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Acronyms and abbreviations

Acronyms and abbreviated terms that are specificfor this document can be found below.

AMF AirMass Factor

ATBD Algorithm Theoretical Basis Document

DOAS Differential Optical Absorption Spectroscopy

DOFS Number of Degrees of Freedom for Signal

FRM,DOAS Fiducial Reference Measurements for Ground-Based DOAS Air-Quality Observations
FWHM Full Width at Half Maximum

MPIC Max-Planck Institute for Chemistry

RTM Radiative transfer model

SCD Absolute Slant Column Density

SZA Solarzenithangle

VCD Vertical Column Density



1 Introduction

The present document is the ATBD (Algorithm Theoretical Basis Document) for the updated version of
the cloud classification algorithm developed as part of the FRM4DOAS-2.0 project. The purpose of the
ATBD is to provide a detailed description of the algorithm. The ATBD focusses on the processing of
guantities obtained from measured MAX-DOAS spectra in a preceding step. These quantities are the
so-called color index (Cl, the ratio of the measured intensities at the wavelengths of 330 nm and 390
nm) and the O4 absorption analysed at 360 nm.

The document is structured as follows: the retrieval and calibration of the Cl and the O4 absorption
are described in sections 2 and 3. The original algorithm from Wagner et al. (2016) is introduced in
section 4. Section 5 presents recent improvements of the algorithm. In section 6, the validation
results for the original and the updated algorithm are presented. Section 7 provides a summary.

2 Calibration of the CI

The Cl is determined from the measured signals at 330 nm and 390 nm. An interval of £0.5 nm around
the selected wavelengths is used. The exact choice of the wavelength intervals is not critical, because
the effects of slightly different wavelength intervals will be compensated by the calibration procedure
of the Cl as outlined below.

The Cl values depend on the specific properties of a MAX-DOAS instrument. Thus the obtained Cl
values have to be calibrated before they can be used for further processing. The calibration procedure
is described in detail in Wagner et al. (2016). A brief summary is given below:

a) First the extracted Cl are normalised (divided) by the simulated minimum CI for cloudy conditions
for the same SZA. The minimum ClI for cloudy conditions is described by the following polynomial:

Clmin =-5.261- S+ 8.045 - S° + 0.621 - S* - 6.588 - S3+3.029 - S+ 0.09 - S + 0.66 (1)

With S the solarzenith angle in degrees divided by 90.
The normalisation procedure is illustratedin Fig. 1.

b) In the next step, frequency distributions of the normalised Cl for SZA < 60° are calculated, see Fig.
2. A distinct accumulation point for the minimum Cl is found representing cloudy measurements. The

normalised Cl of the accumulation point is determined by fitting a Gaussian curve to the peak of the
frequency distribution (Fig. 2). The measured Cl are then divided by the Cl value at the peak:

Clcalibrated = Clmeas / Clpeak (2)

For the example shown in Fig. 2 the Cl of the peak is 0.82.
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Fig. 1 Top: Comparison of measured (left axis) and simulated (right axis) Cl during the CINDI (1)
campaign obtained from the MPIC instrument. The thick orange line represents minimum values
calculated for cloudy conditions. The green and magenta lines represent Cl for cloud-free conditions
with low aerosol loads. Bottom: Normalised Cl (measured Cl divided by the minimum Cl). For SZA < 60°
(indicated by the red vertical lines) the minima of the normalised Cl are almost independent from the
SZA.
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Fig. 2 Frequency distribution of the normalised Cl during the CINDI (1) campaign for SZA<60° (for bins

of 0.02). The Cl at the peak is 0.82.
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3 Calibration of the 04 dSCDs

For the analysis of the O, dSCD the standard settings provided in Wagner et al. (2019) are used (and

recommended). They are summarisedintable 1.

Table 1 Standard settings forthe DOAS analysis of O,.

Parameter Value, remark, references
Spectral range 352 —387 nm

Degree of DOAS polynomial 5

Degree of intensity offset polynomial 2

Ring spectrum 1*

Normal Ring spectrum calculated from DOASIS

Ring spectrum 2*

Ring spectrum 1 multiplied by A

O3 cross section

223 K, Bogumil et al. (2003)

NO, cross section

294 K,Vandaele etal. (1997)**

BrO cross section

223 K, Fleischmann etal. (2004)

0, cross section

293 K, Thalman and Volkamer (2013)

*The O, analysis in this study used one Ring spectrum calculated from a high resolution solar spectrum. The

effectonthe O, resultsisvery small.

** The Q4 analysisinthis study used a second NO, cross section for 220 K. Again, the effectonthe O,results is

very small.




