[s1] 2. The second case is measurements in which mainly
multiple scattered photons are received by the telescope
(especially observations under cloudy sky). In this case
additional aerosol scattering increases also the probability
of a photon to be scattered again by a molecule and thus to
undergo additional Raman scattering. Consequently, now
the magnitude of the Ring effect increases with increasing
frequency of aerosol scattering. This effect can be clearly
seen for measurements under extended clouds (Figure 6),
when multiple Mie scattering takes place.

[52] As can be seen in Figure 11, the amount of the Ring
effect is indeed a very sensitive indicator of the specific
contributions of molecular and aerosol scattering. The Ring
effect of the southern telescopes, e.g., is always systemat-
ically lower compared to that of the northern telescopes
indicating that for the southern telescopes the fraction of

photons being single scattered at aerosols is higher because
of the pronounced forward scattering of aerosols. Similar
findings can be found for the western telescope where the
Ring effect is strongest in the morning and smallest in the
afternoon indicating that the fraction of photons being
single scattered at aerosols is smallest during morning and
highest during afternoon when the telescope is pointing
almost to the Sun.

[53] During the whole four days the magnitude of the
Ring effect decreases for all viewing directions (except for
the 3° elevations on September 16 and 17). This reflects the
fact that aerosol scattering increases the relative fraction of
photons which have been scattered only elastically. It also
indicates that despite the high concentration of aerosols
most of the received photons are still only single scattered.

[54] From these findings we conclude that not only the O,
absorption but also the measured broadband intensity and
the Ring effect are influenced by aerosol scattering in a
significant and characteristic way, and thus contain useful
information on atmospheric aerosols properties.

5. Radiative Transport Modeling

[s5] In this section we present results of radiative transfer
modeling for MAX-DOAS O, observations at different
atmospheric aerosol conditions. The simulations are carried
out with the Monte Carlo model ‘TRACY,” which takes
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Figure 10. (a) Measured broadband intensity (average for 335—464 nm) for the different telescopes
(north, south, west) at 90° elevation for September 14 to 17 in relative units. The observations during the
morning of September 15 were affected by clouds and should not taken into account for the detailed
interpretation of the time series. (b) Measured broadband intensity for 18° telescope elevation and
different azimuth angles (north, south, west). The intensities of the telescopes at different azimuth angles
are not directly comparable, because of different transmissions of the respective entrance optics. In order
to allow a useful comparison, the intensities of the different telescopes were normalized according to the
respective measurements in zenith direction. (c) Measured broadband intensity for 3° telescope elevation

and different azimuth angles (north, south, west).

into account multiple scattering, and full sphericity [von
Friedeburg, 2003; Honninger et al., 2004]. The aim of these
numerical simulations was not to exactly match the values
of our MAX-DOAS observations. This will be the subject
of a further detailed study. Our intention here was to test
each of the findings described in section 4 in principle.
Our simulations are thus restricted to a small set of four
aerosol profiles, which differ in vertical extent and optical
depth (see Table 4). In addition, also simulations for a
hypothetical pure Rayleigh atmosphere were performed.

[s6] Tt should be also noted that the current version of our
radiative transfer model does not include a full representa-
tion of polarization. This might introduce small errors,
especially for situations in which the viewing geometry will
prefer scattering of one polarization direction (like, e.g.,
during sunrise or sunset). However, to our knowledge this
influence is insignificant with respect to the basic conclu-
sions of our study.

[57] The results of our simulations are the O4 absorption
(expressed as AMF), the intensity, and the Ring effect.

Usually the modeled atmospheric trace gas absorptions
are expressed as air mass factors (AMF), which represent
the ratio between the slant column density (SCD) and
the vertical column density (VCD) [Noxon et al., 1979;
Solomon et al., 1987; Marquard et al., 2000]. With the
knowledge of the O, VCD at the measuring site, these
AMFs can also be converted into the O4 SCDs (and vice
versa), which is one convenient way to compare measure-
ments and model results also in an absolute way. Assuming
a ground pressure and temperature of 1000 hPa and
293 K, respectively, we calculated an O, VCD of 1.19 -
10** molec?/cm>. This value takes into account the surface
elevation of the measuring site of about 140 m. We used
this O, VCD of 1.19 - 10** molec?/cm” for the comparison of
the measured O4 SCD with the modeled O4 AMF. For that
purpose a second y-axis is added at the left-hand side
of Figures 5, 6, and 8. Please note that the AMF axes are
shifted according to the O, absorption of the Fraunhofer
reference spectrum which is about 1.8 (expressed as AMF
for a zenith viewing telescope at SZA of 40°, see Figure 12).

