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Abstract. Multi-axis differential optical absorption spec-
troscopy (MAX-DOAS) observations of aerosols and trace
gases can be strongly influenced by clouds. Thus, it is im-
portant to identify clouds and characterise their properties.
In this study we investigate the effects of clouds on several
quantities which can be derived from MAX-DOAS observa-
tions, like radiance, the colour index (radiance ratio at two
selected wavelengths), the absorption of the oxygen dimer
O4 and the fraction of inelastically scattered light (Ring ef-
fect). To identify clouds, these quantities can be either com-
pared to their corresponding clear-sky reference values, or
their dependencies on time or viewing direction can be anal-
ysed. From the investigation of the temporal variability the
influence of clouds can be identified even for individual mea-
surements. Based on our investigations we developed a cloud
classification scheme, which can be applied in a flexible way
to MAX-DOAS or zenith DOAS observations: in its sim-
plest version, zenith observations of the colour index are used
to identify the presence of clouds (or high aerosol load). In
more sophisticated versions, other quantities and viewing di-
rections are also considered, which allows subclassifications
like, e.g., thin or thick clouds, or fog. We applied our cloud
classification scheme to MAX-DOAS observations during
the Cabauw intercomparison campaign of Nitrogen Dioxide
measuring instruments (CINDI) campaign in the Netherlands
in summer 2009 and found very good agreement with sky im-
ages taken from the ground and backscatter profiles from a
lidar.

1 Introduction

Clouds have a strong influence on the atmospheric radia-
tive transfer and thus affect the interpretation and analy-
sis of Multi-axis differential optical absorption spectroscopy
(MAX-DOAS) observations (e.g. Erle et al., 1995; Wagner
et al., 1998, 2004, 2011; Winterrath et al., 1999). In the for-
ward model used for the inversion of aerosol and trace gas
profiles (e.g. Wittrock et al., 2004; Heckel et al., 2005; Frief3
et al., 2006; Irie et al., 2008; Clémer et al., 2010; Li et al.,
2010; Wagner et al., 2011), a cloud-free atmosphere is usu-
ally assumed. Thus, if clouds are present during the mea-
surements, this assumption in the forward model is not ful-
filled, which can cause large errors of the retrieved profiles.
For such measurements the cloud influence usually consti-
tutes the largest error. Cloud effects are of particular im-
portance if broken clouds are present. Then, measurements
at some elevation angles might “see” clouds, while others
do not. For these reasons it is of high importance to iden-
tify cloud-contaminated measurements. Such measurements
could then, e.g., be skipped from further processing, or mod-
ified inversion approaches could be applied. At least cloud
contaminated measurements could be assigned with a warn-
ing (cloud flag). Here it is interesting to note that, in princi-
ple, clouds could be included in the forward models, but there
is usually not sufficient information on the cloud properties
available to properly account for the cloud effects.

In this study we investigate how clouds affect several
quantities which can be derived from MAX-DOAS obser-
vations, e.g. the measured radiance, a so-called colour in-
dex, the absorption of the oxygen dimer Oy4, and the Ring
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effect (the so-called “filling-in” of solar Fraunhofer lines; see
Grainger and Ring, 1961). Based on these investigations we
propose a cloud detection and classification algorithm, which
allows automatic identification and classification of clouds.
Cloud information derived from the MAX-DOAS observa-
tion (in contrast to the use of other sources like, e.g., vi-
sual inspection or camera images) is very important, because
the cloud information can be directly assigned to individual
MAX-DOAS observations without any spatio-temporal in-
terpolation.

There are several ways to identify the presence of clouds:
cloud effects can be identified by comparing the derived
quantities for a given observation with their clear-sky refer-
ence values, which can be determined either from measure-
ments in clear-sky conditions (for exactly the same viewing
geometry) or from radiative transfer simulations (Sects. 3.1—
3.4). The presence of clouds can also be deduced from the
temporal variation of the derived quantities, because usu-
ally cloud properties and thus their effects on the MAX-
DOAS measurements change rapidly (on the order of min-
utes). From the observed dependence on the elevation angle
the presence of clouds, in particular broken clouds, can also
be identified.

Zenith observations (elevation angle of 90°) are especially
useful for cloud detection: first, they only depend on the so-
lar zenith angle (SZA), and not on the azimuth angle between
the viewing direction and the sun. Thus, a direct comparison
of zenith observations with the respective clear-sky reference
values is simple and straightforward. Second, because the
horizontal extension of clouds is usually much larger than
their vertical extension, the temporal variability of the re-
trieved quantities caused by clouds is highest for zenith ob-
servations. For these reasons zenith observations constitute
the most important part of our cloud classification scheme
(see also Gielen et al., 2013).

In this study we investigate the influence of clouds on
MAX-DOAS measurements based on radiative transfer sim-
ulations and real measurements. The MAX-DOAS measure-
ments were performed during the Cabauw Intercompari-
son campaign of Nitrogen Dioxide measuring Instruments
(CINDI) in summer 2009 (Piters et al., 2012). During CINDI
AErosol RObotoc NETwork (AERONET) measurements of
the aerosol optical depth (for a clear sky) were also available.
Independent cloud information is derived from three main
sources: (a) images taken from the moderate resolution imag-
ing spectroradiometer (MODIS) satellite instrument, (b) im-
ages taken from a ground-based web camera in the direction
of the MAX-DOAS observation (time resolution of about
10 min), and (c) backscatter profiles from a zenith sky lidar.

The paper is organised as follows: in Sect. 2 the data
sets (measurements during CINDI and atmospheric radia-
tive transfer simulations) are introduced. In Sect. 3 the in-
fluence of clouds on the quantities derived from MAX-
DOAS observations is discussed in detail. Section 4 presents
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recommendations for an automatic cloud classification algo-
rithm. The conclusions are given in Sect. 5.

2 Data sets and methods

2.1 MAX-DOAS observations during the Cabauw
Intercomparison campaign of Nitrogen Dioxide
measuring Instruments (CINDI), summer 2009

We investigate the effect of clouds on MAX-DOAS measure-
ments from measurements of a so-called Mini-MAX-DOAS
instrument operated during CINDI (Piters et al., 2012; see
also http://www.knmi.nl/samenw/cindi/); measurements are
analysed for the period 12 June to 15 July 2009. The Mini-
MAX-DOAS instrument is described in detail in Honninger
et al. (2004) and Roscoe et al. (2011); the most important
properties of our instrument are summarised below. The in-
strument covers a spectral range from 320 to 460 nm with a
spectral resolution of 0.7 nm. The instrument is temperature
stabilised; the field of view is ~ 1.2°.

During CINDI, the Mini-MAX-DOAS instru-
ment was mounted at the Cabauw tower (http:
/Iwww.cesar-observatory.nl/) at an altitude of about 20 m. It
was directed in a west-north-westerly direction (287°with
respect to north). The instrument performed measurements
at sequences of 12 elevation angles (—20°, —5°, —0.5°, 0°,
2°,4°,6°, 8°, 10°, 15°, 30°, 85°); a full elevation sequence
usually took about 12 min. The zero and negative elevation
angles were chosen to analyse light reflected at the surface;
they are not used in this study. Since our instrument was
mounted directly at the tower, we used slightly off-zenith
observations (elevation angle of 85°) instead of exactly 90°
to avoid shielding and reflections from the tower. In spite of
the rather small deviation from the exact zenith direction,
especially the measured radiance, a so-called colour index
(CD) and the Ring effect are significantly different from
those obtained for exactly zenith direction (see Sect. 3). In
addition, it should be noted that before 22 June 2009 our
instrument was slightly misaligned (the elevation angles
were about one degree too low). After 22 June 2009 this
misalignment was corrected. Fortunately, this “jump” of
the elevation adjustment can be neglected in this study for
two reasons: (a) absolute comparisons are only made for
measurements at (near-) zenith view, for which a deviation
of 1° causes only a negligible relative change (< 1 %) of the
derived quantities. (b) measurements at off-zenith viewing
directions are only analysed in a semiquantitative way (for
details see below), for which a deviation of 1° can also be
neglected. Measurements were performed for SZA <95°,
but in this study only measurements for SZA <75° are
considered in our cloud classification scheme (see below).

