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Abstract. Multi-axis differential optical absorption spec- 1 Introduction

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 propertiesClouds have a strong influence on the atmospheric radia-
In this study we investigate the effects of clouds on severafive transfer and thus affect the interpretation and analy-
guantities which can be derived from MAX-DOAS observa- sis of Multi-axis differential optical absorption spectroscopy
tions, like radiance, the colour index (radiance ratio at two(MAX-DOAS) observations (e.g. Erle et al., 1995; Wagner
selected wavelengths), the absorption of the oxygen dimeft al., 1998, 2004, 2011; Winterrath et al., 1999). In the for-
0, and the fraction of inelastically scattered light (Ring ef- Ward model used for the inversion of aerosol and trace gas
fect). To identify clouds, these quantities can be either com-Profiles (e.g. Wittrock et al., 2004; Heckel et al., 2005; Friel3
pared to their corresponding clear-sky reference values, oft al-, 2006; Irie et al., 2008; Clémer et al., 2010; Li et al.,
their dependencies on time or viewing direction can be anal2010; Wagner et al., 2011), a cloud-free atmosphere is usu-
ysed. From the investigation of the temporal variability the ally assumed. Thus, if clouds are present during the mea-
influence of clouds can be identified even for individual mea-Surements, this assumption in the forward model is not ful-
surements. Based on our investigations we developed a cloudled, which can cause large errors of the retrieved profiles.
classification scheme, which can be applied in a flexible wayFor such measurements the cloud influence usually consti-
to MAX-DOAS or zenith DOAS observations: in its sim- tutes the largest error. Cloud effects are of particular im-
plest version, zenith observations of the colour index are useffortance if broken clouds are present. Then, measurements
to identify the presence of clouds (or high aerosol load). In@t some elevation angles might “see” clouds, while others
more sophisticated versions, other quantities and viewing difdo not. For these reasons it is of high importance to iden-
rections are also considered, which allows subclassification&fy cloud-contaminated measurements. Such measurements
like, e.g., thin or thick clouds, or fog. We applied our cloud could then, e.g., be skipped from further processing, or mod-
classification scheme to MAX-DOAS observations during ified inversion approaches could be applied. At least cloud
the Cabauw intercomparison campaign of Nitrogen DioxideContaminated measurements could be assigned with a warn-
measuring instruments (CINDI) campaign in the Netherlandsng (cloud flag). Here it is interesting to note that, in princi-

in summer 2009 and found very good agreement with sky im_ple, clouds could be included in the forward models, but there

lidar. available to properly account for the cloud effects.

In this study we investigate how clouds affect several
guantities 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 dimeg,@nd the Ring
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effect (the so-called “filling-in” of solar Fraunhofer lines; see recommendations for an automatic cloud classification algo-
Grainger and Ring, 1961). Based on these investigations weithm. The conclusions are given in Sect. 5.

propose a cloud detection and classification algorithm, which

allows automatic identification and classification of clouds.

Cloud information derived from the MAX-DOAS observa- 2 Datasets and methods

tion .(m cont.rast o the use of othgr SOurces like, e.g., V"21  MAX-DOAS observations during the Cabauw
sual inspection or camera images) is very important, because : : h L
Intercomparison campaign of Nitrogen Dioxide

the cloud information can be directly assigned to individual .
MAX-DOAS observations without any spatio-temporal in- measuring Instruments (CINDI), summer 2009

terpolation. o We investigate the effect of clouds on MAX-DOAS measure-
There are several ways to identify the presence of cloudSyents from measurements of a so-called Mini-MAX-DOAS
cloud effects can be identified by comparing the derivedinsiryment operated during CINDI (Piters et al., 2012; see
quantities for a given observation with their clear-sky refer- 5 5, http://www.knmi.nl/samenw/cindi/ measurements are
ence values, which can be determined either from measurésnalysed for the period 12 June to 15 July 2009. The Mini-
ments in clear-sky conditions (for exactly the same viewing\ax-pOAS instrument is described in detail in Honninger
geometry) or from radiative transfer simulations (Sects. 3.1 4/ (2004) and Roscoe et al. (2011); the most important
3.4). The presence of clouds can also be deduced from thgygperties of our instrument are summarised below. The in-
temporal variation of the derived quantities, because UsUzirument covers a spectral range from 320 to 460 nm with a

ally cloud properties and thus their effects on the MAX- gnectra| resolution of 0.7 nm. The instrument is temperature
DOAS measurements change rapidly (on the order of mingiapilised: the field of view is- 1.2,

utes). From the observed dependence on the elevation angle During CINDI, the Mini-MAX-DOAS instru-

the presence of clouds, in particular broken clouds, can alsghent  was mounted at the Cabauw towehtt:

be identified. _ . . Ilwww.cesar-observatory.jlat an altitude of about 20 m. It
Zenith observations .(elev.atlon angle of9are especially 55 directed in a west-north-westerly direction (28ith

useful for cloud detection: first, they only depend on the so-regpect to north). The instrument performed measurements

lar zenith angle (SZA), and not on the azimuth angle betweeny; sequences of 12 elevation angle2(®, —5°, —0.5°, (°

the viewing direction and the sun. Thus, a direct comparisone 4o g g 10¢. 15°. 3C° 85): a full elevation sequence

of zenith observations with the respective clear-sky referenc%sua”y took about 12 min. The zero and negative elevation

values is simple and straightforward. Second, because thgngjes were chosen to analyse light reflected at the surface:

horizontal extension of clouds is usually much larger thanthey are not used in this study. Since our instrument was

their vertical extension, the temporal variability of the re- ,ounted directly at the tower, we used slightly off-zenith

trieved quantities caused by clouds is highest for zenith obypservations (elevation angle of‘g5nstead of exactly 90

servations. For these reasons zenith observations constitu{g 5yoid shielding and reflections from the tower. In spite of

the most important part of our cloud classification schemeyhg rather small deviation from the exact zenith direction,
(see also Gielen et al., 2013). especially the measured radiance, a so-called colour index

In this study we investigate the influence of clouds on (c)y and the Ring effect are significantly different from
MAX-DOAS measurements based on radiative transfer sim+ 456 obtained for exactly zenith direction (see Sect. 3). In

ulations and real measurements. The MAX-DOAS measureyition, it should be noted that before 22 June 2009 our
ments were performed during the Cabauw Intercomparinsiryment was slightly misaligned (the elevation angles

son campaign of Nitrogen Dioxide measuring Instruments,yere about one degree too low). After 22 June 2009 this
(CINDI) in summer 2009 (Piters et al., 2012). During CINDI misalignment was corrected. Fortunately, this “jump” of
AErosol RObotoc NETwork (AERONET) measurements of 1o glevation adjustment can be neglected in this study for
the aerosol optical depth (for a clear sky) were also availabley,q reasons: (a) absolute comparisons are only made for
Independent cloud information is derived from three main easurements at (near-) zenith view, for which a deviation
sources: (a) images taken from the moderate resolution imagss 1o causes only a negligible relative changel(%) of the
ing spectroradiometer (MODIS) satellite instrument, (b) im- gerived quantities. (b) measurements at off-zenith viewing
ages taken from a ground-based web camera in the directiogjrections are only analysed in a semiquantitative way (for
of the MAX-DOAS observation (time resolution of about yeatsils see below), for which a deviation ¢f ¢an also be
10 min), and (c) backscatter profiles from a zenith sky lidar. neglected. Measurements were performed for SZI5°,

The paper is organise.d as follows: in Sect. 2 t_he da.tabu,{ in this study only measurements for SZA'5> are
sets (measurements during CINDI and atmospheric radiaggnsidered in our cloud classification scheme (see below).

tive transfer simulations) are intrppluced. .In Sect. 3the in-  The following quantities are investigated in this study:

fluence of clouds on the quantities derived from MAX- . _ .