Since the Oa4 absorption in the Fraunhofer reference spectrum is not known, the O4 dSCDs derived
from the DOAS analysis have to be calibrated as well. The aim of the calibration process is to
determine the 04 absorption of the Fraunhofer reference spectrum (expressed as Os AMF, see
below). Again, for that purpose the method presented in Wagner et al. (2016) is applied. The different
steps are briefly summarised below:

a) the differential O4 slant column density (dSCD) derived from the spectral analysis is divided by the
Og4 vertical column density (VCD) to obtain the corresponding O4 dAMF:

dAMF = dSCD /VCD (4)

The VCD can be calculated from vertical profiles of temperature and pressure. Alternatively, but with
slightly higher uncertainty, it can also be calculated from the surface values of temperature and
pressure (Wagner et al., 2019; Beirle et al., 2022). For the measurements during the CINDI campaign a
04 VCD of 1.41 - 10*3 molecules?/cm® was calculated (Wagner et al., 2014).

b) From the O4 dAMFs the simulated O4 AMFs for an AOD of 0.2 are subtracted:
dAMFcorr = JAMF - AMFref (3)
The 04 AMFs for a AOD of 0.2 are described by the following polynomial:

dAMFref == -81.975 - S8+ 197.773 - S° - 172.649 - S* + 64.482 - $3-7.832 - S+ 0.964 - S+ 1.265
(4)

With S the solarzenith angle in degrees divided by 90.
The corrected 04 dAMF for the MPIC measurements during CINDI (1) are shown in Fig. 3.

c) For the determination of the O4 AMF of the reference spectrum, clear sky measurements for SZA
between 30° and 50° are chosen. The selection of clear sky measurements is performed using the
measured Cl after they were calibrated as outlined above. Only measurements with Cl above a SZA-
dependent threshold value are classified as clear. The threshold value is (Wagner et al., 2016):

Cl-threshold =8.399 - S - 24.253 - S° + 29.143 - $*-21.056 - S* +7.673 - S?- 0.197 - S + 0.964

(5)
With S the solar zenith angle in degrees divided by 90.
Fig. 4 shows the frequency distribution of the corrected O4 dAMFs (for SZA between 30 and 50°) for
either all measurements (blue) or clear sky measurements (red). For both sets of measurements the
peak is found for a value of —1.78. The negative value of the peak of the frequency distribution
represents the Os absorption of the Fraunhofer reference spectrum. It has to be added to the
measured Os dSCDs to obtain the total 04 AMF.
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Fig. 3 Normalised O, DAMF for all measurements (blue) or measurements under clear sky conditions (red). The
normalisation is performed by subtracting the simulated O, AMFs for AOD of 0.2. The rectangles indicate the
SZA ranges used for the calibration of the O, DAMF. The measurements are from the MPIC instrument during
the CINDI (1) campaign from 12 Juneto 15 July 2009.

0.2 !
A
o, 0.15 —F
ps ) — all measurements
(0]
% /!\ — clear sky
£ 01 :
g 1
= 1
© 1
[2 |
0.05 -
1
|
|
0 I T T f e T S E——
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Difference of measured O, DAMF and simulated O, AMF

Fig. 4 Frequency distribution (for bins of 0.05) of the normalised O, DAMF for SZA between 30° and 50°. The
blue and red curves represent observations for all sky conditions (896 measurements) and clear sky conditions
(302 measurements), respectively. For both selections the frequency maximum is found for —1.78.



4 The original algorithm from Wagner et al. (2016)

After the preparatory steps described in sections 2 and 4 are carried out, the cloud classification
algorithm can be applied. The flowchart of the original algorithm from Wagner et al. (2016) is
presented in Fig. 5. The corresponding threshold values are summarised in table 1. The cloud
classification algorithm was recommended for measurements with SZA below 75°.

A cloud classification for individual (non-zenith) measurements was so far not implemented (grey
symbols). Suitable thresholds for the identification of cloud contaminations based on the temporal
smoothness indicator (TSI) should be determined in future studies (for more details, see alsoRD 2).

@ CIZ,meas = Ciref ?
clear sky, low .
rapid temp. var. — aerosol
no of Cl,? no
yes —@» z —yes
(TSI > TSI, ?) I clear sky betw.
= clouds D
smooth temp. var. of Cl, _
-@-> and spread of Cl for — yes > clear sky, high
different elevation angles aerosol
Cl the same for all continuous
— —>
@ elevation angles ? yes clouds .
-@-> rapid temp. var. of Cl,? [— yes [ | broken clouds D
©- -
.(: >.> O, the same for all
_>
elevation angles ? yes fog
thick clouds
047> Oy et ? — yes | (continuous or ]
broken)

Fig. 5 Flow chart of the cloud classification scheme from Wagner et al. (2016). Decision #6 is so far not
implemented. The spread is defined as the difference between the maximum and minimum value of all
non-zenith viewing angles of an elevation sequence. For the definition of the TSI, see section 5.1.
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Table 2 Thresholds used in the original cloud classification scheme (Wagner et al., 2016).