The following quantities are investigated in this study:

— the measured radiance at 360 nm in units of counts s~
(Sect. 3.1);
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— the colour index (ratio of intensities at 320 nm and
440 nm, Sect. 3.2);

— the absorption of the oxygen dimer O4 at 360 nm
(Sect. 3.3);

— the strength of the Ring effect (Sect. 3.4).

The O4 absorption and the Ring effect are analysed in the
wavelength range 353 to 390 nm. Besides the Ring spectrum
(Wagner et al., 2009) and the O4 cross section (Greenblatt
et al., 1990), cross sections of NO, at 298K (Vandacle et
al., 1996) and O3 at 223 K (Bogumil et al., 2003) as well
as a polynomial of degree 5 and a constant intensity offset
are included in the spectral analysis (Platt and Stutz, 2008).
A fixed Fraunhofer reference spectrum (from 24 June 2009,
11:36 UTC) measured in zenith direction is used for the anal-
ysis of all measurements.

2.2 Radiative transfer simulations

The fully spherical Monte Carlo radiative transfer model
MCcARTIM (Monte Carlo atmospheric radiative transfer in-
version model) (Deutschmann et al., 2011) was used to sim-
ulate the effects of clouds and aerosols on the quantities re-
trieved from the MAX-DOAS observations. For these sim-
ulations a surface albedo of 5 % was assumed. The scatter-
ing on aerosol and cloud particles was approximated by a
Henyey—Greenstein phase function with asymmetry param-
eters of 0.68 and 0.85, respectively. These are typical values
for clouds and pollution aerosols (see, e.g., Nakajima and
King, 1990, and Dubovik et al., 2002); the actual choice is
not critical for our study. Besides the simulated (normalised)
radiances we also calculated the color index (CI) (ratio of in-
tensities at 320 and 440 nm) and the air mass factor for the
oxygen dimer Oy4. The strength of the Ring effect can be de-
scribed by the so-called Raman scattering probability (RSP;
see Wagner et al., 2009), which is directly derived from the
MCcARTIM simulations. Note that for simplicity radiance, O4
air mass factor (AMF) and Ring effect were all simulated for
the same wavelength (360 nm). Since the Ring effect and the
O4 absorption are analysed over a larger wavelength range
(353-390 nm), this might lead to small differences between
the measured and modelled values. But these differences are
not of importance here.

2.3 Satellite images and camera images

We used visual images from satellite and a ground-
based camera to characterise the regional cloud proper-
ties during CINDI. RGB (red green blue) satellite images
from the Moderate Resolution Imaging Spectroradiometer
(MODIS) on the TERRA satellite, taken shortly before lo-
cal noon, are obtained from NASA’s Goddard Space Flight
Center (NASA/GSFC), MODIS Rapid Response, http://
aeronet.gsfc.nasa.gov/cgi-bin/bamgomas_interactive. From

www.atmos-meas-tech.net/7/1289/2014/

these images an overview of the general cloud coverage and
structure over the measurement site is obtained.

In addition, continuous (10 min intervals) images of a
ground-based digital camera operated by the Institute for En-
vironmental Physics at the University of Heidelberg were
used. These images were taken in the same direction of the
MAX-DOAS instrument, but covered only a fraction of the
sky: from the horizon to an elevation angle of about 37° and
over an azimuth angle range between about 262° and 312°
with respect to north.

2.4 Aerosol optical depth from the AERONET
instrument

A sun photometer from the Aerosol Robotic Net-
work (AERONET, http://aeronet.gsfc.nasa.gov/) is operated
at Cabauw (http://aeronet.gsfc.nasa.gov/new_web/photo_db/
Cabauw.html), operated by J. S. Henzing. Information on the
AERONET observational network can be found in Holben et
al. (2001). In this study we use Level 2.0 data of the aerosol
optical depth at 360 nm. Typical integration times are 2 to
15 min. Note that aerosol retrievals are possible for clear, but
also partly cloudy situations as long as direct sunlight can be
observed. Note that the viewing geometry of the AERONET
instrument is different from that of MAX-DOAS instrument.

2.5 Lidar backscatter profiles

Deployed at the Cabauw Experimental Site for Atmospheric
Research (CESAR; see http://www.cesar-observatory.nl/) in
May 2000, a backscatter lidar measures aerosol and cloud
profiles from which the planetary boundary layer heights
(PBL) and cloud cover can be estimated (Apituley, 2000;
Schaap, 2009). The lidar is placed at a distance of about
350 m away from the meteorological tower. The pointing di-
rection is nominally to zenith.

The backscatter lidar is based on a 10 Hz Nd:YAG laser,
emitting at 1064 nm. The backscattered light is collected by
a 30 cm diameter telescope based on a Fresnel lens and de-
tected by an avalanche photo diode. The lidar geometry pro-
vides full overlap between the laser beam and the receiver
field of view upwards of an altitude of about 150 m.

The data collection scheme was designed for following
PBL developments and samples the atmosphere for 25 s ev-
ery Smin. Note that this scheme has a duty cycle of about
8 %. For cloud detection, the 25s average profile is used.
Well-developed cirrus clouds can be detected up to a height
of 15 km — contrails and very thin cirrus will be lost in noise.
All low- and mid-level clouds are always detected.

It should be noted that partial overlap exists at altitudes
below 150 m. In the case of very strong scattering close to
the ground, e.g. in the case of fog or heavy precipitation,
strong signals can be received, even in the region of par-
tial overlap. In particular in the case of fog, these strong sig-
nals will overload the detector, which results in nonphysical
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Fig. 1. Cloud images (a: from satellite, b: from the ground) and diurnal variations of several retrieved quantities from MAX-DOAS observa-
tions for a mostly clear day (24 June 2009): (¢) measured radiance and aerosol optical depth at 360 nm; (d) colour index; (e) O4 absorption;
(f) Ring effect. In the upper parts of (¢)—(f), the results for all elevation angles are shown (for elevation angles, see legend in d). In the bottom
parts the results for zenith view together with the clear-sky reference values (blue lines) are shown. The horizontal bars in blue colours indi-
cate the cloud properties derived from the images of the ground-based camera (time is given as UTC). DAMF: differential air mass factor;

AOQOD: aerosol optical depth; AU: arbitrary units.

responses for atmospheric returns at higher altitudes. Some
additional artifacts can be observed in the lidar signals (see
Fig. 18) at around 2km of altitude that are mainly due to
the old age of the equipment. These artifacts, however, do
not impede in any way the ability of the lidar to detect
clouds, which is the main application of the data in this pa-
per. The diurnal variation of the lidar backscatter profiles
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is used for comparison with the results of the MAX-DOAS
cloud classification scheme. Note that during CINDI, a high-
performance Raman lidar was operated at CESAR (Apituley,
2009). However, this system could not provide data continu-
ously.
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Table 1. Overview on selected days during CINDI.

Day

Specific conditions

24 June 2009 (Fig. 1)
15 June 2009 (Fig. 2)
2 July 2009 (Fig. 3)

28 June 2009 (Fig. 4)
18 June 2009 (Fig. 5)

In the morning almost clear sky and low AOD
Completely overcast, optically thick clouds around noon

Mostly clear sky, but high AOD

Mainly overcast day, fog in the morning

Broken clouds in the morning

AOD: aerosol optical depth.
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Fig. 2. Same as Fig. 1 but for an overcast day (15 June 2009). (Time is given as UTC.)
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Fig. 3. Same as Fig. 1 but for a mainly clear day with high aerosol optical depth (2 July 2009). (Time is given as UTC.)

3 Dependence of selected quantities derived from
MAX-DOAS on cloud properties

In this section the cloud influence on the measured radiance,
the colour index, the O4 absorption and the Ring effect is in-
vestigated in detail. The cloud effects are illustrated by mea-
surements made on five days representing different sky con-
ditions (Figs. 1-5). The first two days represent rather simple
cases with either mainly clear or cloudy skies; the later days
represent more complex situations with, e.g., fog or broken
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clouds. An overview of the specific sky conditions during
these days is given in Table 1. The results of the four investi-
gated quantities for these days are discussed in detail together
with results from radiative transfer simulations in the follow-
ing sections.