DOAS observations is discussed in detail. Section 4 presents — 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 these images an overview of the general cloud coverage and
440 nm, Sect. 3.2); structure over the measurement site is obtained.
In addition, continuous (10 min intervals) images of a
— the absorption of the oxygen dimers@t 360nm  ground-based digital camera operated by the Institute for En-

(Sect. 3.3); vironmental Physics at the University of Heidelberg were
. used. These images were taken in the same direction of the
— the strength of the Ring effect (Sect. 3.4). MAX-DOAS instrument, but covered only a fraction of the

. : . sky: from the horizon to an elevation angle of about aid
The Oy absorption and the Ring effect are analysed in theover an azimuth angle range between about 268 312

wavelength range 353 to 390 nm. Besides the Ring spectrun\;\/ith respect to north
(Wagner et al., 2009) and the;@ross section (Greenblatt P ‘
et al., 1990), cross sections of M@t 298K (Vandaele et
al., 1996) and @ at 223K (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 2009A sun _photometer .from the Aerosol RObOt'C Net-
) : T, work (AERONET, http://aeronet.gsfc.nasa.gpw operated
11:36 UTC) measured in zenith direction is used for the anal- ]
sis of all measurements. at Cabauwi@ttp.//aeronet.gsfc.nasa.ggv/new_web{photo_db/
y Cabauw.htm)|, 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

The fully spherical Monte Carlo radiative transfer model optical depth at 360 nm. Typical integration times are 2 to
MCcARTIM (Monte Carlo atmospheric radiative transfer in- 15 min. Note that aerosol retrievals are possible for clear, but
version model) (Deutschmann et al., 2011) was used to sim@lso partly cloudy situations as long as direct sunlight can be
ulate the effects of clouds and aerosols on the quantities re@bserved. Note that the viewing geometry of the AERONET
trieved from the MAX-DOAS observations. For these sim- instrument is different from that of MAX-DOAS instrument.
ulations a surface albedo of 5% was assumed. The scatter-

ing on aerosol and cloud particles was approximated by &-5 Lidar backscatter profiles

Henyey—Greenstein phase function with asymmetry param-

eters of 0.68 and 0.85, respectively. These are typical value®eployed at the Cabauw Experimental Site for Atmospheric
for clouds and pollution aerosols (see, e.g., Nakajima andiesearch (CESAR; sdtp://www.cesar-observatory.nih
King, 1990, and Dubovik et al., 2002); the actual choice isMay 2000, a backscatter lidar measures aerosol and cloud
not critical for our study. Besides the simulated (normalised)Profiles from which the planetary boundary layer heights
radiances we also calculated the color index (CI) (ratio of in-(PBL) and cloud cover can be estimated (Apituley, 2000;
tensities at 320 and 440 nm) and the air mass factor for thechaap, 2009). The lidar is placed at a distance of about
oxygen dimer Q. The strength of the Ring effect can be de- 350 m away from the meteorological tower. The pointing di-
scribed by the so-called Raman scattering probability (RSPrection is nominally to zenith.

see Wagner et al., 2009), which is directly derived from the The backscatter lidar is based on a 10Hz Nd:YAG laser,
MCcARTIM simulations. Note that for simplicity radiance,O €mitting at 1064 nm. The backscattered light is collected by
air mass factor (AMF) and Ring effect were all simulated for @ 30 cm diameter telescope based on a Fresnel lens and de-
the same wavelength (360 nm). Since the Ring effect and théected by an avalanche photo diode. The lidar geometry pro-
O, absorption are analysed over a larger wavelength ranggides full overlap between the laser beam and the receiver
(353-390 nm), this might lead to small differences betweenfield of view upwards of an altitude of about 150 m.

the measured and modelled values. But these differences are The data collection scheme was designed for following

2.4 Aerosol optical depth from the AERONET
instrument

2.2 Radiative transfer simulations

not of importance here. PBL developments and samples the atmosphere for 25s ev-
ery 5min. Note that this scheme has a duty cycle of about
2.3 Satellite images and camera images 8%. For cloud detection, the 25s average profile is used.

Well-developed cirrus clouds can be detected up to a height
We used visual images from satellite and a ground-of 15km — contrails and very thin cirrus will be lost in noise.
based camera to characterise the regional cloud propefAll low- and mid-level clouds are always detected.
ties during CINDI. RGB (red green blue) satellite images It should be noted that partial overlap exists at altitudes
from the Moderate Resolution Imaging Spectroradiometerbelow 150 m. In the case of very strong scattering close to
(MODIS) on the TERRA satellite, taken shortly before lo- the ground, e.g. in the case of fog or heavy precipitation,
cal noon, are obtained from NASA's Goddard Space Flightstrong signals can be received, even in the region of par-
Center (NASA/GSFC), MODIS Rapid Respondettp:// tial overlap. In particular in the case of fog, these strong sig-
aeronet.gsfc.nasa.gov/cgi-bin/bamgomas_interactiviem nals will overload the detector, which results in nonphysical
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a) MODIS RGB image b) Ground-based camera
11:30 _ 3:51 11:17

R

17:11 19:33

¢) Radiance and aerosol optical depth d) Colour Index

E B clear sky 2> — 10°
3 broken clouds 4 150
9 —6° — 30
< ] overcast g — 9Q°

Radiance [AU]
Colour Index

2E+7 -+

=" 0.0 004+

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

0E+0 41—

e) O, absorption
6 - -

04 DAMF

I . . e T L L —
3:00 7:00 11:00 15:00 19:00 3:00 7:00 11:00 15:00 19:00
Time Time

Fig. 1. Cloud imagesd: 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 200@) measured radiance and aerosol optical depth at 36Qd)raplour index;(e) O4 absorption;

(f) Ring effect. In the upper parts ¢f)—(f), the results for all elevation angles are shown (for elevation angles, see leghnthithe 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;
AOD: aerosol optical depth; AU: arbitrary units.

responses for atmospheric returns at higher altitudes. Somis used for comparison with the results of the MAX-DOAS
additional artifacts can be observed in the lidar signals (seeloud classification scheme. Note that during CINDI, a high-
Fig. 18) at around 2 km of altitude that are mainly due to performance Raman lidar was operated at CESAR (Apituley,
the old age of the equipment. These artifacts, however, d2009). However, this system could not provide data continu-
not impede in any way the ability of the lidar to detect ously.

clouds, which is the main application of the data in this pa-

per. The diurnal variation of the lidar backscatter profiles

Atmos. Meas. Tech., 7, 1289:32Q 2014 www.atmos-meas-tech.net/7/1289/2014/
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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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b) Ground-based camera
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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

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-

In this section the cloud influence on the measured radiancqng sections.
the colour index, the Qabsorption and the Ring effect is in-
vestigated in detail. The cloud effects are illustrated by mea-3.1 Radiance

surements made on five days representing different sky con-

ditions (Figs. 1-5). The first two days represent rather simpleFor observations at high elevation angles, especially for
cases with either mainly clear or cloudy skies; the later daysenith viewing direction, the optical depth in the UV and
represent more complex situations with, e.g., fog or brokervisible spectral range with respect to atmospheric Rayleigh

