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Abstract

Multi-Axis-Differential Optical Absorption Spectroscopy (MAX-DOAS) observations of
trace gases can be strongly influenced by clouds and aerosols. Thus it is important to
identify clouds and characterise their properties. In a recent study Wagner et al. (2014)
developed a cloud classification scheme based on the MAX-DOAS measurements
themselves with which different “sky conditions” (e.g. clear sky, continuous clouds, bro-
ken clouds) can be distinguished. Here we apply this scheme to long term MAX-DOAS
measurements from 2011 to 2013 in Wuxi, China (31.57° N, 120.31° E). The original
algorithm has been modified, in particular in order to account for smaller solar zenith
angles (SZA). Instrumental degradation is accounted for to avoid artificial trends of the
cloud classification. We compared the results of the MAX-DOAS cloud classification
scheme to several independent measurements: aerosol optical depth from a nearby
AERONET station and from MODIS, visibility derived from a visibility meter; and vari-
ous cloud parameters from different satellite instruments (MODIS, OMI, and GOME-2).
The most important findings from these comparisons are: (1) most cases character-
ized as clear sky with low or high aerosol load were associated with the respective
AOD ranges obtained by AERONET and MODIS, (2) the observed dependences of
MAX-DOAS results on cloud optical thickness and effective cloud fraction from satellite
indicate that the cloud classification scheme is sensitive to cloud (optical) properties,
(3) separation of cloudy scenes by cloud pressure shows that the MAX-DOAS cloud
classification scheme is also capable of detecting high clouds, (4) some clear sky con-
ditions, especially with high aerosol load, classified from MAX-DOAS observations cor-
responding to the optically thin and low clouds derived by satellite observations proba-
bly indicate that the satellite cloud products contain valuable information on aerosols.
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1 Introduction

In the last decade, Multi-Axis- (MAX-) Differential Optical Absorption Spectroscopy
(DOAS) has received considerable attention due to its application to the retrieval of
vertical distributions of trace gases and aerosols (Honninger et al., 2004; Bobrowski
et al., 2003; Pikelnaya et al., 2007; Sinreich et al., 2007; Theys et al., 2007; Clémer
et al., 2009, 2010; Wagner et al., 2011; Vlemmix et al., 2010, 2011, 2015). Scattered
sunlight spectra recorded by MAX-DOAS instruments at multiple elevation angles are
analysed using DOAS (Platt and Stutz, 2008) to acquire slant column densities (SCDs)
of several trace gases; the slant column density represents the trace gas concentration
integrated along the atmospheric light path. Different inversion approaches, e.g. based
on look up tables or optimal estimation, are applied to derive tropospheric profiles of
trace gases and aerosols from the measured SCDs (e.g. Wittrock et al., 2004; Wag-
ner et al., 2004, 2011; Heckel et al., 2005; Friel3 et al., 2006, 2011; Irie et al., 2008,
2011; Clémer et al., 2010; Li et al., 2010, 2012; Yilmaz, 2012; Vlemmix et al., 2015).
Cloud-free sky is an ideal condition for the profile inversion, whereas under cloudy
skies the atmospheric light paths are complicated, especially for rapidly changing cloud
conditions. In principle it would be possible to include clouds in the radiative transfer
simulations, but usually the necessary information on cloud properties is not available
(e.g. Erle et al., 1995; Wagner et al., 1998, 2002, 2004; Winterrath et al., 1999). So it
is important to identify and classify clouds and aerosols for each measurement in or-
der to characterise the quality of the measurement result. In this study, we refer to the
presence and properties of clouds and aerosols as “sky conditions”. Cloud information
derived from MAX-DOAS observations — instead of other sources like e.g. visual in-
spection or camera images — is very important, because it can be directly assigned to
individual MAX-DOAS observations without any spatio-temporal interpolation and with-
out requiring the installation of additional instrumentation. This will become especially
important for harmonized MAX-DOAS data processing in global monitoring networks
of tropospheric species in the future.
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Recently, Wagner et al. (2014) developed a sophisticated cloud classification scheme
and applied it to MAX-DOAS observations obtained during the Cabauw Intercompar-
ison campaign of Nitrogen Dioxide measuring Instruments (CINDI) that took place
in Cabauw, the Netherlands, in summer 2009 (Piters et al., 2012, see also http:
/lwww.knmi.nl/samenw/cindi/). The algorithm differentiates between six primary sky
conditions (varying between clear sky with low aerosol load to continuous cloud cover)
attaching two secondary sky conditions of fog and optically thick clouds, based on the
absolute values, temporal variability, and viewing-angle dependency of a color index
(CI), the radiance and the absorption of the oxygen dimer (O,).

The Cl is defined as the ratio of radiances at different wavelengths (in this paper
it is the ratio of radiances at 340 and 420nm) and is sensitive to the presence of
clouds and aerosols because of the different wavelength dependencies of Rayleigh-
and particle-scattering (Sarkissian et al., 1991; Takashima et al., 2009; Gielen et al.,
2014; Wagner et al., 2014). Because of the much weaker wavelength dependence of
scattering on particles, the Cl decreases in the presence of clouds and aerosols. Thus,
from deviations of the ClI from the clear sky values, the presence of clouds or aerosols
can be deduced. In addition, Wagner et al. (2014) found that the spread of Cl values
for different elevation angles strongly decreases in the presence of continuous clouds
(i.e., homogenous cloud cover) (see also Gielen et al., 2014). Moreover, the temporal
variation of the CI for one elevation angle, i.e. the quick iteration of cloudy and clear
conditions, indicates the advection of broken clouds (Gielen et al., 2014; Wagner et al.,
2014).

In addition to the CI, the O, absorption and radiance extracted from MAX-DOAS
observations provide important information for the identification and characterisation of
clouds, especially for the presence of optically thick clouds (Wagner et al., 1998, 2002
and 2014).

In this study, we adapted and extended the scheme developed by Wagner
et al. (2014) and applied it to long-term MAX-DOAS observations for about 2 1/2 years
in Wuxi, China. To test the cloud classification scheme, the sky conditions identified
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by MAX-DOAS are compared to cloud and aerosol information from a variety of in-
dependent ground-based and satellite instruments, such as the Aerosol Robotic Net-
work (AERONET) (Holben et al., 1998, 2001), a visibility meter, the Ozone Monitoring
instrument (OMI) (Levelt et al., 2006a, b), the Global Ozone Monitoring Experiment
(GOME-2) (Callies et al., 2000; Munro et al., 2006) and the two MODerate Resolution
Imaging Spectroradiometer (MODIS) instruments (http://modis.gsfc.nasa.gov/) (Kauf-
mann et al., 2002).

The paper is organized as follows: in Sect. 2 we describe the properties of the MAX-
DOAS instrument in Wuxi, China and the retrieval of the quantities used for the cloud
classification. Then we describe the principles and procedures to adapt and improve
the automatic cloud classification scheme. We also introduce the independent datasets
used for comparison. Section 3 presents the results of identified sky conditions and
their comparisons with independent data sets. In Sect. 4 the discussion and conclu-
sions are given.