3.1 Radiance

For observations at high elevation angles, especially for
zenith viewing direction, the optical depth in the UV and
visible spectral range with respect to atmospheric Rayleigh
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T. Wagner et al.: Cloud detection and classification based on MAX-DOAS observations

a) MODIS RGB image
11:05

AOD 360nm

=)
<
[0
2
S 0.2
©
o
0.1
0E+0 ‘ - ; ‘ 0.0
3:00 7:00 11:00 1500  19:00
Time

e) O4 absorption
6

w

=

<

o

8 4
3
2

T T T T
3:00 7:00 11:00 15:00 19:00
Time

1295

b) Ground-based camera
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Fig. 4. Same as Fig. 1 but for a mainly overcast day with fog in the morning (28 June 2009). Due to the cloud cover, no AERONET AOD

values are available for this day (Time is given as UTC.)

scattering is rather small. Thus, additional scattering on cloud
(or aerosol) particles usually increases the observed radi-
ance (exceptions can occur for thick clouds; see below). In
contrast, for low elevation angles, especially at short wave-
lengths, the Rayleigh scattering optical depth is larger and
thus clouds can either increase or decrease the observed radi-
ance. The details of these dependencies vary with elevation
angle, relative azimuth angle between the viewing direction
and the sun (RAA) and the SZA. In Fig. 6 radiative transfer

www.atmos-meas-tech.net/7/1289/2014/

simulation results of the (normalised) radiance for an SZA of
30° and 60° and an RAA of 90° are shown (similar depen-
dencies are found for other viewing geometries). The output
of McARTIM is given as normalised radiance Rporm, Which
is defined here as
R())
I’
with R()) being the measured radiance and /(A) the solar
irradiance.

Rnorm ()\) = (1)

Atmos. Meas. Tech., 7, 1289-1320, 2014
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Fig. 5. Same as Fig. 1 but for a day with broken clouds during the morning (18 June 2009). (Time is given as UTC.)

One interesting finding from the radiative transfer simu-
lations (Fig. 6) is that although zenith observations are es-
pecially well suited to detect the presence of clouds, cloud
detection from zenith observations is still not unambiguous:
in the case of optically thick clouds (OD > about 50), the ob-
served radiance decreases and can even reach values smaller
than for a clear sky.

The results from the radiative transfer simulations are con-
firmed by the MAX-DOAS measurements during CINDI
(Figs. 1-5); some examples are discussed in detail in the
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following. In Fig. 1c the measured radiance at 360 nm for
24 June 2009 is shown. This day was mostly clear as in-
dicated by the visible images from satellite and from the
ground (Fig. la and b). During the completely cloud-free
parts of that day (morning and part of the afternoon), the
measured radiance shows a smooth temporal variation. The
radiance for the high elevation angles are smaller than those
measured at low elevation angles, because of the smaller at-
mospheric optical depth along the line of sight for high ele-
vation angles (except when clouds are present). In the upper
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SZA 30°

Rnorm

T T T L — T T
0 10 20 30 40 50 0 10 20 30 40 50
Cloud OD Cloud OD
Fig. 6. Normalised radiance at 360 nm as function of the cloud op-
tical depth for various elevation angles (see legend) derived from
radiative transfer simulations. The filled circles show values for a
clear sky. The cloud optical properties are described by the Henyey—
Greenstein approximation with an asymmetry parameter of 0.85
and a single scattering albedo of 1. The cloud layers range from
1 to 2km for cloud OD of 1 to 20, from 1 to 3 km for cloud OD
of 20 and from 1 to 6 km for cloud OD of 50. The relative azimuth
angle is 90°.

part of Fig. 1c the aerosol optical depth (AOD) at 360 nm
measured by the AERONET sun photometer is shown. Dur-
ing the first (clear) half of the day the AOD is rather small
(about 0.2), but it strongly increases in the afternoon. During
noon, no AOD values are measured because of the presence
of clouds. In the lower part of Fig. 1c the radiance for zenith
view with the respective clear-sky reference values (see be-
low) is shown.

In Fig. 7a the measured radiance for the same day, but only
in (near-) zenith direction is shown. In addition to the mea-
sured values (black line), different clear-sky reference values
are shown: the red line is a polynomial fit (as function of the
SZA) to the measured clear-sky radiance during the (clear)
morning (before 10:30 UTC). The blue and magenta lines
are results from radiative transfer simulations for either ex-
actly zenith (elevation angle of 90°) or the near-zenith view
of our instrument (elevation angle of 85°), respectively. Both
curves are slightly different: the afternoon values for 85° are
systematically higher than those for 90°, and vice versa in the
morning. The higher (smaller) values in the afternoon (morn-
ing) are caused by the fact that during that part of the day the
instrument (at an elevation angle of 85°) is directed slightly
towards (away from) the sun.

Note that the radiative transfer simulations were per-
formed assuming an aerosol layer from the surface to 1km
with an AOD of 0.3. This AOD value is slightly larger than
that measured by the AERONET instrument (about 0.2).
The most probable reason for this discrepancy is the ne-
glect of polarisation in our radiative transfer model (see, e.g.,
Mishchenko et al., 1994). But deviations of the used asym-
metry parameter (0.68), single scattering albedo (0.95) and
vertical profile from the true aerosol properties might also
play a role. In spite of this slight inconsistency, the compari-
son shown in Fig. 7 basically indicates that radiative transfer
simulations are in principle well suited to serve as clear-sky
reference values. In the following we use the results of the ra-
diative transfer simulations as clear-sky reference values be-
cause they correctly describe the slight a.m./p.m. asymmetry
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of our (near-) zenith observations. Here it should be noted
that the exact choice of the reference values shown in Fig. 7
is not critical.

Like typical DOAS instruments, our MAX-DOAS instru-
ment is not radiometrically calibrated (note the different
scales in Fig. 7). However, from the comparison of the mea-
sured and simulated radiance values during the (clear) morn-
ing, a proportionality constant can be derived which can be
used for a rough conversion of the measurements (digital
counts per second) into the normalised radiance (Eq. 1). For
our measurements we derive a proportionality constant of
4.3 x 1072 with an estimated uncertainty of about +15 %.

Around noon on 24 June 2009, when clouds were present,
the observed radiance is typically enhanced compared to the
clear-sky values. For one observation, however, the radiance
is even smaller than the clear-sky reference value indicating
the presence of an optically thick cloud. In the late afternoon,
when the sky was clear again, the radiance is systematically
higher than the clear-sky reference values. This enhancement
is mainly caused by the increase of the aerosol optical depth
during the second half of the day.

In Fig. 2 results for an almost overcast day (15 June 2009)
are shown; only in the late afternoon were there some holes
in the cloud cover. For zenith direction (Fig. 2c), the radi-
ance is mostly increased compared to the clear-sky reference
values. But again, around noon the measured radiance be-
comes smaller than for clear-sky conditions indicating op-
tically thick clouds. Similar cloud effects on the measured
radiance are also found for the other selected days (Figs. 3—
5).