Atmos. Meas. Tech., 7, 1289:32Q 2014
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a) MODIS RGB image 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 cloudsimulation results of the (normalised) radiance for an SZA of
(or aerosol) particles usually increases the observed radi30® and 60 and an RAA of 90 are shown (similar depen-
ance (exceptions can occur for thick clouds; see below). Indencies are found for other viewing geometries). The output
contrast, for low elevation angles, especially at short wave-of MCARTIM is given as normalised radian@orm, Which
lengths, the Rayleigh scattering optical depth is larger ands defined here as

thus clouds can either increase or decrease the observed radi- R())

ance. The details of these dependencies vary with elevatioffnorm(2) = m 1)
angle, relative azimuth angle between the viewing direction

and the sun (RAA) and the SZA. In Fig. 6 radiative transferW'ﬂ:jR()‘) being the measured radiance ahd) the solar
irradiance.
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a) MODIS RGB image b) Ground-based camera
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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- following. In Fig. 1c the measured radiance at 360 nm for
lations (Fig. 6) is that although zenith observations are es24 June 2009 is shown. This day was mostly clear as in-
pecially well suited to detect the presence of clouds, clouddicated by the visible images from satellite and from the
detection from zenith observations is still not unambiguous:ground (Fig. 1a and b). During the completely cloud-free
in the case of optically thick clouds (OPabout 50), the ob-  parts of that day (morning and part of the afternoon), the
served radiance decreases and can even reach values smaheeasured radiance shows a smooth temporal variation. The
than for a clear sky. radiance for the high elevation angles are smaller than those

The results from the radiative transfer simulations are con-measured at low elevation angles, because of the smaller at-
firmed by the MAX-DOAS measurements during CINDI mospheric optical depth along the line of sight for high ele-
(Figs. 1-5); some examples are discussed in detail in theration angles (except when clouds are present). In the upper

Atmos. Meas. Tech., 7, 128932Q 2014 www.atmos-meas-tech.net/7/1289/2014/
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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-
T T T T ment is not radiometrically calibrated (note the different

0 10 20 30 40 50 0 10 20 30 40 50 . . .

Cloud OD Cloud OD scales in Fig. 7). However, from the comparison of the mea-

sured and simulated radiance values during the (clear) morn-

F|g 6. Normalised radiance at 360 nm as function of the cloud Op-ing, a proport|0nal|ty constant can be denved Whlch can be
tical depth for various elevation angles (see legend) derived from,saqd for a rough conversion of the measurements (digital

radiative transfer smulgtlons. The_ filled C|rcles_ show values for acounts per second) into the normalised radiance (Eq. 1). For
clear sky. The cloud optical properties are described by the Henyey— . . .
ur measurements we derive a proportionality constant of

Greenstein approximation with an asymmetry parameter of 0.85O ) . .
PP y yp 4.3x 102 with an estimated uncertainty of abat5 %.

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 3km for cloud oD Around noon on 24 June 2009, when clouds were present,
of 20 and from 1 to 6 km for cloud OD of 50. The relative azimuth the observed radiance is typically enhanced compared to the
angle is 90. 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,
part of Fig. 1c the aerosol optical depth (AOD) at 360 nm when the sky was clear again, the radiance is systematically
measured by the AERONET sun photometer is shown. Durhigher than the clear-sky reference values. This enhancement
ing the first (clear) half of the day the AOD is rather small is mainly caused by the increase of the aerosol optical depth
(about 0.2), but it strongly increases in the afternoon. Duringduring the second half of the day.
noon, no AOD values are measured because of the presenceln Fig. 2 results for an almost overcast day (15 June 2009)
of clouds. In the lower part of Fig. 1c the radiance for zenith are shown; only in the late afternoon were there some holes
view with the respective clear-sky reference values (see bein the cloud cover. For zenith direction (Fig. 2c), the radi-
low) is shown. ance is mostly increased compared to the clear-sky reference
In Fig. 7a the measured radiance for the same day, but onlyalues. But again, around noon the measured radiance be-
in (near-) zenith direction is shown. In addition to the mea- comes smaller than for clear-sky conditions indicating op-
sured values (black line), different clear-sky reference valuegically thick clouds. Similar cloud effects on the measured
are shown: the red line is a polynomial fit (as function of the radiance are also found for the other selected days (Figs. 3—
SZA) to the measured clear-sky radiance during the (clearp).
morning (before 10:30UTC). The blue and magenta lines
are results from radiative transfer simulations for either ex-3.2 Colour index (CI)
actly zenith (elevation angle of 9Dor the near-zenith view ) o )
of our instrument (elevation angle of §5respectively. Both A colour index (or colour ratio) is usually defined as the
curves are slightly different: the afternoon values fot 86 rauo_of_two radiance values at different wavelengths (e.g.
SyStematically hlgher than those forr9@and vice versa in the Sarkissian et al., 1991, 1994; Enell et al., 1999) In this Study
morning. The higher (smaller) values in the afternoon (morn-e calculate CI from measured detector signals at 320 nm
ing) are caused by the fact that during that part of the day thénd 440 nm:
instrument (at an elevation angle of°3%s directed slightly $(320 nm
towards (away from) t_he_ sun. . . Meas= '¢(440 nm @)
Note that the radiative transfer simulations were per-
formed assuming an aerosol layer from the surface to 1km Here,S(%) indicates the measured detector signal at wave-
with an AOD of 0.3. This AOD value is slightly larger than lengthi. Since the efficiencies of the grating and the detector
that measured by the AERONET instrument (about 0.2).usually depend on wavelength,fehsderived from the mea-
The most probable reason for this discrepancy is the nesurements do not equal the CI calculated from calibrated at-
glect of polarisation in our radiative transfer model (see, e.g. mospheric radiance measurements or from radiative transfer
Mishchenko et al., 1994). But deviations of the used asym-simulations:
metry parameter (0.68), single scattering albedo (0.95) and R(320 nm)
vertical profile from the true aerosol properties might alsoCl = ——.
play a role. In spite of this slight inconsistency, the compari- R(440 nm

son shown in Flg 7 basicaIIy indicates that radiative transfer Thus, no direct comparison of measureg,&kand the Cl

simulations are in principle well suited to serve as clear-skyderived from radiative transport simulations is possible, but
reference values. In the following we use the results of the rahoth Cls are proportional:

diative transfer simulations as clear-sky reference values be-
cause they correctly describe the slight a.m./p.m. asymmetrZ| = Clyeas 8, 4)

SZA 30°

Rnorm
o
[N

®)
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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 9@an elevation of 85wvas used, because the MAX-DOAS instrument was installed close to the Cabauw
tower. Magenta lines (90elevation angle) and blue lines (8Blevation angle) show results from radiative transfer simulatiprexés 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).

szA300 “s7A60° [— 1 — T of clouds (with optical depths larger than about 3 to 5; see
77777777 - {—3 — 30°|- : . . .
77777777777777777777777777777777777777777777 e | Fig. 8) can be easily deduced. Interestingly, for cloud optical
o N c ,4 depths larger than about 3 to 5 (the exact thresholds depend

- on SZA and relative azimuth angle) the Cl for measurements

T T at all elevation angles become very similar. With further in-
20 30 40 %0 20 (30 40 %0 creasing cloud optical depths, the Cls stays almost constant

(usually a slight increase is found).

Fig. 8. Colour index (intensity ratio 320 nm/440 nm) as functionof ~ These general dependencies of the ClI are also found in

the cloud optical depth for various elevation angles (see legendihe measurements: with a clear sky (e.g. during the morning

derived from radiative transfer simulations. The filled circles show of 24 june 2009: see Fig. 1), high values of the CI are ob-

values for a clear sky. Note that the simulations include ozone ab'served especially for high elevation angles. In the presence

sorption fo.r an @ vert|gal column density (.VCD) of 380 DU. The of clouds (during noon on 24 June 2009, see Fig. 1, and on
relative azimuth angle is 90Cloud properties are the same as for

the results shown in Fig. 6. 1_5 June 2009,_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 Cl on 24 June 2009 for zenith view are
with g = E(440 nn)/E(SZQ nm being the proportionality  shown (black line), together with the clear-sky reference val-
constant and (1) the combined efficiency of the grating, the es. Like for the radiance, a polynomial fit to the morning
detector and all other optical components of the instrumenineasurements of 24 June 2009 and results from radiative
at wavelengtft (while the efficiency of the grating and the {ransfer simulations are presented as coloured lines. Again,
detector might be available from the specifications providedine cis for elevation angles of 8@nd 90 differ slightly,

by the manufacturer, the efficiency of the whole instrumentyith smaller CI values for 85in the afternoon. Like for ra-

is usually not well known). diance, a proportionality constant (see Eq. 4) can be deter-

Because of the strong wavelength dependence of Rayleighined by comparing the radiative transfer results to the clear-
scattering, the CI defined in Egs. (2) and (3) typically showsgyy measurements during the morning of 24 June 2009: we
high values for cloud-free situations, especially for measureyerive a value of about 1.75.

ments at high elevation angles (Fig. 8). Because of the much The strong dependence of the CI on scattering (Fig. 8) by
weaker wavelength dependence of scattering on cloud partig|oyq particles makes it an ideal indicator for their presence:

cles, the Cl decreases in the presence of clouds. Thus, frolgspecially for measurements at high elevation angles, the Cl
deviations of the CI from the clear-sky values, the presence
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- S7A G0 —T 100 different compared to those in our study (they also depend on
——————————————— : " the wavelength dependence of the instrument’s efficiency). It
o) N 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.

