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1 Introduction
The second “Cabauw Intercomparison of Nitrogen Dioxide measuring Instruments” (CINDI-2)
campaign took place from the 25th of August to the 7th of October 2016 on the Cabauw
Experimental Site for Atmospheric Research (CESAR) in the Netherlands, which is operated by the
Royal Netherlands Meteorological Institute (KNMI). The aim of this intensive measurement campaign
was to assess the consistency of MAX-DOAS measurements of tropospheric species (NO2, HCHO, O4
HONO, CHOCHO and O3) relevant for the validation of future ESA atmospheric Sentinel satellite
missions. This was achieved through the coordinated operation of a large number of MAX-DOAS
instruments from all over the world, together with a wide range of ancillary reference observations.
In the presented deliverable (dedicated to the FRM4DOAS work package WP1340), retrieved MAXDOAS NO2, HCHO and aerosol profiles of 11 participating groups using 7 different profiling tools are
compared and validated against correlative ancillary observations.
The main objectives of the FRM4DOAS work package WP1340 are to assess the capabilities of MAXDOAS profiling and to review strengths and weaknesses of state of the art retrieval algorithms. This
activity is strongly linked to work package WP1300, in particular deliverable D5, where similar
investigations were performed with synthetic datasets. Crucial differences in the presented study
are: (1) The underlying spectra were recorded with real instruments, meaning that noise and
instrument artefacts propagated into the dSCDs. (2) Independent information on the real profile
could only be inferred from ancillary observations with own uncertainties and in particular imperfect
and intermittent spatio-temporal overlap with the MAX-DOAS measurements. (3) Many of the fixed
forward model input parameters (such as aerosol properties, surface albedo, T/p – profiles, …) are
averaged quantities of former observations which might be inaccurate for specific days and
conditions and basic model assumptions like horizontal homogeneity are not necessarily suitable. (4)
In some cases different groups used the same retrieval algorithms; keeping in mind that the most
influential retrieval settings were prescribed (see section 2.2.3), remaining discrepancies might be
attributed to different settings in the remaining parameters.

2 Instrumentation and Methodology
2.1 Campaign Setup
Figure 1 shows an overview over the campaign setup, including the ancillary observations relevant
for this study. More detailed information of the setup can be found in Deliverable D13 (campaign
planning document).
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Figure 1: Left: Image of the CESAR site with position and approximate viewing directions of the MAX-DOAS
instruments and ancillary observations of relevance for this study. Right: Corresponding MAX-DOAS azimuthal
viewing geometries and sonde flight paths.

2.2 MAX-DOAS Dataset
2.2.1 Underlying dSCD data
For the MAX-DOAS data acquisition during CINDI-2, all groups had to comply with a strict
measurement protocol (described in FRM4DOAS Deliverable D14). This guaranteed highly
comparable conditions such that discrepancies among the participants’ data could mostly be
attributed to instrumental and data processing issues. A comparison and validation of the CINDI-2
participants’ measured dSCDs has been performed by Kreher et al. (2019).
However, for the comparison of profiling algorithms it was desirable that the participants retrieve
profiles from a common dSCD dataset to decouple discrepancy contributions of the different profile
retrieval algorithms from contributions of the participants’ individual spectral analysis. To create such
a dataset, the median dSCDs of best performing instruments during CINDI-2 was calculated (see
Table 1 for the fitting ranges). This set of “best” dSCDs - in the following referred to as the “median
dSCDs” - was then distributed among the participants to serve as the common basis for the individual
profile retrievals.
The median dSCDs cover the campaign core period from September 12th to 28th, considering only
data from the first 10 minutes of each hour between 7:00 and 16:00 UTC, where the CINDI-2 MAXDOAS measurement protocol envisaged an elevation scan in 287° azimuth viewing direction (the first
scan each day at 6:00 UTC was generally discarded, as it was often affected by morning fog and
therefore distorting the statistical evaluation). Hence, the total number of processed elevation scans
was 170. An elevation scan consisted of ten successively recorded spectra at viewing elevation angles
of 1, 2, 3, 4, 5, 6, 8, 15, 30, 90°, at an acquisition time of 1 minute each. dSCDs were provided for 5
species, namely O4 UV, O4 Vis, HCHO, NO2 UV and NO2 Vis, where “UV” and “Vis” indicate different
spectral fitting ranges in the ultra violet and the visible spectral region, respectively. From the
median dSCDs, the participants retrieved profiles for the species listed in Table 1. A few participants
did not retrieve all species and do therefore not appear in the corresponding plots.
Table 1: List of the retrieved species and fitting ranges for the spectral retrieval