2 Datasets and methods
2.1 MAX-DOAS instrument

A Mini-MAX-DOAS instrument (Li et al., 2007) is automatically operated and taken care
of by the Wuxi Chinese Academy of Sciences Photonics corporation on the roof of
a 11-story building in Wuxi City, China (31.57° N, 120.31° E, 50 ma.s.l.) from May 2011
to present. The data in the period until November 2013 are included in this work, except
for the time between 15 December 2011 to 28 February 2012, when the instrument was
not in operation. The instrument is designed to sequentially acquire scattered sunlight
spectra at different elevation angles (the angle between the horizon and the viewing
direction). The indoor computer controls the acquisition of spectra and pointing of the
telescope. All the outdoor components are protected by a metal sealed box consisting
of the entrance optics and a light-weight fiber coupled spectrometer cooled by a Peltier
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element. In the entrance optics a stepper motor controls the elevation angles. The en-
trance optics consists of a quartz lens coupled to a quartz fiber bundle which leads
the collected light into the spectrograph. The entrance optics has a field-of-view (FOV)
of ~ 0.4°. The light is dispersed by a crossed Czerny—Turner spectrometer (HR2000+,
Ocean Optics Inc.) with a spectral resolution of 0.35nm over a spectral range from
290-425 nm. A one-dimensional Charge Coupled Device (CCD) is used as the detec-
tor. During the observation period the instrument was pointed exactly into the north
direction and performed measurements at sequences of five elevation angles (5, 10,
20, 30 and 90°). A full elevation sequence usually took about 12min depending on
the received radiance. The CCD exposure time is automatically adjusted based on the
scattered solar radiance to ensure ~ 70 % of the saturation level of the detector. 100
individual scans are averaged for each elevation angle to enhance the signal to noise
ratio. For the measurement of background spectra (containing dark current and elec-
tronic offset) a light shade in the entrance optics is used. Individual background spectra
are subtracted from the corresponding measured spectra to correct dark current and
electronic offset. In this study only measurements for solar zenith angle (SZA) < 90°
are considered.

2.2 Quantities from MAX-DOAS observations

The cloud/aerosol classification is based on three quantities retrieved from the MAX-
DOAS measurements: (1) radiance (indicating the brightness of the sky), (2) a color
index (Cl), i.e. the ratio of radiances at two wavelengths (indicating the color of the
sky), and (3) the spectral absorption of the oxygen dimer (indicating changes of the
atmospheric light paths, e.g. multiple scattering). Different sky conditions are defined
by comparing these quantities and their temporal variation to threshold values, as in
Wagner et al. (2014).

In the following sections, we will introduce each of the quantities and discuss their
particularities. In particular, it has to be carefully elaborated how stable the instrument is
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over time to avoid that instrumental degradation leads to artificial trends in the detected
sky conditions.

2.2.1 Radiance and color index

The MAX-DOAS measurements directly provide spectral resolved radiances in units of
counts s~ . In order to characterize possible trend of the measured radiance (caused by
changes of the instrumental characteristics), we investigated time series of radiances
at 380 nm at zenith view for a small SZA interval (49 to 51°), as they are not affected
by seasonal changes of the relative azimuth angle. The time series of the radiance
together with a fitted linear slope and second order polynomial is presented in Fig. 1a.
The degradation of the measured radiance is appreciable: over the period of 21/2
years, a substantial decrease of the measured radiance of about 20 % is found. To
correct this long term degradation of the radiance, we first divided the fitted polynomial
by the mean value of the radiance measured on 25 July 2012 (the middle of the time
period) to obtain the correction function, 7,. Then we multiplied the measured radiance
of a given day with this correction function:

Re(d) = Ro(d)/fs(d), (1)

Here R, is the corrected radiance, A, is the original measured radiance, and d is the
daynumber since 1 January 2011.

In contrast to the radiance, the degradation of the measured CI (the ratio of radi-
ances at 340 and 420 nm) is negligible, as shown in Fig. 1b. So we did not apply any
degradation correction to the CI.

To account for the SZA dependence of the Cl and measured radiance, both quantities
are normalised by dividing the measured values by their respective clear sky reference
values. But before the normalisation can be applied, the measured Cl and radiances
have to be calibrated. The calibration is performed by comparing the measured values
with the corresponding simulation results from RTM for well-defined atmospheric condi-
tions. As in Wagner et al. (2014) we chose measurements on clear days with low AOD
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for the calibration. We assumed an aerosol layer from the surface to 1 km, an asym-
metry parameter of 0.68, a single scattering albedo of 0.95, an Angstrom parameter
of 1.0 and a surface albedo of 5%. We used a slightly different AOD (0.14 at 440 nm;
Wagner et al. (2014) used 0.24), as this value was measured at the nearby AERONET
station Taihu (see Fig. 2a). The radiative transfer simulations using the RTM McArtim
(Deutschmann et al., 2011) are performed for the SZA range of 1-90° in steps of 1°. In
Fig. 3 the Cl and the radiance on the three clear days are compared to the correspond-
ing radiative transfer simulation results (please note the different y axes on the left
and right side of the figures). For the Cl good agreement of the SZA dependencies is
found (see Fig. 3a). Thus the calibration of the Cl is simply performed by multiplication
of the measured values with a proportionality constant a, which in our case is 0.89.
In contrast to the CI, the SZA dependence of the measured and modeled radiances
does not agree as well: for SZA < 40 measured radiances are much larger than the
modeled radiances. This systematic difference is probably caused by the deviation of
the true aerosol phase function from the Henyey—Greenstein parameterization (Henyey
and Greenstein, 1941) used in the model simulations. For this reason, we determined
the proportionality constant for the calibration of the radiance in the SZA interval be-
tween 50 and 81° (note that no measurements at SZA > 81° were available during the
selected days). We derived a proportionality constant of 7.01 x 10" counts™".
Because the large discrepancy of the radiances for SZA < 40° between measure-
ments and simulations, the clear sky reference radiances for the whole SZA interval,
which are needed for the normalization, cannot be taken from model calculations,
we took an empirical approach. First, we fitted a polynomial to the measured radi-
ances (green line in Fig. 3b). Because no measurements for SZA < 12° were available,
a method to extrapolate the clear sky reference radiances to smaller SZA had to be
found. Our first idea was to simply extend the fitted polynomial to SZA < 12° (see green
curve in Fig. 4). However, because of the strong dependence of the polynomial for small
SZA the corresponding errors would be quite large. Instead we decided to choose the
average of the maximum and minimum radiances measured for all sky conditions (see
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blue curve in Fig. 4). This choice may appear somewhat arbitrary, but there are rea-
sons to believe that this is an appropriate clear sky reference radiance, because for
SZA between 12 and 81° the average of the maximum and minimum measured ra-
diances for all measurements (clear and cloudy conditions) (see the magenta curve
in Fig. 5) is similar to the clear sky reference values, indicated by green curve. For
SZA > 81° (which is also not covered by the three half clear days) we used the sim-
ulation results as clear sky reference values. The clear sky reference values over the
whole SZA range (8-90°) are indicated by the blue line in Fig. 4. Normalized radiances
are calculated from the calibrated radiance divided by the merged clear sky reference
of the same SZA.