Aerosol OD Aerosol OD 3.3 04 absorption
Fig. 9. Colour index (intensity ratio 320 nf440 nm) as function . . .
of the aerosol optical depth for various elevation angles (see legend he concentration of the oxygen dlmer4003 proportional
derived from radiative transfer simulations (aerosol layer: 0—-1 km, 0 the square OT the _pconcentratlpn (Greenblatt et al.,
asymmetry parameter AP: 0.68, single scattering albedo SSA: 0.951990). It only varies slightly (according to changes of atmo-
Angstrém parameter: 1, relative azimuth angle?)90lote that the ~ SPheric pressure and temperature) and thus measurements of
simulations include ozone absorption for ag @CD of 380DU.  the atmospheric absorption can be used to identify and
The filled circles show values for clear sky. 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-

typically decrease by more than a factor of two in the Iores_etry, clouds can either increase or decrease the obsewed O

ence of clouds compared to clear-sky conditions. However20Sorption compared to clear-sky conditions: optically thin
if Cl measurements are used for cloud detection, one impor¢!0uds at high altitude tend to decrease theadsorption for
tant aspect has to be considered: in the presence of strorf§eéasurements at high elevation angle and to increaseshe O
aerosol loads, the CI can also be substantially reduced; se@SOrption atlow elevation angles (Wagner et al., 2011). Op-
Fig. 9. However, for small and moderate AODs (AQL1) tically thin clouds at low altitude typically tend to decrease
the reduction of the Cl is smaller than for “typical” clouds the Oy a_bsorpti(_)n at all elevation angles. Vertigally extended
(with optical depths- 3). Another interesting finding is that and optically thick clouds can lead to a strong increase of the
O4 absorption (measured at all elevation angles) due to ex-

for aerosol OD< 1, a spread of ClI values is found for the ! oy
different elevation angles. The magnitude of this spread det€nded light path lengths inside the cloud (or between cloud

pends on the AOD and the viewing direction. In contrast, in12Y€rs) caused by multiple scattering (Erle et al., 1995). The

the presence of clouds, the Cls for the different elevation andifferent dependencies can be well reproduced by radiative

gles usually become almost the same. These findings are aldfansfer simulations (see Fig. 10). Note that extended light
confirmed by measurements: in Fig. 3 MAX-DOAS Cl for a paths not only occur for geometrically and .opt|cally thick
mostly clear day with high AOD (close to unity for 360 nm) clouds, but can also be caused by “reflection” between a
are shown. Compared to the clear day with low aerosol loacf'0ud layer and fog or snow at the surface.

(Fig. 1) the Cls for zenith view are reduced, but still slightly " Fig- 10 the G absorption is expressed as air mass factor
higher than for a totally overcast day (15 June 2009: see(AMF) (Solomon et al., 1987), which is the direct output of

Fig. 2). Even in the presence of a high aerosol load, the CFhe radiative transfer simulations. From the measurements,
values for the different elevation angles are still systemat-O4 AMF can be calculated by dividing the,Glant column

ically different, whereas for the cloudy day, they show al- d€nsity (SCD) by the @vertical column density (VCD):

most the same values. Thus, from the spread of the CI val- scD

ues it is possible to distinguish the effect of typical clouds AMF = Ve (5)

(OD > about 3) from that of weak or moderate aerosol loads

(AOD < about 1). For measurements at high AOD (larger Here, the SCD represents the concentration integrated
than about 1.5), the distinction becomes more difficult. Inalong the light paths and the VCD represents the vertically
such cases, the investigation of the temporal variation ofintegrated concentration. For the measurements at Cabauw,
the derived quantities can yield additional information (seea Oy VCD of 1.41x 10*3moleculedcm= is used for the
Sect. 3.5). conversion of the @ SCD into @ AMF calculated accord-

In this study, we chose 320 nm and 440 nm for the calcula-ing to average surface pressure and temperature for 24 June
tion of the CI. This choice was made in order to have a large2009 (Piters et al., 2012) (for the units, see Greenblatt et al.,
spectral contrast within the wavelength range of our instru-1990).
ment and thus a good signal-to-noise ratio. Depending on the Note that in the DOAS analysis a second measurement has
properties of other instruments, different wavelengths mightto be used (a so-called Fraunhofer reference spectrum) to cor-
be chosen for the calculation of the ClI, especially includingrect for the strong Fraunhofer lines in the measured spectrum.
longer wavelengths (see also Gielen et al., 2013). While raSince the Fraunhofer reference spectrum also contains atmo-
diative transfer simulations indicate that the basic dependenspheric Q absorptions, the result of the DOAS analysis does
cies of the Cl on cloud properties are similar for Cl calculatednot represent the absolutes GCD, but the difference be-
at other wavelengths, the absolute CI values will of course baween the Q@ SCDs of both measurements. This difference is
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a) Cloud bottom at 1 km
8 2 7777777 SZA 30° --------- -

SZA 30° SZA 60°
0.10

T8
=
< 4
<
(o)
— 1 000 ——F—————F7———7—— 71—
0Or—r—7—7—71—— O 0O 10 20 30 40 50 0 10 20 30 40 50
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b) Cloud layer 7 to 8 km Fig. 11. Strength of the Ring effect (expressed as Raman scatter-
8 T------ SZA 30° ---------- 85 SZABQC-------eme--- ing probability, RSP) at 360 nm as function of the cloud optical
w — - 1;7 = = depth for various elevation angles (see legend) derived from radia-
z tive transfer simulations. The filled circles show values for a clear
S sky. Cloud properties are the same as for the results shown in Fig. 6.
O T T T T T T T T T 1 O T T T T T T T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50
Cloud OD Cloud OD In Fig. 1 the Q DAMFs measured during a mostly clear
¢) Cloud (fog) layer O to 1 km 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 thes@bsorptions for zenith direc-
;i tion of that day is compared to different clear-sky reference

values. Except for a small period during noon, the measure-

e — ———

0 10 20 30 40 50 0 10 20 30 40 50 ments are close to the clear-s_ky reference_ values, even dur-
Cloud OD Cloud OD ing the occurrence of some thin clouds during the afternoon.