12 of 19



D22205

Y

increasing aerosol load

| a) Ring effect, 90° elevation —~South

—West
— Morth
Z ool L, f L kY
SAVARVERV
£ of W i g '
2
&
101 4
Ih{tsep 15.5ep 16.5ep 17.58p 18.5ep
Date
A . = South
c) Ring effect, 3° elevation - \Nait
" —North
T 1
SO T R T c
E [ ] ﬁ.
%‘- o1 'Il i‘:‘ b }1r k1 {IF
E B - . b
g \ 4 Il i
] 7 | W /| A 4l
E oY Wi
i AN L. ¥

14.5ep 15.5ep 16.58p

Date

17.5ep 18.58p

Figure 11.

WAGNER ET AL.: MAX-DOAS O4 MEASUREMENTS OF AEROSOLS

Ring effect [arbitrary units]

D22205

— South
— West
- North

b) Ring effect, 18" elevation

o
o
"

o
o

o

17.5ep 18.Sep

(a) Ring effect for observations of the different telescopes at 90° elevation for September 14

to 17 in relative units. The displayed values represent the difference of the Ring effect between the actual
measurement and the reference spectrum. The observations during the morning of September 15 were
affected by clouds and should not be taken into account for the detailed interpretation of the time series.
(b) Ring effect for 18° elevation and different azimuth angles (north, south, west). (c) Ring effect for 3°
elevation and different azimuth angles (north, south, west).

The respective O, SCD is about 2.2 - 10** molec’/cm®. The
shift of the AMF axis allows the direct comparison between
the measured DSCDs and the modeled (absolute) AMFs.

5.1. Reduction of the Direct Light Path Along the Line
of Sight

[s8] In Figure 12 the modeled O, AMFs for different
elevation angles and different aerosol profiles are shown as
a function of SZA. The azimuth angle was set to 0. While
additional aerosol scattering has only a small influence on
the AMFs for zenith direction, the AMFs for the low
elevation angles are strongly affected by the different
aerosol loads. In general, the finding that the AMFs become
smaller for increasing aerosol extinction is clearly con-
firmed. In particular it is shown that especially the tele-
scopes at low elevation are very sensitive to aerosol
scattering near the surface. One additional interesting find-
ing is that the telescopes at low elevation angles are also
very sensitive to the aerosol height profile. In particular for
the two aerosol profiles with the same total optical depth
(0.05) from either 0 to 2 km or 0 to 1 km the respective Oy
AMFs are significantly different. We conclude that the
general dependencies of our model results are in excellent

agreement with the MAX-DOAS O, measurements and the
discussion given in sections 3 and 4.

[s9] For the absolute values we also find a good agree-
ment for most cases. For example, the high O4 SCDs for the
3° telescope on the morning of September 14 are well
described by the respective AMFs for a pure Rayleigh
atmosphere (modeled AMF: 7.3 compared to the measure-
ment of 7.4) indicating that the atmosphere was indeed very
clean after the rainy days. In the course of this day the
observed O4 SCDs decrease, indicating that significant
amounts of aerosols are again present. On the morning of
the last day the O4 SCD expressed as AMFs for all low
elevation telescopes are only 4.6 which is slightly above the
modeled values (AMF = 4.5) for the aerosol profile with an
optical depth of 0.5. The noon values of this day of 2.2 are
also in good agreement with the AMFs of 2.6 for this
profile.

[60] We also found some observations which cannot be
well described by the limited set of AMFs calculated within
this study (e.g., the observed O4 SCDs for the 18° telescope
on September 14 seem to be higher than all modeled
AMEFs). This is probably caused by the relative azimuth
angles of the measurement with respect to the Sun, which
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Figure 12. (a) O4 AMF calculated with the Monte Carlo model ‘TRACY” [von Friedeburg, 2003] for 90°

telescope elevation and different aerosol scenarios. The first number in the legend indicates the aerosol
extinction per km; the second number indicates the upper boundary of the aerosol layer (see Table 4). (b) O4
AMF for 18° telescope elevation. (¢) O, AMF for 10° telescope elevation. (d) O, AMF for 6° telescope
elevation. (¢) O, AMF for 3° telescope elevation. See color version of this figure at back of this issue.

are around 90° compared to 0° for the modeling results.
However, as stated before, in this study our main aim is to
illustrate the general dependencies of the MAX-DOAS Oy
observations and not to exactly match our MAX-DOAS
observations.