2.2.2 04 absorption

The analysis of the O, dSCDs is performed in the spectral range of 350-391 nm cover-
ing two O, absorption bands using the DOAS method (Platt and Stutz, 2008). For the
analysis the WINDOAS software (Fayt and van Roozendael, 2009) was used. Apart
from the O, cross section at 296 K (Greenblatt et al., 1990), also cross sections of NO,
at 294 K (Vandaele et al., 1998) and O3 at 293 K (Bogumil, 2003) were included. Effects
of broad band scattering and extinction were accounted for by including a third order
polynomial. The effect of rotational Raman scattering is considered by including a Ring
spectrum (Grainger and Ring, 1962; Solomon et al., 1987; Wagner et al., 2009) com-
puted by the DOASIS software (Kraus, 2006). Also an intensity offest is included in the
fitting routine. All spectra are allowed to be shifted and stretched against a Fraunhofer
reference spectrum (FRS). Figure 5 shows typical DOAS fit results for the O, analysis.
It should be noted that we discard 69 measurement sequences, for which the root-
mean-square (RMS) deviation of the residual structure larger than 3 x 1072 or shifts
larger than +1 detector pixels. To make the measured O, absorptions directly compa-
rable to the simulations from radiative transfer model (RTM) it is convenient to convert
the O, SCD into O, air mass factors (AMF) by dividing the SCD by the O, vertical
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column density (VCD, the vertically integrated concentration) (Solomon et al., 1987):

AMF = 560 (2)
VCD

The O, concentration is proportional to the square of the O, concentration (Green-

blatt et al., 1990) and thus varies only slightly with time (due to variations of temper-

ature and pressure). Thus for the conversion to AMF we used a constant VCDO4 of

1.25 x 10*® molecules® cm™ (for the unit see Greenblatt et al., 1990). This value is cal-
culated from average values of the surface temperature (290 K) and surface pressure
(1010 hPa) at Wuxi. Here it should be noted that during the course of one year we found
deviations of the O, VCD from the selected value of +10 %. Since in this study we use
the O, measurements only for the identification of fog (see below), these deviations
don’t have an effect on the cloud primary classification results. Also the effect of the fog
classification is very small

For the interpretation of the O, AMF, another important aspect has to be considered:
to remove the strong solar Fraunhofer lines, usually a FRS is included in a DOAS fit.
Since the FRS used in our analysis is also taken from the MAX-DOAS measurements,
i.e. also contains atmospheric O, absorption, the O, SCDs derived from the DOAS fit
actually represent the differences between the O, SCDs of both the measured spectra
and the FRS. This difference is usually referred to as differential SCDs (dSCD). Like
the O, SCDs (Eq. 2), also the O, dSCD can be converted into the corresponding O,
dAMF:

dAMFg, = ———. (3)

We also investigate the effect of the instrumental degradation on the O, dSCD. We
find systematic temporal variations of O, dSCD (see Fig. S1a in the Supplement) are
probably caused by changes of the spectral resolution of the instrument (see Fig. S1b
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in the Supplement). Because of the systematic variations we did not use the O, ab-
sorption measured in zenith for the identification of optically thick clouds. Instead we
identify optically thick clouds by largely reduced values of the measured radiances.

Wagner et al. (2014) used measurements of the O, absorption also for the identifi-
cation of fog. In the presence of fog, almost the same O, absorption is observed for all
elevation angles. Since this particular test requires only the comparison of O, absorp-
tion within a single elevation sequence, it is independent of instrument degradations
and the use of individual FRS per elevation sequence is not critical.

2.3 The scheme of the classification of sky conditions

Wagner et al. (2014) investigated the sensitivity of several quantities, listed in Table 1,
derived from MAX-DOAS observations to the presence and properties of clouds and
aerosols and proposed a cloud classification scheme. From this scheme, in addition to
the identification of clear and cloudy skies, further parameters like high and low aerosol
optical depth (AOD), optically thin or thick clouds, continuous or broken clouds, or fog
can be retrieved. The determination criteria of both the schemes introduced in this
paper and in Wagner et al. (2014) are presented in Table 2.

2.3.1 General principles and construction of the classification scheme

The classification scheme is based on the Cl, radiance and O, absorption derived from
MAX-DOAS as described in Sect. 2.2. Wagner et al. (2014) did sensitivity studies of the
quantities with respect to the properties of clouds and aerosols. The basic classification
results are derived from the retrieved CI for zenith observations: compared to clear
sky conditions, the Cl is systematically decreased in the presence of clouds. Also the
temporal variation of the Cl is investigated, because in the presence of clouds usually
substantial temporal variations of the ClI occur. They can be quantified by the so called
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temporal smoothness indicator (TSI), the discretized second derivative in time:

At Ypeq + Aloy,_q Yn ] @)

TSI, ,=2. -
yon [At1 At,-(Aty + Aty)  AtyAt,

Here y is the Cl and n indicates the number of the selected elevation sequence, At
and At, are the time steps between measurement sequences n—1and n, nand n+1,
respectively. The TSI can be calculated for all elevation angles separately. In this study,
TSI, refers to the TSI for the measurements in zenith view, and TSI, to the sum of the
TSI for all non-zenith elevation angles.

The spread of the CI for different elevation angles is also investigated: in the pres-
ence of clouds, usually similar Cl values are found for all elevation angles, whereas for
clear sky conditions, the ClI values for different elevation angles differ significantly. The
spread is quantified by the difference between the maximum and minimum ClI for all
elevation angles in one elevation sequence.

In addition to the CI, the O, absorption (expressed as O, dAMF, see Eq. 3) is in-
vestigated: the O, dAMF for zenith observation increases strongly in the presence of
optically thick clouds. In addition, usually similar O, absorption values for different ele-
vation angles are found in the presence of fog.

The measured radiance is used in the cloud classification scheme for the identifica-
tion of optically thick clouds: while optically thin clouds cause an increased radiance, in
the presence of optically thick clouds the radiance is largely reduced.

All quantities used in this study and their acronyms are listed in Table 1. Based on
these quantities the classification scheme of clouds and aerosols is constructed and
its determination criteria are shown in Table 2. Most sky conditions are exclusive, that
means that only one condition can be fulfilled at a given time; we refer to them in
the following as primary sky conditions. The other conditions, “fog” and “optically thick
clouds”, indicate additional information, and are referred to as secondary sky condi-
tions. In Table 2, the symbol “&” requires that two criteria are simultaneously fulfilled,
whereas “or” means that at least one of both criteria is fulfilled.
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The modifications from the Wagner et al. (2014) scheme that we apply to make the
scheme more suitable to the observation site and the instrument are as follows:

a. The thresholds of different quantities, used for the cloud classification, listed in
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Table 1, are adapted to the specific properties of the MAX-DOAS instrument in
Wuxi. A detailed description of the procedure of the selection of thresholds can
be found in the Supplement. Because of the different clear sky reference values
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of Cl and radiances, we modified the thresholds for Cl and radiances in this study & “SAX D(t)_AS
agsn (=
compared to Wagner et al. (2014). In addition, the threshold values of TSI, and 2 observations
TSI, had to be adapted due to the instrument-specific response to the spectralra- S Y. Wang et al.
diance. The different sets of elevation angles within one measurement sequence 7
also require different thresholds for the spread value of CI. In Table 1, our thresh- 3
olds are compared to those used in Wagner et al. (2014).
. The calibration and normalisation of the radiance is extended to the lower bound-
ary of SZA of 10°, corresponding to the lower latitude of Wuxi compared to @ :
Cabauw (see Sect. 2.2.1). é
o Tabl Fi
. As outlined above, in this study we only consider the spread of the O, dAMF (dif- _gu
ference between the maximum and minimum values of the dAMFs in an elevation &
©
sequence) to identify the presence of fog. We did not use the O, absorption forthe % n n
detection of optically thick clouds, but rather detected them using the measured _ —
radiance (see Sect. 2.2.2 and Table 2). o
. Two additional categories are included in the scheme which are not part of the <CU>’
Wagner et al. (2014) algorithm (Table 2): first, we found that at small SZA (which &
did not occur during the Cabauw measurements used by Wagner et al., 2014) the S
discrimination of cloudy conditions from clear conditions based on zenith mea- o/
surements of the ClI, especially in the case of continuous clouds, is no longer 8;
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valid. Thus, in this study the feature of a nearly constant Cl for the different eleva-
tion angles is the dominant criterion for the identification of continuous clouds. To
distinguish the two cases, the category of continuous clouds as defined in Wagner
et al., 2014 is referred as “continuous clouds (large SZA)”; whereas sky conditions
characterized by high CI, low temporal variation of the Cl and low spread of the
Cl are referred to as “continuous clouds (small SZA)” (see Sect. 2.3.3).

Second, we refer to a rare scenario as “extremely high midday CI” (see
Sect. 2.3.4). These observations are characterized by temporarily strongly in-
creased Cl values (strong reduction of the visible radiance), the origin of which
we can only speculate upon. A more detailed description of these cases appears
in Sect. 2.3.4.

2.3.3 Continuous clouds for small SZA

In Fig. 6a Cl values for 8 July 2012 are presented. Besides the original Cl (black line),
also the reference values for clear sky (red line) and the normalized CI (blue line)
are shown. Around noon, the original Cl values are found to be higher than the clear
sky reference values. The normalized Cl shows a maximum around noon, which even
exceeds the threshold value for clear sky (see Table 1), and consequently the mea-
surements around noon (from 10:00 to 14:00 LT with SZA smaller than 30°) would
be classified as clear sky conditions with low aerosol load by the scheme in Wagner
et al. (2014). In contrast to this assignment, the MODIS true color images in Fig. 6b
and c clearly indicate that on 8 July 2012 clouds were present. Also the normalized ra-
diance and the spread of the CI (Fig. 7) indicate the presence of (optically thick) clouds.
This apparent contradiction points to a fundamental problem of the use of the CI for the
discrimination between clear and cloudy conditions. Towards small SZA (below about
35°, see Fig. 6a) the clear sky reference values decrease and can even become smaller
than the CI for cloudy conditions. Thus for such SZA the criteria of continuous clouds
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in Wagner et al. (2014) should not be used. An additional indicator is needed to detect
the presence of continuous clouds.

Fortunately, the spread of the CI for the different elevation angles (spreadg) can
be used for that purpose. In Fig. 7, it is shown that during the whole day spreadg, is
lower than its threshold indicating the presence of continuous clouds. Whenever such
a situation is encountered, the sky condition is denoted as “continuous clouds (small
SZA)” to separate it from the “regular’ continuous cloud detection, which is denoted as
“continuous clouds (large SZA)”.

2.3.4 Exceptional case: extremely high midday CI

On six days, all classified as “clear with low aerosol load”, another interesting phe-
nomenon was found: in the course of the day, the normalised Cl increases until it peaks
far above the threshold between 1 and 2p.m. LT, whereas the normalised radiance
drops below the threshold. In contrast to the findings for continuous clouds at small
SZA, the spread of the Cl remains above the threshold (see results for 29 July 2012,
Fig. 8). The latter finding clearly indicates that no continuous clouds were present on
that day. This conclusion is confirmed by the MODIS true color images (Fig. 9a), where
no clouds can be seen. In Fig. 9b two measured radiance spectra for similar SZA
(about 20°) and their ratio are shown. At wavelengths larger than 330 nm, much lower
intensities are measured in the afternoon (red spectrum) than in the morning (black),
and the ratio between both spectra depends linearly on wavelength, decreasing from 1
at about 320 nm to 0.7 at 420 nm. At the time of writing, we can only speculate on the
causes of this phenomenon. We focus on three possible explanations.

1. The findings are artifacts related to measurement geometry. The fact that this
exceptional case was only encountered in summer and only within a small time
range (1-2 p.m.) suggests an influence of SZA, perhaps similar to the case found
for continuous clouds at very small SZA. However, the peak in Cl and correspond-
ing dip in normalized radiance do not occur at the smallest SZA.
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2. The results are caused by instrumental errors. Specular reflection on an object
within the field of view of the instrument or other short-time disturbances to the
instrument (heating, interference with other electronic equipment) cannot be ex-
cluded. But we have no specific evidence for this possibility.

3. We observe a real, physical phenomenon, e.g. the presence of aerosols that
strongly absorb visible radiation. For all observed cases, MODIS Aqua (which
passes over Wuxi at the time of the Cl peak occurrence) detects small AOD of
0.3-0.6. If these aerosols strongly absorb visible radiation, the measured spec-
trum may be affected in the way we observe (Fig. 9b). This assumed aerosol
plume is probably a local phenomenon (judging by the relatively narrow Cl peak),
as no obvious changes in aerosol load or composition were detected at the Taihu
AERONET station. It is, however, unclear which type of aerosol could induce this
type of behavior: we were not able to model it.

Despite the fact that we are currently unable to explain our findings, we included the
exceptional case of “extremely high midday CI” into our cloud classification scheme
so that it may be investigated in more detail in the future. Note, however, that this is
a rather rare phenomenon.

2.4 Independent datasets for the comparison with MAX-DOAS
2.4.1 AERONET AOD and visibility meter

We acquired the AOD and Angstrom Parameter from the level 1.0 and 1.5 dataset of the
AERONET sun photometer (http://aeronet.gsfc.nasa.gov/) (Holben et al., 1998, 2001)
operated in Taihu, China (31.42°N, 120.22°E, 20ma.s.l.). The Taihu site is located
about 18 km south-west of the Wuxi MAX-DOAS site. The typical integration time of
the sun photometer is 2 to 15 min, well matching the temporal resolution of the MAX-
DOAS instrument. Note that the level 1.0 dataset is not filtered by a cloud screening
procedure. Thus the AOD in the dataset is actually the ensemble optical depth of clouds
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and aerosols. An automatic cloud screening scheme is applied to the level 1.0 data to
yield the largely cloud-cleared level 1.5 data set (Smirnov et al., 2000).

A forward-scattering visibility meter (Manufacturer: Anhui Landun Photoelectron Co.
Ltd. Model: DNQ2 forward-scattering visibility meters) was operated near the MAX-
DOAS instrument at the Wuxi site. This visibility meter automatically measures the
visibility at 550 nm derived from the forward-scattered signal of a light-emitting diode at
950 nm using an empirical conversion formula (Nebuloni, 2005).