Fig. 10.04 AME at 360 function of the cloud optical deoth This indicates a general “robustness” of thg &sorption
19 0. 2a at sbinm as function ot the cloud optical depin -, iy, respect to the influence of some kinds of clouds, es-

for different cloud altitudes derived from radiative transfer simula- iallv for hiah and ootically thin clouds. Such bust

tions. The cloud optical properties and relative azimuth angle arepeC'a, ytor ',g and optically |n'c ouds. such arobustness

as in Fig. 6.(a) Low clouds as in Fig. 6¢b) high cloud between 7 _expla|_ns that in many cases evenin the presence of clouds the

and 8km;(c) cloud layer (fog) from the surface to 1 km. The filled inversion of tropospheric profiles from MAX-DOAS obser-

circles show values for a clear sky. 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

usually referred to as differential{$CD (or & DSCD). For ~ clouds.
the Oy analysis we used a fixed Fraunhofer reference spec- Similar results are found for another clear day

trum (from 24 June 2009, 11:36 UTC) measured in zenith(2 July 2009; see Fig. 3). However, in contrast to
direction. 24 June 2009, the aerosol optical depth on this day is

The conversion of the PDSCD into an Q differential air much larger (about 1.0 compared to 0.2-0.6). The increased

mass factor (DAMF) is performed similarly to Eq. (5): aerosol optical depth leads to a smaller spread of the O
DAMFs for the different elevation angles (as a result of

DSCD the reduced atmospheric visibility), and thg DAMF for
VeD (6) zenith view also shows a slightly stronger diurnal variation.
For mainly overcast days (e.g. Figs. 2 and 4) the spread
of the Oy DAMFs for the different elevation angles is usu-
ally reduced compared to clear days. For zenith observa-
Otions, 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

DAMF =

Thus, for the comparison of the measureg DAMFs,
a constant value (the OAMF of the Fraunhofer refer-
ence spectrum) has to be subtracted from the simulated
AMFs. The Q AMF of the Fraunhofer reference spectrum
is at first unknown, but it is possible to estimate it from
the comparison of the measured DAMFs with the sim-
ulated Q AMFs (e.g. Fig. 7c). For our measurements we

estimate an @ AMF of 1.7 (corresponding to an £8CD period, continuously enhanced, DAMFs are found. In ad-
of 2.4 x 10*3molecule cm~5). It should also be noted that dition to light path enhancements caused by multiple scat-

in contrast to some previous studies (Wagner et al. 2011tering inside the fog layer, “reflection” between the fog layer
Clémer et a., 2010), no scaling factor for the SCDs V\,/as and the cloud layer above has probably also contributed to the
applied in this study,/, because measurements and model rg_nhancement (after the fog disappeared a cloud layer above

sults could be brought into agreement well without a scalingCOUId seen).
factor (also for the observation at low elevation angles). Cur-
rently we have no explanation for this finding.
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Another interesting finding is that during the presence of In Fig. 7d the RSP for zenith direction is compared to dif-
the fog in the morning the £DAMFs for all elevation angles ferent clear-sky reference values. During the morning good
are almost the same. This indicates that the direct light pathagreement of the measured RSP with the clear-sky reference
along the lines of sight were very short (and similar) for all values is found, but during the afternoon systematic differ-
elevation angles. This finding is in good agreement with theences occur (around noon, deviations are caused by the pres-
radiative transfer simulations shown in Fig. 10c. Note thatence of clouds). These deviations can be mainly attributed
during the periods of the largest increase of theaDsorp-  to the increased AOD (aerosol scattering also contributes to
tion at zenith view the observed radiance at zenith was syselastically scattered light), but the deviation of the viewing
tematically smaller than for clear-sky conditions (Figs. 2 andangle from exactly zenith also causes a small reduction of
4), also indicating optically thick clouds. the RSP.

In this study we investigate the 4Cabsorption band at For mainly overcast days (Figs. 2 and 4) the RSPs for all
360 nm (note that in the spectral analysis we also include thelevation angles become similar. And like fog @ the pres-
weaker absorption band at 380 nm). Thus, our results are repence of fog (morning of 28 June 2009; see Fig. 4) the RSP is
resentative only for the effects of clouds in the selected UValmost identical for all elevation angles indicating very short
spectral range. If @absorption bands at larger wavelengths (and similar) light paths. At noon on 15 June 2009 (Fig. 2) the
are analysed (e.g. at 477, 577 or 630 nm), the basic effectRing effect (especially for zenith view) is largely increased
of clouds are expected to be similar. However, especially forcompared to the clear-sky reference values, indicating strong
observations at low elevation angles the light paths below thdight path enhancements inside the clouds due to multiple

clouds might systematically be larger than in the UV. scattering (similar to the £absorption). This finding is also
_ in good agreement with the radiative transfer simulations
3.4 Ring effect shown in Fig. 11.

Inelastic scattering due to rotational Raman scattering on aty Temporal variability
mospheric molecules (about 2 % to 4 % of all molecular scat-

tering events) leads Fo a fiIIing—in of Fraun.hofer lines in spec- 5p, unambiguous discrimination between clear- and cloudy-
tra of scattered sunlight (Grainger and Ring, 1962; Kattawarsky conditions is not possible for all of the quantities dis-

etal., 1981). The strength of this so-called Ring effect can b&;;sseq above. For example, the measured radiance,sthe O
retrieved from MAX-DOAS spectra by including a so-called 5p54rption and the Ring effect can be both increased and/or
Ring spectrum in the DOAS analysis (Solomon et al., 1987).qecreased in the presence of clouds. Fortunately, the influ-

The fit coefficient of the Ring spectrum is proportional t0 g ce of clouds on the Cl is unambiguous: compared to clear-
the so-called RSP (see Wagner et al., 2009), which can bgy, conditions, the CI for zenith view is always decreased
Q|rectly compared to results from radiative transfer simula-;, ihe presence of clouds (typically by more than a factor of
tions. ) . two for cloud optical depths 3). However, as demonstrated

_ In the presence of clouds, the relative contribution of iy gect 3.2, high aerosol loads can also lead to a similar de-
inelastically scattered light usually decreases compared tQqa5e of the Cl (although the effect of typical aerosol loads
clear-sky conditions, because the additional scattering oRy, the Cj is usually smaller than that of clouds). Thus, ad-
cloud particles is an elastic process. This effect explains thejisiona| information should be used to unambiguously detect
decrease of the Ring effect with increasing OD for low OD 4 presence of clouds.

(Fig. 11). In contrast to the Habsorption, the strength of ¢ \ya5 demonstrated using the examples shown in the pre-
the Ring effect depends strongly on the scattering angle angio s sections that the variation of the retrieved quantities

less on the light path length. But for large cloud OD, strongly penyeen two measurements (at the same elevation angle) is
enhanced light paths inside clouds can also strongly increasgs;an, larger by far than the temporal changes in clear-sky

the probability of additional scattering on molecules and thus.qgitions (compare, e.g., the results shown in Figs. 2 and 4
increase the strength of the Ring effect (Fig. 11). Cie

° : with those shown in Figs. 1 and 3). Even for measurements
In Fig. 1 the strength of the Ring effect (expressed as RSP),qer 4 totally overcast sky, a strong temporal variability of
measured on a mostly clear day (24 June 2009) with lowye gerived quantities is usually observed. These variations

aerosol optical depth is shown. For most parts of this dayyre caused by changes in the cloud properties (e.g. the cloud
similar values of the RSP are found for the different elevatlonoptica| depth or the cloud altitude).

angles (except zenith view). This confirms the rather weak |, Fig 5 results for a day with broken clouds (on the morn-
dependence of the Ring effect on the atmospheric light path, g ot 28 June 2009) are shown. As expected, for measure-
length. Since the Ring effect depends on the relative azimuthy,ents under broken clouds, the temporal variation of the re-

angle, the spread of the RSP for different elevation anglegyjeyeq quantities is rather strong. The strongest and most
is different for different times of the day, especially during a5ig changes are typically observed in zenith direction, be-

sunrise and sunset. 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 thg &sorption and the Cl 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 i8.86

so-called temporal smoothness indicator (TSI), the discreteaused by clouds) lead to large TSI. In the case of temporal
approximation of the second derivative in time: gaps (At > 30min), no TSl is calculated. The unit of TSI is
the unit ofy divided by the time squared.