5.2. Influence on the Penetration Depth of the Incident
Sunlight

[61] In Figure 12 it can also be seen that the amplitude of
the AMF variation during the day is influenced by the
aerosol profile. For the zenith viewing telescopes it is
slightly increased if the aerosol scattering is enhanced: from
about 0.8 for a pure Rayleigh atmosphere to about 1.1 for
the aerosol layer with an optical depth of 0.5 (see Table 4),
in excellent agreement with the MAX-DOAS observations.
For the low elevation telescopes, the modeled values seem
to underestimate the observed values. This might, however,
partly be because the radiative transport modeling was
performed for an azimuth angle of 0 (see also section 5.5).

5.3. Effects of Multiple Scattering

[62] We investigated the effects of multiple scattering
inside vertically extended clouds. O4 AMFs for MAX-
DOAS observations were calculated for three different
cases: (1) a cloud with a total optical depth of 5 and a
vertical extension from 0.1 to 5 km, (2) a cloud with a total

optical depth of 20 and a vertical extension from 0.1 to 2 km,
and (3) a cloud with a total optical depth of 50 and a vertical
extension from 0.1 to 5 km. The results are summarized in
Figure 13. We find that the O, AMF is strongly enhanced
for optically thick clouds and depends only slightly on
elevation angle. The number of scattering events can
become very large: for the cloud with an optical depth of
50, it is almost 1000. The enhanced O, absorptions of
September 9 (see section 4.3) are in reasonable agreement
with the O4 AMFs for the cloud with an optical depth of 20.

5.4. Influence of Aerosol Absorption

[63] We investigated how strongly the absorbing proper-
ties of aerosols affect the MAX-DOAS O, observations. It
turned out that in contrast to the total intensity of the
observed light, the O,4 absorption is only weakly affected
(Figure 14). This finding can be explained by the fact that
even for strong absorbing aerosols, the average photon path
lengths are still high; it indicates one potential specific
advantage of O4 MAX-DOAS observations for the deter-
mination of aerosol properties.

5.5. Influence of the Scattering Phase Function

[64] We modeled MAX-DOAS O4 AMFs, the intensity,
and the Ring effect (Figure 15) as a function of the azimuth
angle (between the telescopes and the Sun). As expected,
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Figure 13. (a) O4 AMFs for clouds with different optical depths and different vertical extensions. The
assumed clouds are located close to the ground (cloud base height 100 m) and the O4 AMF only slightly
depends on the elevation angle. (b) Number of scattering events for clouds with different optical depths

and different vertical extensions.

the O, AMFs are smallest for an azimuth angle of 0 (see
section 4.5). For this angle, single scattering on aerosols has
a larger relative contribution to the total intensity compared
to other azimuth angles. Accordingly, for an azimuth angle
of 0° the intensity is highest and the Ring effect is smallest
because of the preferred forward scattering of aerosols.
These findings are in excellent agreement with our obser-
vations (section 4.5).

[65] It should be noted here that our radiative transfer
model so far does not include a realistic module for the
detailed simulation of the Ring effect. In this study, we
approximated the relative strength of the Ring effect from
the relative contribution of photons having undergone
molecular scattering to the total number of scattering
events.

5.6. Sensitivity of the Method

[66] MAX-DOAS observations are based on differential
absorption spectroscopy and thus do not require an absolute

of single ring albedo (SZA: 40°, elevation: 3%)

N a) 04

-==SCA 0.5
= SCA QD

—

of 0.01 m* [

for d:

0.1 0.2 03 05

Extinction [1/km]

04 08

Figure 14.

radiometric calibration. Therefore the method is sensitive
even to very weak aerosol optical depths. In order to assess
the detection limit of MAX-DOAS O, aerosol observations,
we simulated O,4 absorptions for different viewing geome-
tries and wavelengths; Figure 16 shows results for 360 and
630 nm.