2.4.2 OMI and GOME-2 cloud products

The OMI (Levelt et al., 2006a and 2006b) aboard the EOS Aura satellite achieves
daily global coverage. Its spatial resolution is 24km x 13km in nadir, and increases to
68km x 14km at the swath edges (disregarding the outer 5 pixels). The OMI overpass
above the Wuxi site is between 13:00 and 14:00LT. Effective cloud fraction (CF) and
cloud top pressure (CP) retrieved from OMI are extracted from OMCLDO2 product,
DOMINO version 2.0 (Acarreta et al., 2004; Sneep et al., 2008) obtained from the
Tropospheric Emission Monitoring Internet Service (TEMIS) (http://www.temis.nl). The
cloud products from OMI are retrieved using the O, absorption band at 477 nm. The
effective CF is the cloud fraction of a Lambertian cloud with albedo 0.8 yielding the
same top-of-atmosphere (TOA) radiance as the real cloud in the scene (Stammes et al.,
2008). For the comparisons with the MAX-DOAS results, only data for satellite ground
pixel centers with a distance less than 0.1° latitude and 0.2° longitude from the Wuxi site
are included. In addition, the observations of the outermost pixels (i.e. pixel numbers
1-10 and 51-60) or pixels where a “row anomaly” had been reported (see http://www.
temis.nl/docs/omi_warning.html) were removed before the comparison (see also Ma
et al., 2013).

The Meteorological Operational satellite platform (METOP-A) (Callies et al., 2000;
Munro et al., 2006) was launched in October 2006 in a sun-synchronous polar orbit with
an equator crossing time of 09:30LT. It carries the GOME-2 with a spatial resolution
of 80km x 40km and a global coverage in 1.5 days. We obtained the effective CF
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and the CP from the daily level 2 products of the TM4NO2A version 2.3 (Boersma
et al., 2004) from the TEMIS website. The effective CF and the CP are retrieved by
the improved Fast Retrieval Scheme for Clouds from the Oxygen A-band algorithm
(FRESCO+) (Wang et al., 2008) based on the measurements of the O, A-band around
760 nm. Considering the rather coarse spatial resolution of GOME-2, to keep as much
data as possible, the selection criterion was extended to a distance within 0.2° latitude
and 0.4° longitude from the Wuxi site.

2.4.3 Images, aerosol and cloud products from MODIS

Two MODIS instruments are operated on the Terra and Aqua satellites. They provide
radiance images from which various products can be retrieved. In this study we use
operational level 2 cloud products (Baum and Platnick, 2006). Terra and Aqua oper-
ate in polar sun-synchronous orbits at 705 km above the Earth’s surface with a day-
time equator crossing at 10.30a.m. and 1.30 p.m. LT, respectively. Considering that the
MAX-DOAS measurements are only analysed for daytime, we just extracted daytime
cloud products from MODIS.

Two MODIS aerosol product clusters (MODO04_L2 from Terra and MYDO04_L2 from
Aqua) and two MODIS Level 2 cloud product clusters (MODO06_L2 from the Terra plat-
form and MYDO06_L2 from the Aqua platform) are acquired from collection 5.1 sup-
plied by NASA (http://ladsweb.nascom.nasa.gov/data/search.html). We used the AOD
at 550 nm with the spatial resolution of 10km x 10 km from the scientific data set of
“Optical_Depth_Land_And_Ocean”, which has more stringent control, namely requires
that the quality assurance confidence (QAC) flag be larger than 0 over land (see Levy
et al., 2010 and Remer et al., 2005). A technique known as CO, slicing is used to de-
duce the CP and the geometrical CF from radiances measured in the spectral bands
located within the broad 15pum CO, absorption region (Wielicki and Coakley, 1981)
at 5km x 5km resolution. The cloud optical thickness (COT) is retrieved by the solar
reflectance technique at a visible wavelength (e.g., 0.65 um) and a shortwave-infrared
(SWIR) wavelength (e.g., 1.64 or 2.15um) based on the decision tree algorithm (Plat-
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nick et al., 2003; King et al., 2004). COT is given at 1km x 1km resolution. As for OMI,
MODIS data with ground pixel centers within 0.1° latitude and 0.2° longitude from the
Wauxi site are included for the comparison with MAX-DOAS.

In addition to the MODIS aerosol and cloud products, for selected case studies we
also used true color images above Taihu (near the Wuxi site) with a spatial resolu-
tion of 250m derived from both MODIS instruments. They were downloaded from
the website of MODIS Rapid Response, NASA/GSFC (http://aeronet.gsfc.nasa.gov/
cgi-bin/bamgomas_interactive). The true color images give an intuitive view of the cov-
erage and structure of the clouds and aerosols over Wuxi.

The effective CF from OMI and GOME-2 is not a geometrical CF as retrieved by
MODIS, but it is a combination of geometric CF, cloud reflectance, and clear sky re-
flectance (see Eq. 5). To make the cloud products more comparable, we converted the
MODIS level 2 cloud optical thickness (7;), which is given at 650 nm (King et al., 1998),
into an observed TOA cloud reflectance R(7.), and computed the effective CF (CF44)
from the cloud reflectance and geometric CF (CF,) in a similar way as Stammes et al.
(2008):

R(7;) — Rglear

CFeff = CFgeoH

; (5)

alb=0.8 — Rclear

where R, is the clear sky reflectance, and R,,_q s is the reflectance of the clouds
with cloud albedo of 0.8. The relation of R(7.) and COT is acquired by simulations
using McArtim and is shown in Fig. S2 in the Supplement. Note that the occurrence of
effective CF larger than 1 is possible due to the fact that cloud albedo may be larger
than 0.8. (Stammes et al., 2008). However we set the effective CF from MODIS to 1
if the calculated effective CF is larger than 1, because the effective CF from OMI and
GOME-2 is also clipped between 0 and 1 (Wang et al., 2008).
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3 Results
3.1 Cloud classification results for 21/2 years of MAX-DOAS measurements

The monthly mean relative frequency and monthly accumulated observation numbers
of the different sky conditions from MAX-DOAS are shown in Fig. 10. Figure 10b indi-
cates that more observations were made in summer because of the longer duration of
the days and due to the shorter exposure time for individual measurements. The gap
from 15 December 2012 to 28 February 2013 is caused by a temporal shutdown of the
MAX-DOAS instrument. The short-term shutdowns in July and August 2013 also affect
the number of observations.

An obvious intra-annual variation of the frequencies of clear sky and cloudy condi-
tions can be found in Fig. 10a. The frequency of the clear sky conditions is higher in
winter than in summer, especially with high aerosol load. The frequency of cloudy skies
is higher in summer than in winter, especially of continuous clouds. This annual varia-
tion of the cloud amount over the Yangtze River Delta, China, including Wuxi station,
has been reported by Zhao et al. (2014). The continuous clouds (small SZA) only oc-
cur in summer, which is due to the fact that these are only found for small SZA (below
about 35°, see Sect. 2.3.3). However, we cannot exclude the possibility that part of the
seasonal variation might be caused by the dependence on SZA of the retrieved cloud
sensitive parameters.