Af1yn+1+ At2yn—1 Yn ] @)

TSIy, =2 [ -
Andtp-(An+Al) - AnlAL 3.6 Dependence on elevation angle

Here,y indicates the considered quantity (e.g. the Cl), and
n indicates a selected elevation sequenkg.and Ar, are  Observations at different elevation angles probe different
the time steps between measurement sequeneets and  parts of the sky. Thus, in the presence of spatially heteroge-
n+ 1, respectively. Equation (7) ensures that smooth systemnous clouds, the retrieved quantities for neighbouring eleva-
atic variations of the observed quantity, e.g. caused by thdion angles are usually different. In Fig. 12 the dependence
variation of the SZA, lead to small values of the TSI, while of the Q;, DAMF and the CI for measurements in clear and
rapid variations between consecutive elevation sequences (atoudy conditions are shown as examples. Under a clear sky,
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the observed quantities depend smoothly on the elevation arit8 June 2009 the ESI shows much higher values than on
gle (similar results are found for the radiance and the Ring24 June 2009, indicating that broken clouds not only strongly
effect). In contrast, in cloudy conditions, a nonsmooth de-affect the temporal variation of the measured quantities but
pendence is found. In extreme cases (e.g. in the presence afso the smoothness of the elevation sequence dependence.
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 de4 Cloud classification scheme

pendency, information about the presence of clouds during

that elevation sequence can be obtained. For the quantificas shown in the previous sections, the presence of clouds can
tion of the smoothness of the elevation angle dependence, thee deduced by different methods from MAX-DOAS mea-
so-called elevation smoothness indicator ESI is defined: ~ surements of the radiance, colour indey, &sorption and

Ring effect :
Umax 2
ESly» = Z (Yna = Pu ()" (8) a. The measured quantities can be compared to their re-
min spective clear-sky reference values.

Here, y indicates the considered quantity (e.g. the mea-
sured radiance or Cl) andindicates the selected elevation
sequencea indicates the elevation angle, aml(«) is a
polynomial (of 3rd degree) fitted t0, 4. ¥min andemax de-
fine the range of elevation angles for which ESl is calculated.
In this study we seleaimin = 2° andamax= 15°. The lim-

itation to this range is to some extent arbitrary, but ensures These three methods can in princip'e be app“ed to a” mea-
that the polynomial fit is performed to values with almost syred quantities and all viewing directions. However, some
equidistant differences between the elevation angles. Includgyantities (e.g. the Cl) and some elevation angles (e.g. zenith
ing higher elevation angles could also complicate the calcuvjew) are especially well suited to the detection of clouds.
lation of the ESI, because for SpECiﬁC ViEWing geometries thq” order to minimise the Computationa| efforts, we propose
measured quantities for higher elevation angles might be eiz detailed cloud detection and classification algorithm based
ther h|gher or lower than the values derived at.IB“JS, the on the radiance, the Cl and tha %Sorption; F|g 14 shows
limitation to elevation angles 15° ensures that no inflexion 3 flow chart of this algorithm. Primary classification results
point affects the polynomial fit. The unit of the ESlis the unit are indicated by the black arrows. Only one primary classi-
of y. fication result can be attributed to a given measurement (el-

Note that for the measured radiance and Cl, we normalisyation sequence). Blue arrows indicate secondary classifi-
the calculated TSI and ESI (Egs. 7 and 8) by division by cation results, which can be attributed in addition to the pri-
the zenith clear-sky reference values (results from radiativenary classification results. Note that Ring effect results are
transfer simulations; see Fig. 7). not considered, because they do not provide significant addi-

In Fig. 13 TSI and ESI for two selected days are shown.tjonal information.
The upper panel presents results for a mainly clear day The choice of the selected quantities (and threshold values;
(24 June 2009) and the lower panel for a day with brokensee pelow) in this study in our opinion constitutes a good
clouds in the morning (18 June 2009). During the cloud-freecompromise between effort and benefit. Depending on the
morning of 24 June 2009, the TSI, in particular, shows veryrequired accuracy and the computational effort, only part of
small values. Later on that day, and especially around noorhe proposed classification steps might be applied. If, e.g.,
the TSI is enhanced, indicating the influence of changingonly a distinction between clear and cloudy sky is required,
cloud cover on the MAX-DOAS observations. Even higher the consideration of the Cl in zenith direction;Ghight be
values of the TSI are found for 18 June 2009, for which syfficient (see, e.g., Gielen et al., 2013). In the following we
rapidly varying broken clouds were present. The highest val-describe the individual steps of the cloud classification algo-
ues of the TSI are usually found for high elevation angles,ithm (Fig. 14) in detail.
especially for zenith view.

Large differences between both days are also found foy.1 Discrimination between a clear sky and clouds or
the ESI. However, surprisingly, for completely clear-sky con- high aerosol loads
ditions slightly enhanced ESI are often found (e.g. for the
O4 DAMF on the morning of 24 June 2009). Such small In the first step the measured CI values for zenith obser-
variations of the elevation dependencies of the@mAMFs vations are considered. They are divided by the respective
are also seen in Fig. 12 (top). The reason for the enhancedlear-sky values for the same SZA, yielding the normalised
ESI is not completely clear. One possibility might be local ClI. In this study, we use clear-sky reference values from ra-
aerosol sources which affect individual elevation angles. Ondiative transfer simulations (for an aerosol optical depth of

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.

www.atmos-meas-tech.net/7/1289/2014/ Atmos. Meas. Tech., 7, 12829 2014
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Fig. 13.Elevation smoothness indicator (ESI; left) and temporal smoothness indicator (TSI; right) for the different retrieved quantities (the
units of the TSI are the units of the considered quantities divide&byrsthe upper panel, results for a mainly clear day (24 June 2009) and
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-systematic underestimation of the cloud-contaminated mea-
vations (Cf) is smaller than a prescribed threshold value surements (measurements with SZA5° constitute only a
(Sect. 4.6), the measurement is classified as cloudy, or as aémall fraction of all measurements, i.e. before about 05:40
fected by high AOD. Otherwise, the measurement is classiand after 19:00 UTC). Future studies should apply a more
fied as made under a clear sky. In this prototype study, wesophisticated threshold depending on SZA.

use a constant threshold for the whole SZA range. How-

ever, it should be noted that for large SZA (abeui5°®) the

selected threshold value seems to be too low, leading to a

Atmos. Meas. Tech., 7, 128932Q 2014 www.atmos-meas-tech.net/7/1289/2014/
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a) Thus, enhanced values of the temporal smoothness indicator
Cly eas < Ciret ? TSl indicate the presence of broken clouds.

clear sky, low Low TSI (in cases of reduced &) either indicate high

<~ of Cly 2 aeroso aerosol loads or continuous cloud cover. To discriminate be-
(TSI > TSl ?) clear sky betw. O tween both cases, the spread of the Cl values for the different

clouds elevation angles can be investigated: continuous cloud cover
smooth temp. var. of Cl , . e . .

|, and spread of Cl for os clear sky, high can be identified by small differences between the maximum

different elevation angles aerosol 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.

rapid temp. var.

Cl the same for all
elevation angles ?

i

continuous .