3.2 Colour index (CI)

A colour index (or colour ratio) is usually defined as the
ratio of two radiance values at different wavelengths (e.g.
Sarkissian et al., 1991, 1994; Enell et al., 1999). In this study
we calculate CI from measured detector signals at 320 nm
and 440 nm:

$(320 nm)

Clieas = —————~.
Meas ™ §(440 nm)

2)

Here, S(A) indicates the measured detector signal at wave-
length A. Since the efficiencies of the grating and the detector
usually depend on wavelength, Clyeas derived from the mea-
surements do not equal the CI calculated from calibrated at-
mospheric radiance measurements or from radiative transfer
simulations:

_ R(320 nm)

Cl=——F—.
R (440 nm)

3
Thus, no direct comparison of measured Clyeas and the CI

derived from radiative transport simulations is possible, but
both CIs are proportional:

Cl= CImeas . ,3’ (4)
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Fig. 7. Comparison of zenith measurements (black lines) with their respective clear-sky reference values (red lines) on 24 June 2009 (see
also Fig. 1). Note that, instead of 90°, an elevation of 85°was used, because the MAX-DOAS instrument was installed close to the Cabauw
tower. Magenta lines (90° elevation angle) and blue lines (85° elevation angle) show results from radiative transfer simulations (y axes at
the right side) for an aerosol optical depth of 0.3 at 360 nm (see text). The red lines are polynomial fits to the clear-sky measurements before

10:30 (time is given as UTC).
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Fig. 8. Colour index (intensity ratio 320 nm/440 nm) as function of
the cloud optical depth for various elevation angles (see legend)
derived from radiative transfer simulations. The filled circles show
values for a clear sky. Note that the simulations include ozone ab-
sorption for an O3 vertical column density (VCD) of 380 DU. The
relative azimuth angle is 90°. Cloud properties are the same as for
the results shown in Fig. 6.

with 8 = E(440 nm) / E (320 nm) being the proportionality
constant and E ()) the combined efficiency of the grating, the
detector and all other optical components of the instrument
at wavelength A (while the efficiency of the grating and the
detector might be available from the specifications provided
by the manufacturer, the efficiency of the whole instrument
is usually not well known).

Because of the strong wavelength dependence of Rayleigh
scattering, the CI defined in Eqs. (2) and (3) typically shows
high values for cloud-free situations, especially for measure-
ments at high elevation angles (Fig. 8). Because of the much
weaker wavelength dependence of scattering on cloud parti-
cles, the CI decreases in the presence of clouds. Thus, from
deviations of the CI from the clear-sky values, the presence
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of clouds (with optical depths larger than about 3 to 5; see
Fig. 8) can be easily deduced. Interestingly, for cloud optical
depths larger than about 3 to 5 (the exact thresholds depend
on SZA and relative azimuth angle) the CI for measurements
at all elevation angles become very similar. With further in-
creasing cloud optical depths, the CIs stays almost constant
(usually a slight increase is found).

These general dependencies of the CI are also found in
the measurements: with a clear sky (e.g. during the morning
of 24 June 2009; see Fig. 1), high values of the CI are ob-
served, especially for high elevation angles. In the presence
of clouds (during noon on 24 June 2009, see Fig. 1, and on
15 June 20009, see Fig. 2) the CI shows smaller values, espe-
cially for the high elevation angles. The CI for all elevation
angles become very similar if clouds are present.

In Fig. 7b the CI on 24 June 2009 for zenith view are
shown (black line), together with the clear-sky reference val-
ues. Like for the radiance, a polynomial fit to the morning
measurements of 24 June 2009 and results from radiative
transfer simulations are presented as coloured lines. Again,
the CIs for elevation angles of 85° and 90° differ slightly,
with smaller CI values for 85° in the afternoon. Like for ra-
diance, a proportionality constant (see Eq. 4) can be deter-
mined by comparing the radiative transfer results to the clear-
sky measurements during the morning of 24 June 2009: we
derive a value of about 1.75.

The strong dependence of the CI on scattering (Fig. 8) by
cloud particles makes it an ideal indicator for their presence:
especially for measurements at high elevation angles, the CI
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Fig. 9. Colour index (intensity ratio 320 nm / 440 nm) as function
of the aerosol optical depth for various elevation angles (see legend)
derived from radiative transfer simulations (aerosol layer: 0—1 km,
asymmetry parameter AP: 0.68, single scattering albedo SSA: 0.95,
Angstrom parameter: 1, relative azimuth angle: 90°). Note that the
simulations include ozone absorption for an O3 VCD of 380DU.
The filled circles show values for clear sky.

typically decrease by more than a factor of two in the pres-
ence of clouds compared to clear-sky conditions. However,
if CI measurements are used for cloud detection, one impor-
tant aspect has to be considered: in the presence of strong
aerosol loads, the CI can also be substantially reduced; see
Fig. 9. However, for small and moderate AODs (AOD < 1),
the reduction of the CI is smaller than for “typical” clouds
(with optical depths > 3). Another interesting finding is that
for aerosol OD < 1, a spread of CI values is found for the
different elevation angles. The magnitude of this spread de-
pends on the AOD and the viewing direction. In contrast, in
the presence of clouds, the CIs for the different elevation an-
gles usually become almost the same. These findings are also
confirmed by measurements: in Fig. 3 MAX-DOAS CI for a
mostly clear day with high AOD (close to unity for 360 nm)
are shown. Compared to the clear day with low aerosol load
(Fig. 1) the CIs for zenith view are reduced, but still slightly
higher than for a totally overcast day (15 June 2009; see
Fig. 2). Even in the presence of a high aerosol load, the CI
values for the different elevation angles are still systemat-
ically different, whereas for the cloudy day, they show al-
most the same values. Thus, from the spread of the CI val-
ues it is possible to distinguish the effect of typical clouds
(OD > about 3) from that of weak or moderate aerosol loads
(AOD < about 1). For measurements at high AOD (larger
than about 1.5), the distinction becomes more difficult. In
such cases, the investigation of the temporal variation of
the derived quantities can yield additional information (see
Sect. 3.5).

In this study, we chose 320 nm and 440 nm for the calcula-
tion of the CI. This choice was made in order to have a large
spectral contrast within the wavelength range of our instru-
ment and thus a good signal-to-noise ratio. Depending on the
properties of other instruments, different wavelengths might
be chosen for the calculation of the CI, especially including
longer wavelengths (see also Gielen et al., 2013). While ra-
diative transfer simulations indicate that the basic dependen-
cies of the CI on cloud properties are similar for CI calculated
at other wavelengths, the absolute CI values will of course be
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different compared to those in our study (they also depend on
the wavelength dependence of the instrument’s efficiency). It
should be noted that if, like in our study, wavelengths with
strong ozone absorption are used, the ozone absorption also
has to be included in the radiative transfer simulations.

3.3 04 absorption

The concentration of the oxygen dimer (O4) is proportional
to the square of the O, concentration (Greenblatt et al.,
1990). It only varies slightly (according to changes of atmo-
spheric pressure and temperature) and thus measurements of
the atmospheric O4 absorption can be used to identify and
quantify changes of the atmospheric radiation transport (Erle
et al., 1995; Wagner et al., 1998; Winterrath et al., 1999).

Depending on the cloud properties and the viewing geom-
etry, clouds can either increase or decrease the observed Oy
absorption compared to clear-sky conditions: optically thin
clouds at high altitude tend to decrease the O4 absorption for
measurements at high elevation angle and to increase the O4
absorption at low elevation angles (Wagner et al., 2011). Op-
tically thin clouds at low altitude typically tend to decrease
the O4 absorption at all elevation angles. Vertically extended
and optically thick clouds can lead to a strong increase of the
O4 absorption (measured at all elevation angles) due to ex-
tended light path lengths inside the cloud (or between cloud
layers) caused by multiple scattering (Erle et al., 1995). The
different dependencies can be well reproduced by radiative
transfer simulations (see Fig. 10). Note that extended light
paths not only occur for geometrically and optically thick
clouds, but can also be caused by “reflection” between a
cloud layer and fog or snow at the surface.

In Fig. 10 the O4 absorption is expressed as air mass factor
(AMF) (Solomon et al., 1987), which is the direct output of
the radiative transfer simulations. From the measurements,
O4 AMF can be calculated by dividing the O4 slant column
density (SCD) by the O4 vertical column density (VCD):

SCD
AMF = ——. 5)
VCD

Here, the SCD represents the concentration integrated
along the light paths and the VCD represents the vertically
integrated concentration. For the measurements at Cabauw,
a 04 VCD of 1.41 x 10*3 molecules? cm™ is used for the
conversion of the O4 SCD into O4 AMF calculated accord-
ing to average surface pressure and temperature for 24 June
2009 (Piters et al., 2012) (for the units, see Greenblatt et al.,
1990).