An overview on the relative fraction of occurrences of the different sky conditions for
the complete measurement time series is presented in Fig. 11. Cloudy skies including
“continuous clouds (large SZA)”, “continuous clouds (small SZA)”, “broken clouds” and
“cloud holes” were present in the majority of measurements (about 80.4 %). “Broken
clouds”, “cloud holes” in zenith or off-zenith view, and continuous clouds (“continuous
clouds (high SZA)” and “continuous cloud (low SZA)”) account for about 62, 31 and
27 % of all cloudy skies, respectively. The category “continuous clouds (small SZA)”
contributes only about 19 % to the continuous clouds. “Optically thick clouds” accounts
for 14.1 % of the cloudy cases. 50.0, 33.1 and 16.9 % of “optically thick clouds” are as-
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signed to the sky conditions of “continuous clouds (high SZA)”, “continuous clouds (low
SZA)” and “broken clouds”, respectively. Clear skies including either low or high aerosol
load were present in about 19 % of all measurements. “Extremely high midday CI” was
only present in 0.3 % of all measurements. The remaining 25 % of all measurements is
classified as “cloud holes” in zenith or off-zenith view.

3.2 Comparison with coincident ground-based and satellite measurements

In this section we compare the results of our cloud classification scheme for the whole
time period with coincident data from the independent data sets (AOD from AERONET
and MODIS, visibility from visibility meter and cloud products from MODIS, OMI and
GOME-2). Our general procedure is to firstly assign the MAX-DOAS results to each
data point from the independent measurements and then to determine the absolute
numbers and the relative fractions of the individual sky conditions for different intervals
of the quantities derived from the independent measurements.

3.2.1 Comparison to AERONET AOD

For the comparison to the AOD from AERONET, we selected AOD values with time
differences < 15 min and assigned them to the MAX-DOAS results. In the left figures
of Fig. 12a and b, the relative frequencies of the individual sky conditions (indicated by
the different colors) are shown for different intervals of the simultaneously measured
AOD. Note that the sky conditions displayed between 0 and 100 % indicate the primary
sky conditions, those displayed above 100 % indicate the secondary sky conditions. In
the right figures of Fig. 12a and b, the corresponding absolute numbers of the different
sky conditions are shown.

Figure 12 shows that the number of measurements classified as “clear sky with
low aerosol load” decreases with increasing AERONET AOD. The highest fractions
of “clear sky with high aerosol load” are found for AOD between 0.5 and 1.5. These
findings are consistent with our expectations of these sky conditions.
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For days with AOD< 1, if clouds are detected by MAX-DOAS, they are classified as
either cloud holes or broken clouds. With increasing AOD the number of measurements
classified as cloudy increase, and so does the fraction of continuous clouds and fog.

The two AERONET data sets show similar patterns, but level-1.0 data are more
often classified as clouds than level-1.5 data, in accordance with the application of
the AERONET cloud screening algorithm. As a consequence of cloud screening, the
number of measurements is halved, and only a few points are left for the highest AOD
bins.

3.2.2 Comparison to visibility meter

The comparison of the MAX-DOAS results with the visibility meter results is shown in
Fig. 13. As expected the frequency of fog is highest for the lowest visibility. Also the
frequency of “clear sky with high aerosol load” is highest for visibilities below 20 km. In
contrast, the frequency of clear skies with low aerosol load is highest for the highest
visibility values. The increasing fraction of continuous clouds and optically thick clouds
with decreasing visibility might be caused by the occurrence of rain or possible fac-
tors which increase the probability of both aerosols and clouds (e.g. high humidity).
The comparison of the MAX-DOAS results with the visibility meter confirms that the
dependence of the visibility for the different sky conditions is well described by our
classification scheme.

3.2.3 Comparison to aerosol and cloud data from OMI, GOME-2, and MODIS

In Figs. 14—17 the comparisons between the results from MAX-DOAS and the satellite
instruments are shown. For these comparisons the MAX-DOAS results are averaged
over one hour around the respective satellite overpass times (see Sects. 2.4.2 and
2.4.3 for spatial collocation criteria).

In Fig. 14a and b the MAX-DOAS results are compared with the AOD at 550 nm
from MODIS on Aqua and on Terra, respectively. Similar distributions of the relative
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frequencies of the sky conditions along the AOD from MODIS are found for both of the
MODIS instruments. Note that because some strict cloud screening and quality assur-
ance controlling schemes are applied to the MODIS AOD data sets, most of the cloud
contaminated data are discarded. The small number of measurements with AOD> 1.8
means that the relative frequencies of the sky conditions are probably not represen-
tative. The same is the case for the smallest AOD bin, although the reason for the
small amount of measurements is probably that cases of AOD< 0.3 are rare in the
investigated region. Except for these rarely encountered cases, the features of the dis-
tributions of the sky conditions along the AOD are quite similar with the comparison
with AERONET AOD data sets. The relative frequencies of the sky condition of “clear
with low aerosol” decrease along with the increasing AOD. Most of the sky conditions
of “clear with high aerosol” occur in the AOD between 0.6 and 1.2. The fact that cloudy
cases are still found, despite the rigorous cloud screening by MODIS, may be attributed
to the difference in air masses sensed by MODIS and MAX-DOAS due to imperfect col-
location. It may, however, also be caused by incorrect classification by the MAX-DOAS
algorithm. Overall the results from MAX-DOAS are mostly consistent with the AOD data
from MODIS.

In Fig. 15a—d the MAX-DOAS results are shown as functions of the effective CFs
derived from OMI, GOME-2, and MODIS on Aqua and on Terra, respectively. The fre-
quency of clear sky conditions (with either high or low aerosol load) is highest for small
effective CFs. Two facts probably contribute to this finding. The first is the misclassifica-
tion of aerosols as clouds by satellite instrument (see Sect. 3.2.4) and the second is the
possibility of clouds being detected outside of the FOV of the MAX-DOAS instrument
by satellite instrument (due to their different FOV and time difference of up to half hour),
especially for MODIS due to its relative fine spatial resolution (CF and CP: 5km x 5 km;
COT: 1km x 1 km). The frequencies of continuous clouds and optically thick clouds are
highest for large effective CFs. Broken clouds are most frequent for the effective CF be-
tween 10 and 70 %. Compared with other satellites, a higher frequency of fog is found
for GOME-2, which can be explained by the higher probability for fog at the earlier over-
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pass time of GOME-2 (09:30 LT) compared to OMI (13:30LT). The similar, but smaller,
difference for fog is found between MODIS on Aqua (overpass time: 13:30LT) and on
Terra (overpass time: 10:30LT). The sky condition of “continuous clouds (small SZA)”
rarely occurs for GOME-2 due to its early overpass time, because this sky condition
occurs only for small SZA. From all comparisons shown in Fig. 15 we conclude that the
cloudy sky conditions derived from MAX-DOAS observations are related to effective
CF derived from satellite.