>
clouds

e

1
-

—P{ rapid temp. var. of Cl ,? ‘broken clouds ‘ D

Cl for other elevation cloud infl. for 4.3.1 Identification of fOQ
] angles vary rapidly ? yes indiv. meas.
In the presence of fog, the atmospheric light paths and thus
> O, the same for aoll — yes P fog | the Oy DAMF for all elevation angles become the same. Fog
elevation angles - : can thus be identified if the difference between the maximum
0,2> Oyper ? thick clouds and minimum Q DAMF values for the whole elevation se-
7 o 22 ontinuous or | Il falls bel ibed threshold Sect. 4.6
R, <R.? el guence falls below a prescribed threshold (see Sect. 4.6).
4.3.2 lIdentification of thick clouds
b)
smooth O, e In thg p.r(_esence.of optically thick clouds, the DAMF_can
elevation angle inversion possible be significantly increased compared to the respective clear-
dependence? sky values (see Sect. 3.3 and Fig. 2). The measured radiance
L | Aerosolprofile typically also falls below the clear-sky reference values (see
[IEE O (el EED Sect. 3.1 and Fig. 2). Thus, thresholds (see Sect. 4.6) for

both quantities can be used to indicate the presence of op-

Paths with black arrows indicate the primary classification results:tlca‘IIy lt_hlcl(; Cl?UdS.' fNOtﬁ tha(tj.the threhShmdS are :ppllled to
only one primary classification result can be attributed to a givennorma Ised values: for the radiance, the measured values are

elevation sequence. Paths with blue arrows indicate secondary cladlivided by the clear-sky reference values; fof e clear-

sification results, which complement the primary classification re-SKy reference values are subtracted from the measuged O

sults. (The symbols on the right side are the same as in Figs. 1©AMF.

and 17).(b) Scheme to estimate the quality of the aerosol profile

inversion. 4.4 Classification of the cloud influence for individual
measurements

Fig. 14. (a)Cloud classification scheme suggested in this study.

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-

. L : vide useful information. In principle it is even possible to
For measurements identified in the first step as clear-sky . . L
. . detect a potential cloud influence for an individual observa-
measurements, it is important to know if they were made un- " .
: . . . tion from the TSI of the specific elevation angle. In our al-

der completely clear skies or if the telescope was just point-

ing to an area of clear sky between clouds. The latter can bgorlthm we follow a simplified procedure: we calculate the

concluded if the GI shows rapid temporal variation, i.e. the sum of the TS for all non Z?mth eIevatlo_n angles_ B!

. Enhanced values of Tglcan yield valuable information, es-
TSI (see Sect. 3.5) is larger than a chosen threshold valug . . . o
(see Sect. 4.6) 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.

4.2 Discrimination between continuous clear sky and
cloud holes

4.3 Discrimination between continuous clouds, broken
clouds and high aerosol loads 4.5 Elevation smoothness indicator for Q

Usually (especially in the absence of strong local sources) thénterestingly, even in the presence of clouds (except for bro-
atmospheric aerosol load changes rather slowly with time. Inken clouds), a smooth dependence of theD@AMF on el-

contrast, cloud properties typically change rapidly (on the or-evation angle is often found. However, from this it can not
der of minutes), especially in the presence of broken cloudssimply be concluded that a meaningful inversion of aerosol

www.atmos-meas-tech.net/7/1289/2014/ Atmos. Meas. Tech., 7, 12829 2014



1306 T. Wagner et al.: Cloud detection and classification based on MAX-DOAS observations
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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
selected days (see Table 1). The three upper panels of the left-hand column of each subfigure show the normalised radiancg, Cl and O
DAMF for zenith view. The lower panel in the left-hand column shows the elevation smoothness indicator (ESL) The@wo top panels

of the right-hand column of each subfigure show the temporal smoothness indicators (TSI) of the ClI for zenith view and the sum of the TSI
for all other elevation angles (unitsT$). The two bottom panels of the right-hand column show the difference between the maximum and
minimum values of the Cl and the,DAMF for all elevation angles (Time is given as UTC.)

profiles is possible. However, a nonsmooth dependence afemaining measurements a meaningful aerosol profile inver-
the O; DAMF on elevation angle can be used as a clear indi-sion might then be possible (although with larger uncertain-
cation that a meaningful aerosol profile inversion is not pos-ties). Similar procedures might also be used to assess and
sible. In such cases, the complete elevation sequence miglitnprove the quality of the trace gas profile inversions.

be skipped for further processing. Alternatively, from a de-

tailed inspection of all @ DAMF 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, 128932Q 2014 www.atmos-meas-tech.net/7/1289/2014/
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Fig. 15.Continued.
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4.6 Selection of threshold values Simple classification

In Fig. 15 the quantities discussed in the previous section

(see also Fig. 14) are shown for selected days (the same days | 5 TR MO 00 00

as discussed in Sects. 3.1-3.4). In the three upper panels of S

the left-hand column of each subfigure, normalised measure- 3 e
ments in zenith direction are shown (radiance, the Cl and |2

the Q; DAMF). In the lower panel of the left-hand column, T — T
the ESI for the @ DAMF is shown. In the two upper pan-  3:00 7:00 11:00 15:00 19:00
els of the right-hand column of each subfigure, the tempo-

ral smoothness indicator TSI for the Cl is shown for either Detailed classification

zenith direction or the sum of the TSI for all non-zenith di- - EENOTTOmOD 00 00

rections. In the two lower panels of the right-hand column S

the difference between the maximum and minimum values of | e —

the Cl and the @ DAMF for a complete elevation sequence § - -

is shown. Based on these results for the selected days and L S S S

by comparison to the corresponding cloud properties derived 3:00 7:00 11:00 15:00 19:00
from images taken from satellite apd the gr.ognd, we chose a 2 cioar Tow AOD dlear high AGD @ cloud holes (@)
set of threshold values for the various decisions to be made | oy holes (LE)  ® continuous clouds  * fog

within our proposed cloud classification scheme (Fig. 14). o broken clouds m thick clouds

The derived threshold values are summarised in Table 2.

Fig. 16.Results of the cloud classification scheme for 18 June 2009.
4.7 Results of the cloud classification scheme for the Top: discrimination between clear and cloudy skies (including
MAX-DOAS measurements during CINDI cloud holes and broken clouds) using a simple version based on
the ClI in zenith view. Bottom: results of the detailed classification
Figure 16 presents the results of the cloud classificatiorscheme according to Fig. 14. (cloud holes (Z): clouds before or af-
scheme for 18 June 2009 with two different levels of com- ter the selected elevation sequence in zenith direction; cloud holes
plexity. In the upper part, only CI measurements in zenith(LE): clouds before or after the selected elevation sequence at low
direction are used. From such observations a clear sky (corfévation angles). Note that between 11:00 and 12:00 some data is
tinuous or cloud holes) as well as cloudy skies (continuoug™ssing due to instrumental problems. (Time is given as UTC.)
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:

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

— For clear-sky observations, situations with low or high ~ — Thick clouds are identified for periods when dark
AOD are distinguished. clouds appear in the sky images.

— For clear-sky observations, broken clouds before and ~— For clear days with low AOD (Fig. 17a) the blue sky is
after the selected elevation sequence can be identified ~ darker than for clear days with high AOD (Fig. 17c).
not only for zenith view but also for low elevation an-

gles The results of the cloud classification scheme for all days are

presented in Fig. 18 together with the diurnal variation of the
— For cloudy-sky observations, the presence of thicklidar backscatter profiles (see Sect. 2.5). In general very good
clouds is indicated. qualitative agreement is found. In some cases, slight differ-
. .. ences are also found which might be attributed to different
— For cloudy-sky observations, the presence of fog is in- s like, e.g., the different locations, viewing directions
dicated. and duty cycles of both instruments (see Sects. 2.1 and 2.5).
Figure 17 presents results of the complete cloud classificaAdditional possible reasons for deviations are non-optimum
tion scheme for five selected days. In addition, images of thechoices of the selected thresholds or possible shortcomings
web camera at intervals of 30 min are also shown. The skyin the interpretation of the lidar data for altitudesl50 m
images are synchronised with the results of the cloud classifsee Sect. 2.5).
fication scheme (four images are always grouped in a vertical In Table 3 an overview of the occurrences of the different
column with a “width” of 2 h) to allow a direct comparison. cases for the complete measurement time series (12 June to
For the selected days, very good agreement is found betweetb July 2009) is presented. Cloudy sky (continuous and bro-
the cloud classification scheme and the sky images. In parken clouds) was present during the majority of measurements
ticular, the following observations can be made: (58 %). Most of the cloudy cases (86 %) were broken clouds;