Note that in the DOAS analysis a second measurement has
to be used (a so-called Fraunhofer reference spectrum) to cor-
rect for the strong Fraunhofer lines in the measured spectrum.
Since the Fraunhofer reference spectrum also contains atmo-
spheric O4 absorptions, the result of the DOAS analysis does
not represent the absolute O4 SCD, but the difference be-
tween the O4 SCDs of both measurements. This difference is
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Fig. 10. O4 AMF at 360 nm as function of the cloud optical depth
for different cloud altitudes derived from radiative transfer simula-
tions. The cloud optical properties and relative azimuth angle are
as in Fig. 6. (a) Low clouds as in Fig. 6; (b) high cloud between 7
and 8 km; (c) cloud layer (fog) from the surface to 1 km. The filled
circles show values for a clear sky.

usually referred to as differential O4 SCD (or O4 DSCD). For
the O4 analysis we used a fixed Fraunhofer reference spec-
trum (from 24 June 2009, 11:36 UTC) measured in zenith
direction.

The conversion of the O4 DSCD into an O4 differential air
mass factor (DAMF) is performed similarly to Eq. (5):

DSCD
DAMF = ———. 6
VCD ©)

Thus, for the comparison of the measured O4 DAMFs,
a constant value (the Oy AMF of the Fraunhofer refer-
ence spectrum) has to be subtracted from the simulated O4
AMFs. The O4 AMF of the Fraunhofer reference spectrum
is at first unknown, but it is possible to estimate it from
the comparison of the measured O4 DAMFs with the sim-
ulated O4 AMFs (e.g. Fig. 7c). For our measurements we
estimate an O4 AMF of 1.7 (corresponding to an O4 SCD
of 2.4 x 10*3 molecules? cm™ ). It should also be noted that
in contrast to some previous studies (Wagner et al., 2011;
Clémer et a., 2010), no scaling factor for the O4 SCDs was
applied in this study, because measurements and model re-
sults could be brought into agreement well without a scaling
factor (also for the observation at low elevation angles). Cur-
rently we have no explanation for this finding.

Atmos. Meas. Tech., 7, 1289-1320, 2014

SZA 60°

SZA 30°

T T T T
20 30 40 50
Cloud OD

‘ — ‘ ‘
0 10 20 30 40 50 0 10
Cloud OD
Fig. 11. Strength of the Ring effect (expressed as Raman scatter-
ing probability, RSP) at 360 nm as function of the cloud optical
depth for various elevation angles (see legend) derived from radia-
tive transfer simulations. The filled circles show values for a clear
sky. Cloud properties are the same as for the results shown in Fig. 6.

In Fig. 1 the O4 DAMFs measured during a mostly clear
day with low aerosol optical depth (24 June 2009) are shown.
As expected, high values are found for measurements at low
elevation angles. In Fig. 7 the O4 absorptions for zenith direc-
tion of that day is compared to different clear-sky reference
values. Except for a small period during noon, the measure-
ments are close to the clear-sky reference values, even dur-
ing the occurrence of some thin clouds during the afternoon.
This indicates a general “robustness” of the O4 absorption
with respect to the influence of some kinds of clouds, es-
pecially for high and optically thin clouds. Such a robustness
explains that in many cases even in the presence of clouds the
inversion of tropospheric profiles from MAX-DOAS obser-
vations is possible (although with larger errors). Of course,
the cloud influence can become much stronger, especially
for low cloud altitudes, large optical depth and for broken
clouds.

Similar results are found for another clear day
(2 July 2009; see Fig. 3). However, in contrast to
24 June 2009, the aerosol optical depth on this day is
much larger (about 1.0 compared to 0.2-0.6). The increased
aerosol optical depth leads to a smaller spread of the Oy
DAMFs for the different elevation angles (as a result of
the reduced atmospheric visibility), and the O4 DAMF for
zenith view also shows a slightly stronger diurnal variation.

For mainly overcast days (e.g. Figs. 2 and 4) the spread
of the O4 DAMFs for the different elevation angles is usu-
ally reduced compared to clear days. For zenith observa-
tions, enhanced values are often found compared to clear-sky
conditions indicating the effect of multiple scattering inside
the clouds (e.g. around noon on 15 June 2009). A related
phenomenon was observed on the morning of 28 June 2009
(Fig. 4) when a persistent fog layer was present. During that
period, continuously enhanced O4 DAMFs are found. In ad-
dition to light path enhancements caused by multiple scat-
tering inside the fog layer, “reflection” between the fog layer
and the cloud layer above has probably also contributed to the
enhancement (after the fog disappeared a cloud layer above
could seen).
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Another interesting finding is that during the presence of
the fog in the morning the O4 DAMFs for all elevation angles
are almost the same. This indicates that the direct light paths
along the lines of sight were very short (and similar) for all
elevation angles. This finding is in good agreement with the
radiative transfer simulations shown in Fig. 10c. Note that
during the periods of the largest increase of the O4 absorp-
tion at zenith view the observed radiance at zenith was sys-
tematically smaller than for clear-sky conditions (Figs. 2 and
4), also indicating optically thick clouds.

In this study we investigate the O4 absorption band at
360 nm (note that in the spectral analysis we also include the
weaker absorption band at 380 nm). Thus, our results are rep-
resentative only for the effects of clouds in the selected UV
spectral range. If O4 absorption bands at larger wavelengths
are analysed (e.g. at 477, 577 or 630nm), the basic effects
of clouds are expected to be similar. However, especially for
observations at low elevation angles the light paths below the
clouds might systematically be larger than in the UV.

3.4 Ring effect

Inelastic scattering due to rotational Raman scattering on at-
mospheric molecules (about 2 % to 4 % of all molecular scat-
tering events) leads to a filling-in of Fraunhofer lines in spec-
tra of scattered sunlight (Grainger and Ring, 1962; Kattawar
et al., 1981). The strength of this so-called Ring effect can be
retrieved from MAX-DOAS spectra by including a so-called
Ring spectrum in the DOAS analysis (Solomon et al., 1987).
The fit coefficient of the Ring spectrum is proportional to
the so-called RSP (see Wagner et al., 2009), which can be
directly compared to results from radiative transfer simula-
tions.

In the presence of clouds, the relative contribution of
inelastically scattered light usually decreases compared to
clear-sky conditions, because the additional scattering on
cloud particles is an elastic process. This effect explains the
decrease of the Ring effect with increasing OD for low OD
(Fig. 11). In contrast to the O4 absorption, the strength of
the Ring effect depends strongly on the scattering angle and
less on the light path length. But for large cloud OD, strongly
enhanced light paths inside clouds can also strongly increase
the probability of additional scattering on molecules and thus
increase the strength of the Ring effect (Fig. 11).

In Fig. 1 the strength of the Ring effect (expressed as RSP)
measured on a mostly clear day (24 June 2009) with low
aerosol optical depth is shown. For most parts of this day
similar values of the RSP are found for the different elevation
angles (except zenith view). This confirms the rather weak
dependence of the Ring effect on the atmospheric light path
length. Since the Ring effect depends on the relative azimuth
angle, the spread of the RSP for different elevation angles
is different for different times of the day, especially during
sunrise and sunset.
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In Fig. 7d the RSP for zenith direction is compared to dif-
ferent clear-sky reference values. During the morning good
agreement of the measured RSP with the clear-sky reference
values is found, but during the afternoon systematic differ-
ences occur (around noon, deviations are caused by the pres-
ence of clouds). These deviations can be mainly attributed
to the increased AOD (aerosol scattering also contributes to
elastically scattered light), but the deviation of the viewing
angle from exactly zenith also causes a small reduction of
the RSP.

For mainly overcast days (Figs. 2 and 4) the RSPs for all
elevation angles become similar. And like for Oy in the pres-
ence of fog (morning of 28 June 2009; see Fig. 4) the RSP is
almost identical for all elevation angles indicating very short
(and similar) light paths. At noon on 15 June 2009 (Fig. 2) the
Ring effect (especially for zenith view) is largely increased
compared to the clear-sky reference values, indicating strong
light path enhancements inside the clouds due to multiple
scattering (similar to the O4 absorption). This finding is also
in good agreement with the radiative transfer simulations
shown in Fig. 11.