In Fig. 16 the MAX-DOAS results are compared to the COT derived from MODIS.
For this comparison we used only MODIS data with geometrical CF > 80 %. Clear sky
conditions (with low and high aerosol load) are only found for cases with small COT,
which can be interpreted by the same two facts as the comparison with effective CFs.
Cases of broken clouds and cloud holes are mainly found for small COT, continuous
clouds for medium COT, and optically thick clouds for large COT, in agreement with our
expectations. Slightly different dependencies are found for both MODIS instruments,
especially with respect to the fractions of optically thick clouds and continuous clouds.
However, the differences between MODIS instruments are probably not significant in
view of the number of data points.

In Fig. 17 the MAX-DOAS results are shown as function of the cloud pressure de-
rived from OMI, GOME-2 and both MODIS instruments. For the comparison, we used
the criteria of effective CF above 20 % to filter the cloud pressure data from different
satellites because the CP cannot be accurately retrieved for few clouds in the satel-
lite view (Weisz et al., 2007; Wang et al., 2008). Similar distributions of the relative
frequency of the sky conditions along the cloud pressure are found for all four cases.
Continuous clouds have the highest probability for medium cloud pressures, which
is probably related to the typical altitudes of stratus clouds. Compared to continuous
clouds, broken clouds have larger cloud top pressure, which probably indicates that
most of broken clouds belong to cumulus. The category of cloud holes occurs mostly
equally in various cloud top pressures. Also fog is usually assigned to high cloud pres-
sures representing fog events at low altitude (some of them might of course by overlaid
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by higher clouds). And a much higher frequency of fog is found by GOME-2 compared
to other instruments probably due to its earlier overpass time (09:30LT). Much fewer
absolute numbers of the observed sky conditions are assigned to small CP from OMI
and GOME-2 than that from MODIS, which is well explained by the general overestima-
tion of CP by OMI and GOME-2 (see the Supplement). Although no clear relationship
between the MAX-DOAS results and the satellite cloud pressure can be expected, the
findings show that both high and low clouds can be detected using the MAX-DOAS
classification scheme.

3.2.4 Cloud properties retrieved from satellite observations for clear sky cases
identified by MAX-DOAS

As discussed in the previous section, for part of the clear sky cases (classified from
MAX-DOAS observations) the corresponding satellite observations indicate the pres-
ence of clouds. There are three possible reasons for this: (1) the satellite instruments
wrongly attribute strong aerosol scattering to clouds, (2) the MAX-DOAS classification
mistakes clouds for aerosols, (3) the instruments sense different air masses (due to
imperfect collocation), and hence different sky conditions. In this section we investigate
the sensitivity of the satellite cloud products to the sky condition derived from our cloud
classification scheme. We only consider clear sky conditions (with low or high aerosol
load). The respective cloud properties derived from the satellite observations are pre-
sented in Fig. 18. The satellite cloud products are systematically different for cases with
either low or high aerosol load: the mean geometrical and effective CFs derived from
the four instruments are appreciably larger for cases with high aerosol load than for low
aerosol load. This may be an indication that the cloud parameters derived from satel-
lite are indeed sensitive to the presence and amount of aerosols. For MODIS, Brennan
et al. (2005) concludes that the aerosol contamination of MODIS collection 04 cloud
products occurs when aerosol optical depth is larger than 0.6. Although the improved
collection 05 cloud products, used in this study, apply an improved cloud masking tech-
nique, our finding indicates that the aerosol contamination of MODIS cloud products
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still occurs. Interestingly, even for cases with low aerosol load the geometric CF de-
rived from MODIS is >> 0 (with mean COT of about 1) indicating that the MODIS
geometric cloud fraction is sensitive even to rather small aerosols loads. For cases
with high aerosol load, the COT derived from MODIS is much larger than for cases
with low aerosol load. But here it should be noted that for both categories rather small
values (optical thickness < 3) are found, which fit quite well to typical optical depths of
aerosols at Wuxi (see Fig. 12). It should be noted that the mismatch of the respective
fields-of-view of MODIS and the MAX-DOAS instrument probably also contribute to the
retrieved cloud properties. For OMI and GOME-2, the contamination of effective CF by
aerosols is also found by Chimot et al. (2014). A study by Wang et al. (2012) showed
that the sensitivity of the FRESCO cloud retrieval of GOME-2 to aerosols can be ex-
ploited to extract information on the altitude of optically thick aerosol plumes. For the
CP similar (high) values for both categories are found (about 1000 hPa for both MODIS
instruments and ca. 800 hPa for GOME-2 and OMI), indicating that the aerosols are
located close to the surface. However, CP retrieval errors are quite large for effective
CF below 20 %.

We cannot exclude the possibility that the MAX-DOAS classification occasionally
mistakes clouds for aerosols, and imperfect collocation certainly leads to occasional
mismatching of MAX-DOAS and satellite measurements. Nevertheless, our findings
seem to indicate that the satellite cloud products contain valuable information on
aerosols. Especially conditions of high aerosol load are likely identified as low clouds
with low optical thickness.

4 Discussion and conclusion

We modified the MAX-DOAS cloud classification scheme developed by Wagner
et al. (2014) and applied it to long term MAX-DOAS measurements (2011 to 2013)
in Wuxi, China (31.57° N, 120.31° E). For that purpose the original scheme was modi-
fied in several ways:
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a. We developed a simple method for the quantification and correction for the effects
of possible instrument degradation.

b. Due to the mismatch of measured and simulated radiances for SZA < 40°, we
developed a way to extract reference values mostly from measurements.

c. Optically thick clouds were identified only based on the measured radiances be-
cause of the challenge of the absolute calibration of the O, retrieval for the long
measurement time series.

d. We extended the cloud classification scheme by using different criteria for large
or small SZA for the determination of continuous clouds. This modification will be
especially important for measurements during summer at latitudes between +60°.

e. We added a category named “extremely high midday CI”, which describes very
rare cases with strongly reduced radiance in the blue spectral range compared to
the UV.

We compared the results of our MAX-DOAS cloud classification scheme with several
independent data sets: AOD from AERONET and MODIS, visibility derived from visi-
bility meters, as well as effective cloud fractions, cloud top pressures and cloud optical
thickness derived from different satellite instruments (MODIS, OMI, GOME-2). These
statistical analyses overall confirmed the validity of our classification scheme. For ex-
ample, most cases of clear sky conditions with low or high aerosol load were correctly
assigned to the respective AOD derived from AERONET and MODIS. Also the depen-
dence of the cloud classification results on cloud optical thickness and effective cloud
fraction derived from satellite was well represented.

The dependence of the results of the MAX-DOAS cloud classification scheme on
the cloud optical thickness motivated us to further investigate the general ability of the
scheme to identify optically thin clouds. For MODIS observations of thick clouds (COT >
10), the sky conditions derived from MAX-DOAS comprise mostly optically thick clouds,
continuous clouds and fog. For MODIS observations of thin clouds (COT < 10), the sky
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conditions derived from MAX-DOAS mainly consist of broken clouds and cloud holes.
However, a few measurements characterized as clear sky with low or high aerosol load
are also assigned to this category. This may be caused by occasional mis-classification
of the high aerosol load as optically thin cloud by the satellite cloud retrieval algorithms,
but may also have to do with the observation of different air masses by the different
instruments, or incorrect classification of the sky condition by the MAX-DOAS scheme
(see Sect. 3.2.4).