Atmos. Meas. Tech., 7, 128932Q 2014 www.atmos-meas-tech.net/7/1289/2014/
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a) 24 June 2009
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Fig. 17. Results of the cloud classification scheme for selected days (see Table 1). The sky images shown below are taken at intervals of
30 min; each column of images belongs to the 2 h period of the time series of the cloud classification scheme (time is given as UTC).
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¢) 02 July 2009
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Fig. 17.Continued. Note that some data is missing on 18 June between 11:00 and 12:00 due to instrumental problems.
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Table 2. Suggested threshold values for the cloud classification scheme proposed in Fig. 14. (for the definition of the normalised Cl, nor-

malised radiance and normalised DAMF, see Sects. 4.1 and 4.3.2)

Quantity Threshold

Remarks

Normalised colour index (CI) in zenith direc- 0.65
tion

Absolute value of the temporal smoothness in1.2x 10~/ s~2
dicator (TSI) for CI for zenith view

Sum of the absolute values of the TSI for Cl for3.3x 107
all non-zenith viewing directions

Difference between maximum and minimum Cl  0.14

Difference between maximum and minimumo0.37
04 DAMF

Normalised radiance in zenith direction 0.9

Normalised Q DAMF in zenith direction 0.74

— Values above threshold indicate a clear sky
— Threshold is valid for SZA<75° (measurements between
about 05:40 and 19:00)

— Values above threshold indicate rapidly changing cloud cover
(broken clouds or cloud holes)

— Values above threshold indicate rapidly changing cloud cover
(broken clouds or cloud holes)

— Values below threshold indicate continuous cloud cover
— Values below threshold indicate fog

— Values below threshold indicate optically thick clouds
— Probably significant SZA dependence

— Values above threshold indicate optically thick clouds

e) 18 June 2009

H clear low AOD m clear high AOD O cloud holes (2)
O cloud holes (LE) B continuous clouds fog
O broken clouds | thick clouds
B (O MO0 OO0 00 g
O OO0 OoOoo O OIS TTTTITIIIITTIITTIT] §*
T T T . T T T T . T %
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Fig. 17.Continued.

continuous cloud cover was found for 14 % of all cloudy

o
-

the fraction of completely clear-sky observations derived

cases. Thick clouds were identified for 23 % of all cloudy from visual inspection of the web camera images was much

cases. Completely clear sky (with either low or high AOD)

smaller (only 7%). The difference can be explained by the

was found for about 20 % of all measurements. Interestingly fact that thin clouds far away from the measurement location

www.atmos-meas-tech.net/7/1289/2014/
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Fig. 18.Results of the cloud classification for all days of the campaign (time is given as UTC) together with the backscatter signal measured
by the backscatter lidar between 0 and 15 km. Note that on some days (10 June, 18 June, 21 June, 10 July) some data is missing due t
instrumental problems.
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Fig. 18.Continued.
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(or small cloud patches outside the field of view of the in- The presence of clouds can be identified by comparing the
strument) are not detected by our classification scheme, buneasured quantities to their respective clear-sky reference
can be clearly seen in the web camera images (e.g. on thealues. Here, zenith observations of the Cl are especially use-
morning of 18 June 2009; see Fig. 17e). Fortunately, suchul, because the Cl is affected by clouds in an unambiguous
clouds obviously have a negligible influence on the MAX- way, while the other quantities can be both enhanced or de-
DOAS measurements. The remaining 22 % of all measurecreased in the presence of clouds (depending on the cloud
ments were cases with a clear sky in zenith direction butproperties). Thus, cloud discrimination schemes should be
clouds present directly before or after the selected measuregrimarily based on zenith observations of the Cl (see also
ment (cloud holes). Gielen et al., 2013).
Another way to identify clouds is to investigate the tempo-
i ral variation of the measured quantities. Usually cloud prop-
5 Conclusions erties (e.g. OD or altitude) change rapidly with time. Thus, in

We developed a classification scheme for clouds using MAX-the presence Of. CI.O uds the observed quantities usually show
much larger variations than under a clear sky. In the presence

DOAS measurements. It is based on the measured radiancgf broken clouds these variations are especially stron
colour index (CI) and the retrieved4sGabsorption. In prin- P y 9.

) . ., Athird possibility for the identification of clouds is to in-
ciple measurements of the Ring effect could also be consid- . : o
X e .~vestigate the smoothness of the elevation dependence of indi-
ered, but such observations do not add much additional in- . . X . .
formation vidual elevation sequences. This method also investigates the

inhomogeneity of cloud properties. However, since it does
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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 37.3%
Clear low AOD 293 15.3% 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-Good qualitative agreement is also found with profiles of a
tigation of the temporal variability, it is not used in our cloud backscatter lidar. Most of the measurements (58 %) were af-
classification scheme. fected by clouds; 20 % were made in clear-sky conditions.
The first step of our classification scheme is based orFor 22 % of all measurements the MAX-DOAS telescopes
zenith observations. Zenith observations are well suited beebserved a clear sky, but the proceeding and following mea-
cause their interpretation does not depend on the relative asurements were affected by clouds (cloud holes). The high
imuth angle. In addition, broken clouds can be detected withfraction of measurements under broken clouds (50 %) indi-
the highest sensitivity from zenith observations. From zenithcates an important problem of MAX-DOAS measurements:
observations of the ClI, clear and cloudy situations can be disfor such measurements the influence of clouds on the profile
tinguished well (with the exception of situations with high inversion of aerosols and trace gases is especially large. Con-

aerosol load). sequently, the accuracy of the retrieved profiles is reduced, or
For the identification of more specific cases (e.g. the deteceven no meaningful profile inversion might be possible at all.
tion of fog or the discrimination of high AOD from clouds), It should also be noted that for MAX-DOAS observations

measurements at low elevation angles are also used. If thever snow- and ice-covered surfaces, the effects of clouds
temporal variation is also investigated for non-zenith view- might be completely different from the effects described in
ing directions, the identification of clouds becomes possiblethis study. Future studies should also investigate cloud effects
even for individual observations. in such conditions.

One important aspect of our cloud classification scheme
(and probaply .Of cloud _classn‘lcat|on schemes in general) ISAcknowledgementsWe want to thank the organisers of
the determination of suitable clear—sky refgrence v_alues aNthe Cabauw Intercomparison campaign of Nitrogen Diox-
threshold values for the temporal variability. In this study, jye measuring Instruments (CINDI) in  summer 2009
we use results of radiative transfer simulations for the clear-ttp:/www.knmi.nl/samenwicindi/ especially Ankie Piters
sky reference values. The selection of the various thresholdgnd Marc Kroon. Selami Yilmaz from IUP Heidelberg made the
(see Table 2) depends on the “intuition” of the programmer,web camera images, which were of great importance for this
the available independent cloud information and the metestudy. We want to thank our colleagues Clio Gielen, Michel van
orological conditions of the measurement location. In theRoozendael from BIRA, Brussels, and Andreas Richter and Folkard
future, cloud classification schemes should be standardiseWittrock from IUP Bremen for stimulating discussions. This study
(e.g. with respect to the choice of clear-sky reference value¥/as carried out in the framework and with the support of the Eu-

and the wavelengths used for radiance and CI) to allow a dif°P€an project NORSh{tp://nors.aeronomie.be/index.php/project

. e ithin the Eur n Community’ nth Fram rk Programm
rect comparison of the cloud classification results. within the European Community's Seventh Framewo ogramme

Wi lied loud ¢l ificati h to 34 d under grant agreement no 284421. We thank Manuel Kopp for

€ applied our cloud classi lcg lon SC eme 0 f"‘yshis valuable input on the TSI. We thank J. S. (Bas) Henzing and

of MAX-DOAS measurements during CINDI in Cabauw in' g seaff for his effort in establishing and maintaining the Cabauw
summer 2009. Very good agreement between the results GfeRONET site used in this investigation.

our algorithm and sky images from a web camera was found.
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