3.5 Temporal variability

An unambiguous discrimination between clear- and cloudy-
sky conditions is not possible for all of the quantities dis-
cussed above. For example, the measured radiance, the Oy
absorption and the Ring effect can be both increased and/or
decreased in the presence of clouds. Fortunately, the influ-
ence of clouds on the CI is unambiguous: compared to clear-
sky conditions, the CI for zenith view is always decreased
in the presence of clouds (typically by more than a factor of
two for cloud optical depths > 3). However, as demonstrated
in Sect. 3.2, high aerosol loads can also lead to a similar de-
crease of the CI (although the effect of typical aerosol loads
on the CI is usually smaller than that of clouds). Thus, ad-
ditional information should be used to unambiguously detect
the presence of clouds.

It was demonstrated using the examples shown in the pre-
vious sections that the variation of the retrieved quantities
between two measurements (at the same elevation angle) is
often larger by far than the temporal changes in clear-sky
conditions (compare, e.g., the results shown in Figs. 2 and 4
with those shown in Figs. 1 and 3). Even for measurements
under a totally overcast sky, a strong temporal variability of
the derived quantities is usually observed. These variations
are caused by changes in the cloud properties (e.g. the cloud
optical depth or the cloud altitude).

In Fig. 5 results for a day with broken clouds (on the morn-
ing of 28 June 2009) are shown. As expected, for measure-
ments under broken clouds, the temporal variation of the re-
trieved quantities is rather strong. The strongest and most
rapid changes are typically observed in zenith direction, be-
cause the line of sight is perpendicular to the orientation of
the cloud layer. To quantify temporal variations we define the
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Fig. 12. Right-hand column: dependence of the O4 absorption and the CI on the elevation angle for measurements in clear (24 June 2009;
top) and cloudy (7 July 2009; bottom) conditions. The images on the left show images taken from satellite and the ground for the selected

days. Note that the maximum elevation angle is 86°.

so-called temporal smoothness indicator (TSI), the discrete
approximation of the second derivative in time:

At Aty yn—
TSIyn —9. 1Yn+1+ Abyn—1 _
’ At Aty - (At + Af)

Yn
AtiAn |

Here, y indicates the considered quantity (e.g. the CI), and
n indicates a selected elevation sequence. Af; and Aty are
the time steps between measurement sequences n — 1 and
n—+ 1, respectively. Equation (7) ensures that smooth system-
atic variations of the observed quantity, e.g. caused by the
variation of the SZA, lead to small values of the TSI, while
rapid variations between consecutive elevation sequences (as

N
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caused by clouds) lead to large TSI. In the case of temporal
gaps (At > 30min), no TSI is calculated. The unit of TSI is
the unit of y divided by the time squared.

3.6 Dependence on elevation angle

Observations at different elevation angles probe different
parts of the sky. Thus, in the presence of spatially heteroge-
nous clouds, the retrieved quantities for neighbouring eleva-
tion angles are usually different. In Fig. 12 the dependence
of the O4 DAMEF and the CI for measurements in clear and
cloudy conditions are shown as examples. Under a clear sky,
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the observed quantities depend smoothly on the elevation an-
gle (similar results are found for the radiance and the Ring
effect). In contrast, in cloudy conditions, a nonsmooth de-
pendence is found. In extreme cases (e.g. in the presence of
broken clouds) at some elevation angles cloudy parts and at
others clear parts of the sky might be observed. Thus, from
the investigation of the smoothness of the elevation angle de-
pendency, information about the presence of clouds during
that elevation sequence can be obtained. For the quantifica-
tion of the smoothness of the elevation angle dependence, the
so-called elevation smoothness indicator ESI is defined:

Y (na — P @)’ ®)

®min

ESI, , =

Here, y indicates the considered quantity (e.g. the mea-
sured radiance or CI) and » indicates the selected elevation
sequence. « indicates the elevation angle, and P,(«) is a
polynomial (of 3rd degree) fitted to y, o. @min and omax de-
fine the range of elevation angles for which ESI is calculated.
In this study we select omin = 2° and omax = 15°. The lim-
itation to this range is to some extent arbitrary, but ensures
that the polynomial fit is performed to values with almost
equidistant differences between the elevation angles. Includ-
ing higher elevation angles could also complicate the calcu-
lation of the ESI, because for specific viewing geometries the
measured quantities for higher elevation angles might be ei-
ther higher or lower than the values derived at 15°. Thus, the
limitation to elevation angles < 15° ensures that no inflexion
point affects the polynomial fit. The unit of the ESI is the unit
of y.

Note that for the measured radiance and CI, we normalise
the calculated TSI and ESI (Egs. 7 and 8) by division by
the zenith clear-sky reference values (results from radiative
transfer simulations; see Fig. 7).

In Fig. 13 TSI and ESI for two selected days are shown.
The upper panel presents results for a mainly clear day
(24 June 2009) and the lower panel for a day with broken
clouds in the morning (18 June 2009). During the cloud-free
morning of 24 June 2009, the TSI, in particular, shows very
small values. Later on that day, and especially around noon,
the TSI is enhanced, indicating the influence of changing
cloud cover on the MAX-DOAS observations. Even higher
values of the TSI are found for 18 June 2009, for which
rapidly varying broken clouds were present. The highest val-
ues of the TSI are usually found for high elevation angles,
especially for zenith view.

Large differences between both days are also found for
the ESI. However, surprisingly, for completely clear-sky con-
ditions slightly enhanced ESI are often found (e.g. for the
O4 DAMF on the morning of 24 June 2009). Such small
variations of the elevation dependencies of the O4 DAMFs
are also seen in Fig. 12 (top). The reason for the enhanced
ESI is not completely clear. One possibility might be local
aerosol sources which affect individual elevation angles. On
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18 June 2009 the ESI shows much higher values than on
24 June 2009, indicating that broken clouds not only strongly
affect the temporal variation of the measured quantities but
also the smoothness of the elevation sequence dependence.

4 Cloud classification scheme

As shown in the previous sections, the presence of clouds can
be deduced by different methods from MAX-DOAS mea-
surements of the radiance, colour index, O4 absorption and
Ring effect :

a. The measured quantities can be compared to their re-
spective clear-sky reference values.

b. The temporal variation of the measured quantities can
be investigated.

c. The dependence of the measured quantities on eleva-
tion angle can be investigated.

These three methods can in principle be applied to all mea-
sured quantities and all viewing directions. However, some
quantities (e.g. the CI) and some elevation angles (e.g. zenith
view) are especially well suited to the detection of clouds.
In order to minimise the computational efforts, we propose
a detailed cloud detection and classification algorithm based
on the radiance, the CI and the O4 absorption; Fig. 14 shows
a flow chart of this algorithm. Primary classification results
are indicated by the black arrows. Only one primary classi-
fication result can be attributed to a given measurement (el-
evation sequence). Blue arrows indicate secondary classifi-
cation results, which can be attributed in addition to the pri-
mary classification results. Note that Ring effect results are
not considered, because they do not provide significant addi-
tional information.

The choice of the selected quantities (and threshold values;
see below) in this study in our opinion constitutes a good
compromise between effort and benefit. Depending on the
required accuracy and the computational effort, only part of
the proposed classification steps might be applied. If, e.g.,
only a distinction between clear and cloudy sky is required,
the consideration of the CI in zenith direction CIz might be
sufficient (see, e.g., Gielen et al., 2013). In the following we
describe the individual steps of the cloud classification algo-
rithm (Fig. 14) in detail.

4.1 Discrimination between a clear sky and clouds or
high aerosol loads

In the first step the measured CI values for zenith obser-
vations are considered. They are divided by the respective
clear-sky values for the same SZA, yielding the normalised
CI. In this study, we use clear-sky reference values from ra-
diative transfer simulations (for an aerosol optical depth of

Atmos. Meas. Tech., 7, 1289-1320, 2014
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in the lower panel results for a day with broken clouds in the morning (18 June 2009) are shown (time is given as UTC).