[671 Even for very small aerosol optical depths, the Oy
absorptions are significantly reduced. For example, an
aerosol extinction of 0.5% reduces the O, absorption at
630 nm for 3° elevation by about 12%. As to be expected,
the reduction is stronger at longer wavelengths because
there Rayleigh scattering is less important. In the red
spectral range, MAX-DOAS O, observations are also more
sensitive because the O4 absorption cross section is much
larger than in the UV spectral range. Assuming typical
measurement errors for the O, absorption band at 630 nm,
we conclude that aerosol optical depths >0.001 should be
clearly detectable by MAX-DOAS O, observations. This
estimate is based on the assumption that information on

Influence of single scattering albedo (SZA: 40°, elevation: 3°)

250E-13
b) Intensity
2.00E-13 i—-:\-\_.______-———-—
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(a) Dependence of the MAX-DOAS O, AMF (for 3° elevation) for different aerosol optical

depths and different values of the single scattering albedo. The MAX-DOAS O, absorption depends
only weakly on the absorbing properties of aerosols. (b) Dependence of the observed intensity (for
3° elevation) for different aerosol optical depths and different values of the single scattering albedo. It
strongly depends on the absorbing properties of aerosols.
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Figure 15. (a) O4 AMF calculated for different MAX-DOAS elevation and azimuth angles. In
agreement with MAX-DOAS observations the smallest O4 absorptions are found for an azimuth angle of
zero. This indicates the strong forward preference of aerosol scattering. (b) Intensity calculated for
different MAX-DOAS elevation and azimuth angles. In agreement with MAX-DOAS observations the
highest intensity is found for an azimuth angle of zero. This also indicates the strong forward preference
of aerosol scattering. (c) Ring effect calculated for different MAX-DOAS elevation and azimuth angles.
In agreement with MAX-DOAS obervations the strongest Ring effect is found for an azimuth angle of
zero. This also indicates the strong forward preference of aerosol scattering.

surface pressure is available for an accurate determination
of the atmospheric O, VCD for the respective observations.

6. Conclusions
[68] We have shown that MAX-DOAS O, observations

are well suited as a potential new method for the determi-
nation of atmospheric aerosol properties (not dried). Com-
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85%

80%

04 absorption
relative to pure Rayleigh atmosphere
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5%

o 0.002 0.004 0.006 001

Aerosol extinction
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pared to established methods like Sun radiometers and
LIDAR measurements, the proposed method has two major
advantages: Since they analyze the differential O, absorp-
tion structures, they do not require an absolute radiometric
calibration or application of Langley-plot techniques. Thus
they are, in particular, insensitive to instrument degradation.
In addition, since the atmospheric O4 profile depends
strongly on altitude, MAX-DOAS O, observations are
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Figure 16. (a) O, absorptions modeled for different an elevation angle of 90° and different
wavelengths. The O, absorptions are normalized with respect to those for a pure Rayleigh atmosphere.
Especially at longer wavelengths aerosol optical depths below 0.001 could be detected by MAX-DOAS
O, observations. (b) O4 absorptions modeled for different an elevation angle of 3° and different
wavelengths. The O,4 absorptions are normalized with respect to those for a pure Rayleigh atmosphere.
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Table 5. Wavelengths and Transition Assignments of the Oy
Absorption Bands®

Wavelength, Upper State of Transition
nm (From *>"; +*>", Ground State)

3434 e+ w=2)
360.5 e+ S w=1
380.2 Dt v=0)
446.7 N+ A w=1)
4773 v+ A, (v=0)
5322 A+ A, (v=2)
5772 A+ A (w=1)
630.0 'A,+ A, (v=10)

“For atmospheric observations, O, absorption bands throughout the UV-
vis spectral range can be investigated [see, e.g., Greenblatt et al., 1990;
Wagner et al., 2002].

sensitive to the atmospheric light path distribution. There-
fore they can especially yield information on the atmo-
spheric aerosol profile. The set of the elevation angles
(and also azimuth angles and selected absorption bands)
can be optimized with respect to the specific atmospheric
conditions and measurement objectives. Current versions
of MAX-DOAS instruments are lightweight and can be
operated automatically. Thus they are especially well
suited for remote observations.

[69] Using MAX-DOAS observations during clear days,
we investigated several aspects of the aerosol influence in
detail. These findings were also confirmed by atmospheric
radiative transfer modeling and can be summarized as
follows:

[70] 1. MAX-DOAS O, observations are very sensitive to
the aerosol extinction close to the ground.

[71] 2. They are sensitive to the penetration depth of the
incident solar radiation. Thus they can yield information on
the altitude of the aerosol layer.