Quantity Decision Threshold
(Sisthe SZA in degrees divided by 90)

Cl 1 = -0.654*S6 + 0.367*S> + 2.647*S* - 6.006*S3 + 3.576*S? -
0.094*S + 0.779

TSI 2,35 = 0.06 *(13.66*S® - 32.298*S° + 28.522*S* - 14.468*S3 +
4.644*S? - 0.288*S + 0.304)

spread of the CI |3, 4 0.14

Spread of the O4 |7 0.37

dAMF

O4 AMF 8 = -81.975*S6 + 197.773*S> - 172.649*S* + 64.482*S8 -
7.832*S2 + 0.964*S +2.11

5 Applied updates

In the updated algorithm, the basic structure of the cloud classification scheme from Wagner et al.
(2016) is kept. The updates developed in this project include:

-the definition and threshold of the temporal smoothness indicator (TSI) were changed
-a second threshold was implemented for the TSI for additional sub-categories

-the definition and threshold of the spread of the Cl were changed

-a new so-called change flag was introduced

These updates are described in detail in RD-2. A brief summary is given in the next section.

5.1 Changes to the TSI

In the updated version the TSI is calculated in a symmetric way using the zenith measurements before
and after a chosen elevation sequence:

TSI =|Cl

n,new nstart CIn,end (6)
Here Cln,start and Clnend indicate the Cl of the zenith observation before and after the selected
elevation sequence. This new definition was introduced to avoid the asymmetry of the original
definition.

Another new feature is the normalization of the TSI by a polynomial as function of the SZA. The
normalisation is performed by dividing the TSI obtained by equation 6 by the following polynomial:

Claop=02(S) = 13.144 - S6 - 39.445 - S5 + 47.422 - S* - 31.335 - S% + 10.383 - S2 - 0.5107 - S + 1.0026
(7)
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Here S indicates the SZA in degrees divided by 90.

Finally, the existing threshold (see table 2) is multiplied by a factor of 2.5. The outcome of the
validation (see RD-2) clearly indicated that the existing threshold was too strict. Increasing the existing
threshold by a factor of 2.5 strongly improved the validation results.

Nevertheless, in order to identify measurements with particular stable sky conditions, the old
threshold is still applied in addition to the new threshold. Measurements, which fulfil also the old
threshold are now assigned to the new sub-categories ‘constantly clear and ‘constantly cloudy’ (see
Fig. 6).

original new TSl threshold
categories categories
clear 2.5 * original threshold
clear < .
constantly clear original threshold
. Pl cloudy 2.5 * original threshold
continous clouds AW .
constantly cloudy | original threshold

Fig. 6 Introduction of new categories based on different threshold values for the temporal smoothness
indicator. The categories ‘constantly clear’ and ‘constantly cloudy’ are new sub categories of ‘clear’
and ‘cloudy’.

5.2 Changes to the spread of the CI

To reduce the SZA-dependence of the spread (see RD-2) a normalisation is also applied to the spread
of the Cl in the updated version. The original spread (difference between the maximum and
mimimum Cl of the non-zenith directions of an elevation sequence) is divided by the following
polynomial (for more details, see RD-2):

spreadaop 0.1, 0.2 = -0.38 - S8 + 3.4836 - S° - 9.186 - S* + 6.2471 - S + 0.0513 - S? - 0.318 - S + 0.3716
(8)

With S being the SZA in degrees divided by 90.

It should be noted that, as discussed in RD-2, for SZA < 40°, the spread is not a useful quantity to
discriminate between the categories of ,continuous clouds’ and ,clear sky conditions with high aerosol
load’.

Because of the normalisation of the spread of the Cl, a new threshold was determined. By comparison
with AOD observations from AERONET a threshold value of 0.5 for the normalised spread was found
to be a good choice to discriminate cases of clear sky conditions with an AOD either below or above
about 0.5 (at 360 nm).
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5.3 Introduction of the change flag

The so-called change flag was introduced as a new flag. It indicates elevation sequences, which have
different classification results as their preceding and following sequences. Discarding these sequences
largely improves the validation results (from about 61% to 89% correct assignments, see RD-2).
However, at the same time, the number of cases is reduced by more than a factor of 3. Fortunately,
the application of the change flag mainly removes measurements under broken cloud conditions
which are the most unfavorable conditions for MAX-DOAS profile inversions.