0.3; see Sect. 3.1). If the normalised CI for zenith obser-
vations (Clz) is smaller than a prescribed threshold value
(Sect. 4.6), the measurement is classified as cloudy, or as af-
fected by high AOD. Otherwise, the measurement is classi-
fied as made under a clear sky. In this prototype study, we
use a constant threshold for the whole SZA range. How-
ever, it should be noted that for large SZA (about > 75°) the
selected threshold value seems to be too low, leading to a

Atmos. Meas. Tech., 7, 1289-1320, 2014

systematic underestimation of the cloud-contaminated mea-
surements (measurements with SZA > 75° constitute only a
small fraction of all measurements, i.e. before about 05:40
and after 19:00 UTC). Future studies should apply a more
sophisticated threshold depending on SZA.
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Fig. 14. (a) Cloud classification scheme suggested in this study.
Paths with black arrows indicate the primary classification results:
only one primary classification result can be attributed to a given
elevation sequence. Paths with blue arrows indicate secondary clas-
sification results, which complement the primary classification re-
sults. (The symbols on the right side are the same as in Figs. 16
and 17). (b) Scheme to estimate the quality of the aerosol profile
inversion.

4.2 Discrimination between continuous clear sky and
cloud holes

For measurements identified in the first step as clear-sky
measurements, it is important to know if they were made un-
der completely clear skies or if the telescope was just point-
ing to an area of clear sky between clouds. The latter can be
concluded if the CIz shows rapid temporal variation, i.e. the
TSI (see Sect. 3.5) is larger than a chosen threshold value
(see Sect. 4.6).

4.3 Discrimination between continuous clouds, broken
clouds and high aerosol loads

Usually (especially in the absence of strong local sources) the
atmospheric aerosol load changes rather slowly with time. In
contrast, cloud properties typically change rapidly (on the or-
der of minutes), especially in the presence of broken clouds.

www.atmos-meas-tech.net/7/1289/2014/

Thus, enhanced values of the temporal smoothness indicator
TSI indicate the presence of broken clouds.

Low TSI (in cases of reduced Clz) either indicate high
aerosol loads or continuous cloud cover. To discriminate be-
tween both cases, the spread of the CI values for the different
elevation angles can be investigated: continuous cloud cover
can be identified by small differences between the maximum
and minimum CI values for a chosen elevation sequence. If
the spread of the CI for different elevation angles is above a
chosen threshold (see Sect. 4.6), the measurement is classi-
fied as being affected by a high AOD.

4.3.1 Identification of fog

In the presence of fog, the atmospheric light paths and thus
the O4 DAMF for all elevation angles become the same. Fog
can thus be identified if the difference between the maximum
and minimum O4 DAMEF values for the whole elevation se-
quence falls below a prescribed threshold (see Sect. 4.6).

4.3.2 Identification of thick clouds

In the presence of optically thick clouds, the O4 DAMF can
be significantly increased compared to the respective clear-
sky values (see Sect. 3.3 and Fig. 2). The measured radiance
typically also falls below the clear-sky reference values (see
Sect. 3.1 and Fig. 2). Thus, thresholds (see Sect. 4.6) for
both quantities can be used to indicate the presence of op-
tically thick clouds. Note that the thresholds are applied to
normalised values: for the radiance, the measured values are
divided by the clear-sky reference values; for O4 the clear-
sky reference values are subtracted from the measured Oy
DAMFE.

4.4 Classification of the cloud influence for individual
measurements

Although the cloud influence for non-zenith viewing angles
is usually weaker than for zenith observations, the tempo-
ral variability for the lower elevation angles can also pro-
vide useful information. In principle it is even possible to
detect a potential cloud influence for an individual observa-
tion from the TSI of the specific elevation angle. In our al-
gorithm we follow a simplified procedure: we calculate the
sum of the TSI for all non-zenith elevation angles (TSI ).
Enhanced values of TSI, can yield valuable information, es-
pecially in cases with low TSI for zenith viewing. In such
cases, cloud holes are present in zenith view while cloud
patches are present elsewhere.

4.5 Elevation smoothness indicator for O4

Interestingly, even in the presence of clouds (except for bro-
ken clouds), a smooth dependence of the O4 DAMF on el-
evation angle is often found. However, from this it can not
simply be concluded that a meaningful inversion of aerosol

Atmos. Meas. Tech., 7, 1289-1320, 2014
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Fig. 15. Selected quantities for the identification and classification of clouds from MAX-DOAS observations (see Fig. 14) for the different
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profiles is possible. However, a nonsmooth dependence of
the O4 DAMEF on elevation angle can be used as a clear indi-
cation that a meaningful aerosol profile inversion is not pos-
sible. In such cases, the complete elevation sequence might
be skipped for further processing. Alternatively, from a de-
tailed inspection of all O4 DAMEF of the selected elevation
sequence, it might be possible to identify and remove “out-
liers”, which are obviously affected by clouds. Based on the

Atmos. Meas. Tech., 7, 1289-1320, 2014

remaining measurements a meaningful aerosol profile inver-
sion might then be possible (although with larger uncertain-
ties). Similar procedures might also be used to assess and
improve the quality of the trace gas profile inversions.
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Fig. 15. Continued.
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4.6 Selection of threshold values

In Fig. 15 the quantities discussed in the previous section
(see also Fig. 14) are shown for selected days (the same days
as discussed in Sects. 3.1-3.4). In the three upper panels of
the left-hand column of each subfigure, normalised measure-
ments in zenith direction are shown (radiance, the CI and
the O4 DAMF). In the lower panel of the left-hand column,
the ESI for the O4 DAMF is shown. In the two upper pan-
els of the right-hand column of each subfigure, the tempo-
ral smoothness indicator TSI for the CI is shown for either
zenith direction or the sum of the TSI for all non-zenith di-
rections. In the two lower panels of the right-hand column
the difference between the maximum and minimum values of
the CI and the O4 DAMEF for a complete elevation sequence
is shown. Based on these results for the selected days and
by comparison to the corresponding cloud properties derived
from images taken from satellite and the ground, we chose a
set of threshold values for the various decisions to be made
within our proposed cloud classification scheme (Fig. 14).
The derived threshold values are summarised in Table 2.

4.7 Results of the cloud classification scheme for the
MAX-DOAS measurements during CINDI

Figure 16 presents the results of the cloud classification
scheme for 18 June 2009 with two different levels of com-
plexity. In the upper part, only CI measurements in zenith
direction are used. From such observations a clear sky (con-
tinuous or cloud holes) as well as cloudy skies (continuous
or broken clouds) can be identified.

In the lower part of Fig. 16, the results from the complete
classification scheme (Fig. 14) are presented; in addition to
the simple scheme, more cases can be identified:

— For clear-sky observations, situations with low or high
AOD are distinguished.

— For clear-sky observations, broken clouds before and
after the selected elevation sequence can be identified
not only for zenith view but also for low elevation an-
gles.

— For cloudy-sky observations, the presence of thick
clouds is indicated.

— For cloudy-sky observations, the presence of fog is in-
dicated.

Figure 17 presents results of the complete cloud classifica-
tion scheme for five selected days. In addition, images of the
web camera at intervals of 30 min are also shown. The sky
images are synchronised with the results of the cloud classi-
fication scheme (four images are always grouped in a vertical
column with a “width” of 2 h) to allow a direct comparison.
For the selected days, very good agreement is found between
the cloud classification scheme and the sky images. In par-
ticular, the following observations can be made:

Atmos. Meas. Tech., 7, 1289-1320, 2014
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Fig. 16. Results of the cloud classification scheme for 18 June 2009.
Top: discrimination between clear and cloudy skies (including
cloud holes and broken clouds) using a simple version based on
the CI in zenith view. Bottom: results of the detailed classification
scheme according to Fig. 14. (cloud holes (Z): clouds before or af-
ter the selected elevation sequence in zenith direction; cloud holes
(LE): clouds before or after the selected elevation sequence at low
elevation angles). Note that between 11:00 and 12:00 some data is
missing due to instrumental problems. (Time is given as UTC.)