We conclude that the MAX-DOAS cloud classification scheme works in general well
not only in cases of optically thick, but also for most optically thin clouds. In addition,
we find that even high clouds (cloud pressure < 500hPa) are well identified by the
MAX-DOAS cloud classification scheme (Fig. 17), at least if their effective CF> 20 %.

In summary, in this study we presented an updated MAX-DOAS cloud classification
scheme, which can be used for MAX-DOAS measurements over long periods and also
for small SZA. In the next step, we will apply the MAX-DOAS classification results to
improve the validation of satellite products of tropospheric trace gases by MAX-DOAS
measurements.

The Supplement related to this article is available online at
doi:10.5194/amtd-8-4653-2015-supplement.
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Table 1. Quantities derived from MAX-DOAS observations for cloud classification, their abbre-

viations and thresholds.

Quantity for cloud classification Abbreviation Threshold Threshold
(Wagner et al., 2014)

Normalized Cl (340 nm/420 nm) (o] 0.84 0.65

for zenith view

Normalized temporal smoothness TSI} 8x 1078572 1.2x107"s72

indicator of CI for zenith view

Sum of normalized temporal TSI 25x107"s7? 33x107"s7

smoothness indicator of Cl for

non-zenith view

Spread of the ClI Spg 0.3 0.14

Normalized radiance at 380 nm Ra) 0.94 0.9

Spread of the O, dJAMF Spo, 0.4 0.4
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Table 2. Conditions used for the cloud classification scheme for MAX-DOAS observations at

Wuxi.

Sky condition

Determination criteria
(Wagner et al., 2014)

Determination criteria

Clear with low aerosol
Extremely high midday CI
Clear with high aerosol
Cloud holes (zenith)

Cloud holes (low elevation)
Broken clouds

Continuous clouds

(large SZA)

Continuous clouds
(small SZA)

Fog

Optically thick clouds

high CI; & low TSI, &
low TSI & high Spg,

ClI} larger than 1.3 & high none
Spg, & low Ra)

low CI? & low TSI? &
low TSI & high Spg,

high CI7 & high TSI’

high CI” & low TSI”

low CI] & low TSI
& high Spg,

high CI7 & high TSI’

high CI7 & low TSI”

& high TSI]
low CI” & high TSI’
or high TSI/

low CI & low TSI, & low CI & low TSI}
low TSI & low Spg, & low Spg,

high CI] & low TSI} & none
low TSI & low Spg,

low CI7 & low Spg,

high CI7 & high TSI

low CI? & high TSI”

low CI7 & low Spo,

low CI} & low Ra]
or high O, AMF

(low CI7 or continuous clouds
for small SZA) & low Ra,
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Figure 1. The radiance at 380 nm (a) and the color index (340 nm/420 nm) (b) derived from
MAX-DOAS observations in zenith view against the daynumber (the daynumber of one corre-
sponds to 1 January 2011) for an SZA interval of 49-51°. The red and blue curves represent
a linear fitted slope and second order polynomial as functions of the daynumber, respectively.
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Figure 2. Time series of the AOD at 440 nm (a) and the Angstrédm parameter of 340 nm against
440 nm (b) from AERONET on 23, 25 and 28 July 2012.
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Figure 3. The comparisons of measurements of (a) the color index (340 nm/420nm), and
(b) the radiance at 380 nm for three clear half days with their corresponding values derived
from radiative transfer simulations (black lines). In subfigure (b) the green line indicates the
polynomial fit of the measured radiance on the three half days; the red dashed lines indicate

the SZA of 12 and 82°.

50
SZA

60

70

80

90

(b)

7x10°

simulated color index

measured radiance [counts]

6x10° 4|
5x10°q |
4x10° ‘
3x10° 1
2x10°1 |

1x10°4 |

= simulated radiance
polynomial fitting curve

= June 23
e June 25
4 June 28

4694

ol
8

16 24 32 40 48 56 64 72 80 88

SZA

10.5

10.4

10.3

10.2

10.1

0.0

simulated radiance

Jladed uoissnosiq | Jadeq uoissnosiq | Jedeq uoissnosiq | Jaded uoissnosiqg

(®
{o

AMTD
8, 4653-4709, 2015

Cloud and aerosol
classification for 2
1/2 years of
MAX-DOAS
observations

Y. Wang et al.

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/4653/2015/amtd-8-4653-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/4653/2015/amtd-8-4653-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
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polynomial fitting curve

— = —median value

e merged curve (reference radiance)

calibrated radiance

40 48 56 64 T2 80 88
SZA

Figure 4. Calibrated radiances at 380 nm (black points) extracted from all measurements in
the whole period. The blue curve represents a merged clear sky reference values over the
whole SZA range (8—90°): above 81° it is based on radiative simulation results; between 12
and 81° it represents a polynomial fit to the clear sky measurements shown in Fig. 8b; below
12° it is determined by calculating the median value of the measured radiance (see text). The
green curve represents the extension of the polynomial fit to SZA < 12°. The megenta curve
represents the median values of the measured radiance.The red dashed line presents the SZA
of 12°.
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Figure 6. (a) The black, red and blue curves indicate the time series and the corresponding
SZA of original Cl,, reference Cl, and normalised Cl,, respectively, on 8 July 2012. The dashed
line presents the threshold of normalised Cl of 0.84. The visual images in the morning (b) and
in the afternoon (¢) from MODIS are over the Wuxi site on the day.
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Figure 10. The monthly frequency distribution of the cloud classification scheme. (a) Relative
frequencies of the different sky conditions (indicated by the different colorss). Bars between 0
and 100 % represent the frequency of the primary sky conditions; bars above 100 % represent
the frequency of the secondary sky conditions. The black dashed line represents emphasizes
the 100 % mark. (b) Accumulated absolute numbers of the sky conditions in each month.
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Figure 11. Relative fractions of the different sky conditions retrieved from the MAX-DOAS cloud
classification scheme during the whole measurement period.
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Figure 12. Results of the cloud classification scheme as a function of the AOD obtained from
the AERONET measurements at Taihu. (@) The AOD is from the level 1.0 data sets without
cloud-screening and (b) from automatically cloud cleared level 1.5 data sets. In each subfigure,
left: relative frequencies of the different sky conditions, see the caption of Fig. 10 and the text
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for details; right: absolute numbers of the sky conditions as function of the AOD.
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Figure 15. Results of the cloud classification scheme as a function of effective cloud fractions @
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Figure 16. Results of the cloud classification scheme as a function of the cloud optical thickness
(COT) from MODIS on Aqua (MYD) (a) and on Terra (MOD) (b), both for measurements with
geometrical CF> 80 % only. The left parts of the figures present the relative frequencies of the

different sky conditions (see the caption of Fig. 10). The right parts of the figures present the
absolute numbers of the sky conditions.
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Figure 18. Average values of various cloud properties (indicated by the different colorss) de-
rived from the MODIS on Aqua (MYD) and on Terra (MOD) as well as GOME-2 and OMI for
clear sky conditions with low or high aerosols (as identified by MAX-DOAS). The open bars
and hatched bars represent clear sky conditions with low aerosol and high aerosol load, re-
spectively. The geometrical cloud fractions are divided by 10.
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