5.4 Updated algorithm

Fig. 7 and table 3 provide an overview about the updated algorithm. The basic structure of the
algorithm remains unchanged, but two new sub-categories are added. The changes of the definitions
and threshold values of the TSI and spread of the Cl are marked in table 3.In addition to these
changes, also the change flag as defined in section 4.3 is added to the updated cloud classification
algorithm.

main sub-
categories categories

(1) [ Clyenitn < threshold ?

clear sky, low

aerosol TSI < strict constantly
no no I
—yeS~C (2 )»{Ts! > threshold ?|—yeS threshold? ™| clear
'—D‘ cloud holes
TSI <threshold and | ™ ™ | clear sky, flligh
aeroso
spread of Cl > threshold? TS| < strict N constantly
threshold ? clear

I TSI < strict constantly
threshold ? cloudy

continuous
-@-> spread of Cl < threshold? — yes > clouds

TSI > threshold? — yes [ broken clouds

'@" spread of O, < threshold ? — yes >

thick
0, > threshold ? — vyes > clouds

Fig. 7 Flow chart of the updated cloud classification scheme. The basic structure is the same as in Fig.
5, but two new sub-categories (‘constantly clear’ and ‘constantly cloudy’) are introduced.
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Table 3 Thresholds used in the updated cloud classification scheme. Changes compared to the old
version are marked in red.

Quantity Normalisation Threshold
(Sis the SZA in degrees divided by 90)
Cl no = -0.654 - S® + 0.367 - S° + 2.647 - S* -
6.006 - S® + 3.576 - S? - 0.094 - S +
0.779
TSI* = 13.144 - S® - 39.445 - S* +[=25.0.06-(13.66 - S -32.298 - S° +
47.422 - S* - 31.335 - S +10.383 -(28.522 - S* - 14.468 - S® + 4.644 - S? -
$?-0.5107 - S+ 1.0026 0.288 -S+0.304) **
spread of the |=-0.38-S°+3.4836 - 5°-9.186 - |0.5
Cleee S*+6.2471 - S*+0.0513 - S2 -
0.318 - S+ 0.3716
Spread of the |No 0.37
O4 dAMF
O4 AMF no =-81.975 - S® + 197.773 - S° - 172.649 -
S* +64.482 -S3-7.832-52+0.964 - S+
2.11

*TSl is now calculated according to equation 6

**for the new sub-categories ‘constantly clear’ and ‘constantly cloudy’ the ,old threshold’ as in table 1
is used.

***the spread is only useful for SZA > 40°

6 Validationresults

The original and updated cloud classification algorithms were validated using selected MAX-DOAS
measurements at 5 locations in Europe (table 4). The validation was performed by visual classification
of the sky conditions from simultaneously recorded sky images (for details see RD-2). For the original
version of the cloud classification algorithm, only about 62% of all classification results agreed with
the results from the visual classification (Fig. 8). After applying the changes described in section 5, the
success rate increased to more than 90%. Here it should be noted that the largest improvement was
due to the application of the change flag. The application of this flag strongly reduced the total
number of measurements, especially measurements under broken cloud conditions. But such
measurements are in general not well suited for MAX-DOAS profile inversions.
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Table 4 Selected days used for the validation study at the different locations

Location Mostly clearday Mostly cloudy day Days with mostly
broken clouds
Bremen 19.07.2022 22.07.2022 23.07.2022,
28.08.2022
Cabauw 11.08.2022 09.06.2022 16.08.2022
17.08.2022
Uccle 19.07.2022 21.07.2022 03.07.2022
15.07.2022
Mainz 22.09.2022 29.09.2022 19.09.2022
23.09.2022
Thessaloniki 07.07.2022 18.06.2022 20.06.2022
26.06.2022

original cloud classification algorithm

Total cases:
945

Clear Cirrus Broken Cloudy Foggy
, . \ | i

Visual categories

Clear sky, low aerosol 4

Cloud classification algorithm

Fog -

Fig. 8 Validation results for the original (left) and updated (right) cloud classification algorithm. The
columns represent the visual classifications, the lines the results of the classification algorithm. The
boxes surrounded by the solid lines represent successful assignments; the boxes outside the solid lines

Clear sky, high aerosol 4

Cloud Holes -

Broken Clouds -

Continuous Clouds -

updated cloud classification algorithm

62.22 %

Total cases:

30.1 3.7 1.8 0.1 0.0
0.0 0.4 0.6 25 0.0
5.4 3.6 8.0 0.4 0.0
1.7 1.5 6.3 13.2 0.0
0.0 0.4 0.3 e 0.0
1.3 0.4 1.3 3.2 0.0

represent wrong assignments.

7 Summary

Motivated by the validation results described in RD-02, several changes were applied to the original
cloud classification algorithm from Wagner et al. (2016). These changes largely improved the
agreement (from about 62% to 93%) with the visual classification results of the sky conditions at 5

stations in Europe.

The basic structure (Fig. 5) of the algorithm remained unchanged, but two new sub-categories
‘constantly clear’ and ‘constantly were introduced (Figs. 6 and 8).
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In addition, the definitions and threshold values for the TSI and spread of the Cl were updated as
described in section 5.
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