— Clear and cloudy periods as well as broken clouds are
correctly identified.

— Thick clouds are identified for periods when dark
clouds appear in the sky images.

— For clear days with low AOD (Fig. 17a) the blue sky is
darker than for clear days with high AOD (Fig. 17¢).

The results of the cloud classification scheme for all days are
presented in Fig. 18 together with the diurnal variation of the
lidar backscatter profiles (see Sect. 2.5). In general very good
qualitative agreement is found. In some cases, slight differ-
ences are also found which might be attributed to different
reasons like, e.g., the different locations, viewing directions
and duty cycles of both instruments (see Sects. 2.1 and 2.5).
Additional possible reasons for deviations are non-optimum
choices of the selected thresholds or possible shortcomings
in the interpretation of the lidar data for altitudes < 150 m
(see Sect. 2.5).

In Table 3 an overview of the occurrences of the different
cases for the complete measurement time series (12 June to
15 July 2009) is presented. Cloudy sky (continuous and bro-
ken clouds) was present during the majority of measurements
(58 %). Most of the cloudy cases (86 %) were broken clouds;

www.atmos-meas-tech.net/7/1289/2014/
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Table 2. Suggested threshold values for the cloud classification scheme proposed in Fig. 14. (for the definition of the normalised CI, nor-
malised radiance and normalised O4 DAMEF, see Sects. 4.1 and 4.3.2).

Quantity Threshold Remarks
Normalised colour index (CI) in zenith direc- 0.65 — Values above threshold indicate a clear sky
tion — Threshold is valid for SZA <75° (measurements between
about 05:40 and 19:00)
Absolute value of the temporal smoothness in- 1.2 x 1077 s~2  — Values above threshold indicate rapidly changing cloud cover
dicator (TSI) for CI for zenith view (broken clouds or cloud holes)
Sum of the absolute values of the TSI for CI for 3.3 x 10~/ — Values above threshold indicate rapidly changing cloud cover
all non-zenith viewing directions (broken clouds or cloud holes)
Difference between maximum and minimum CI ~ 0.14 — Values below threshold indicate continuous cloud cover
Difference between maximum and minimum  0.37 — Values below threshold indicate fog
04 DAMF
Normalised radiance in zenith direction 0.9 — Values below threshold indicate optically thick clouds
— Probably significant SZA dependence
Normalised O4 DAMF in zenith direction 0.74 — Values above threshold indicate optically thick clouds
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Fig. 17. Continued.

continuous cloud cover was found for 14 % of all cloudy
cases. Thick clouds were identified for 23 % of all cloudy
cases. Completely clear sky (with either low or high AOD)
was found for about 20 % of all measurements. Interestingly,

www.atmos-meas-tech.net/7/1289/2014/

the fraction of completely clear-sky observations derived
from visual inspection of the web camera images was much
smaller (only 7 %). The difference can be explained by the
fact that thin clouds far away from the measurement location

Atmos. Meas. Tech., 7, 1289-1320, 2014
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(or small cloud patches outside the field of view of the in-
strument) are not detected by our classification scheme, but
can be clearly seen in the web camera images (e.g. on the
morning of 18 June 2009; see Fig. 17e). Fortunately, such
clouds obviously have a negligible influence on the MAX-
DOAS measurements. The remaining 22 % of all measure-
ments were cases with a clear sky in zenith direction but
clouds present directly before or after the selected measure-
ment (cloud holes).

5 Conclusions

We developed a classification scheme for clouds using MAX-
DOAS measurements. It is based on the measured radiance,
colour index (CI) and the retrieved O4 absorption. In prin-
ciple measurements of the Ring effect could also be consid-
ered, but such observations do not add much additional in-
formation.

www.atmos-meas-tech.net/7/1289/2014/

The presence of clouds can be identified by comparing the
measured quantities to their respective clear-sky reference
values. Here, zenith observations of the CI are especially use-
ful, because the CI is affected by clouds in an unambiguous
way, while the other quantities can be both enhanced or de-
creased in the presence of clouds (depending on the cloud
properties). Thus, cloud discrimination schemes should be
primarily based on zenith observations of the CI (see also
Gielen et al., 2013).

Another way to identify clouds is to investigate the tempo-
ral variation of the measured quantities. Usually cloud prop-
erties (e.g. OD or altitude) change rapidly with time. Thus, in
the presence of clouds the observed quantities usually show
much larger variations than under a clear sky. In the presence
of broken clouds these variations are especially strong.

A third possibility for the identification of clouds is to in-
vestigate the smoothness of the elevation dependence of indi-
vidual elevation sequences. This method also investigates the
inhomogeneity of cloud properties. However, since it does

Atmos. Meas. Tech., 7, 1289-1320, 2014
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Table 3. Occurrences and relative fractions of the different cases retrieved by our cloud classification scheme during the whole period of
measurements (12 June—15 July 2009). (Note that the classifications “thick clouds” and “fog” can appear for both continuous and broken

clouds.)

Sophisticated scheme

Simple scheme

Case Number of Relative fraction Number of Relative fraction
elevation elevation
sequences sequences
Total 1909 100 % 1909 100 %
Clear 804 42.1 % 712 373 %
Clear low AOD 293 153% 358 18.7 %
Clear high AOD 92 4.8 %
Cloud holes (high elevation) 354 18.5 % 354 18.5 %
Cloud holes (low elevation) 65 3.4 %
Cloudy 1105 57.9 % 1197 62.7 %
Continuous clouds 156 8.2 % 248 13.0 %
Broken clouds 949 49.7 % 949 49.7 %
Fog 36 1.9%
Thick clouds 257 13.5%

not add much additional information compared to the inves-
tigation of the temporal variability, it is not used in our cloud
classification scheme.

The first step of our classification scheme is based on
zenith observations. Zenith observations are well suited be-
cause their interpretation does not depend on the relative az-
imuth angle. In addition, broken clouds can be detected with
the highest sensitivity from zenith observations. From zenith
observations of the CI, clear and cloudy situations can be dis-
tinguished well (with the exception of situations with high
aerosol load).

For the identification of more specific cases (e.g. the detec-
tion of fog or the discrimination of high AOD from clouds),
measurements at low elevation angles are also used. If the
temporal variation is also investigated for non-zenith view-
ing directions, the identification of clouds becomes possible
even for individual observations.

One important aspect of our cloud classification scheme
(and probably of cloud classification schemes in general) is
the determination of suitable clear-sky reference values and
threshold values for the temporal variability. In this study,
we use results of radiative transfer simulations for the clear-
sky reference values. The selection of the various thresholds
(see Table 2) depends on the “intuition” of the programmer,
the available independent cloud information and the mete-
orological conditions of the measurement location. In the
future, cloud classification schemes should be standardised
(e.g. with respect to the choice of clear-sky reference values
and the wavelengths used for radiance and CI) to allow a di-
rect comparison of the cloud classification results.

We applied our cloud classification scheme to 34 days
of MAX-DOAS measurements during CINDI in Cabauw in
summer 2009. Very good agreement between the results of
our algorithm and sky images from a web camera was found.

Atmos. Meas. Tech., 7, 1289-1320, 2014

Good qualitative agreement is also found with profiles of a
backscatter lidar. Most of the measurements (58 %) were af-
fected by clouds; 20 % were made in clear-sky conditions.
For 22 % of all measurements the MAX-DOAS telescopes
observed a clear sky, but the proceeding and following mea-
surements were affected by clouds (cloud holes). The high
fraction of measurements under broken clouds (50 %) indi-
cates an important problem of MAX-DOAS measurements:
for such measurements the influence of clouds on the profile
inversion of aerosols and trace gases is especially large. Con-
sequently, the accuracy of the retrieved profiles is reduced, or
even no meaningful profile inversion might be possible at all.

It should also be noted that for MAX-DOAS observations
over snow- and ice-covered surfaces, the effects of clouds
might be completely different from the effects described in
this study. Future studies should also investigate cloud effects
in such conditions.
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