[72] 3. From the comparison of the observed O, absorp-
tion and the measured intensity, information on the absorb-
ing properties of the aerosols might be derived.

[73] 4. Measurements at different wavelengths can char-
acterize the wavelength dependence of the aerosol scatter-
ing, and thus yield information on the size distribution.

[74] 5. Not only the O4 absorption can be analyzed
but also the magnitude of the Ring effect and the (relative)
intensity can be investigated. These quantities can also
be used for the determination of aerosol properties. In
addition, also the absorption of the O, molecule should be
investigated.

[75] 6. Owing to the differences in the polarizing proper-
ties of aerosols and Rayleigh scattering, additional infor-
mation on aerosol properties might be derived from
observations of light with different polarization orientation.

[76] 7. From MAX-DOAS O, observations at different
azimuth angles, information on the scattering phase function
can be derived.

[77] 8. MAX-DOAS O, absorptions are very sensitive:
aerosol optical depths below 0.001 can probably be
detected.

[78] It should be noted that like observations by Sun
photometers and LIDAR instruments, also MAX-DOAS
observations are affected by clouds. Nevertheless, especially
compared to Sun photometers, these restrictions can be
expected to be much less important for two reasons. First,
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even for observations under a cloud cover, information on
surface near aerosol layers can still be derived from the low
elevation telescopes. This is because, for these telescopes,
the light path through the surface near high O,4 concentra-
tions is still almost exclusively determined by the surface
near aerosols. Second, since no Langley plot techniques are
needed, already very short clear periods between clouds are
sufficient for the application of our new method.

[79] In this study, our main aim was to present a new
method and outline its potentials. It is clear that the full
potential of the method must be investigated in additional
detailed future studies. In particular the wavelength and
polarization dependence of the atmospheric O4 absorption
should be explored in more detail. Throughout the UV-vis
spectral range several O4 absorption bands can be observed
by MAX-DOAS instruments (see Table 5). Since the prob-
ability of Rayleigh scattering depends strongly on wave-
length, the effect of additional aerosol scattering differs
significantly for these absorption bands [see also Wagner
et al., 2002].

[so)] We hope that the suitability of MAX-DOAS O,
observations can be tested in combined field campaigns
with simultaneous aerosol observations by other methods,
in particular Sun photometers and LIDAR observations. We
are confident that from a combination of the results with
these methods, synergistic use can be made for the deter-
mination of atmospheric aerosol properties. In particular,
total aerosol optical depth measurements by Sun photo-
meters as well as aerosol profiles by LIDAR instruments
can provide very valuable information for the interpretation
and validation of MAX-DOAS O, measurements.

[s1] Future work will, in particular, include more exten-
sive radiative transport modeling to describe in more detail
the response of the observations to a comprehensive set of
aerosol scenarios. As a next step, inversion schemes will be
developed for the systematic exploitation of the information
content of MAX-DOAS O, observations on atmospheric
aerosols.
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Figure 5. O4 DSCDs measured for different elevation angles of the southern telescope during four
mostly clear days (September 14—17, 2003) at Milan, Italy. Because of the changing Sun position during
the day the relative azimuth angles of the telescopes with respect to the Sun are ~90° during sunrise, ~0°
during noon, and ~—90° during sunset. The main effects are the general reduction of the observed O,
absorption and the decreasing difference between the low elevation telescopes (3°, 6°, 10°, 18°). These
effects can be related to the increased aerosol load during the selected period (see text). The zenith
observations during the morning of September 15 were affected by sporadic clouds and should not be
taken into account for the detailed interpretation of the time series. With the knowledge of the O4 VCD
and the O, absorption of the Fraunhofer reference spectrum, the measured O, DSCD can also be
expressed as (absolute) air mass factor (AMF, see section 5). For the comparison of the measurements to
radiative transfer models the respective AMF is also shown (right axis).
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Figure 12. (a) O4 AMF calculated with the Monte Carlo model ‘TRACY’ [von Friedeburg, 2003] for
90° telescope elevation and different aerosol scenarios. The first number in the legend indicates the
aerosol extinction per km; the second number indicates the upper boundary of the aerosol layer (see
Table 4). (b) O4 AMF for 18° telescope elevation. (¢) O4 AMF for 10° telescope elevation. (d) O4 AMF
for 6° telescope elevation. (¢) O4 AMF for 3° telescope elevation.
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