Profiling quantity

Retrieved from
dSCDs of

dSCD fitting window [nm]
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Aerosol UV extinction
Aerosol Vis extinction
HCHO concentration
NO2 UV concentration
NO2 Vis concentration

O4 UV
O4 Vis
HCHO
NO2 UV
NO2 Vis

338 – 370
425 – 490
336.5 – 359
338 – 370
425 – 490

2.2.2 Participating Groups and Algorithms
Table 2 lists the compared algorithms with underlying methods (optimal estimation (OEM) or
parameterized) and the participating groups with corresponding labels and plotting symbols as they
will be used throughout this document.
Table 2: Participating algorithms and groups with corresponding labels and plotting symbols.
Algorithm
(Reference)

Method

Institution

Label

OEM

Aristotle University of Thessaloniki
Thessaloniki, Greece
Royal Belgian Institute for Space Aeronomy
Brussels, Belgium
National Institute for Aerospace Technology,
Madrid, Spain
Anhui Institute of Optics and Fine Mechanics,
Anhui, China
Belarusian State University
Minsk, Belarus
China Meteorological Administration
Beijing, China
Max-Planck Institute for Chemistry
Mainz, Germany
Institute of environmental Physics
University of Heidelberg, Germany
Department of Physics
University of Toronto, Canada
Institute of environmental Physics
University of Bremen, Germany
Ludwig-Maximilians-University
Munich, Germany

AUTH
bepro
BIRA
bepro
INTA
bepro
AIOF
priam
BSU
priam
CMA
priam
MPIC
priam
IUPH
heipro
UTOR
heipro
IUPB
boreas
LMU
3
m

Royal Belgian Institute for Space Aeronomy
Brussels, Belgium
Max-Planck Institute for Chemistry
Mainz, Germany

BIRA
mmf
MPIC
mp-10
MPIC
mp-08

BEPRO
(Clémer et al. 2010,
Hendrick et al. 2014)

OEM

L

OEM

L

OEM

L

PRIAM
(Wang et al. 2017)

HEIPRO*
(Yilmaz, 2012)

BOREAS
(Bösch et al. 2018)

M

3

OEM

(Chan et al. 2017,
Chan et al. 2019)

MMF

OEM

L

(Friedrich et al. 2018)

Parameterized
MAPA** (v0.98)
(Beirle et al. 2019)

Symbol

L

retrieves aerosol extinction in logarithmic space. This removes negative values and allows larger values.
*IUPH and UTOR use different versions of Heipro (1.2 and 1.5/1.4, respectively), however with no significant changes in the
core retrieval.
**Two versions of MAPA (labelled mp10 and mp08) with different scaling factors (0.8 and 1.0) are included in the
comparison

Two versions of the MAPA algorithm with different O4 scaling factors (SF) are discussed within this
document, referred to as mp-0.8 (retrieved with SF = 0.8) and mp-1.0 (SF = 1.0), respectively. The SF
is applied to the measured dSCDs. Initial motivation for the SF are previous MAX-DOAS retrieval
studies, of which some reported on a significant mismatch between measured and simulated dSCDs,
that could not yet be explained (Wagner et al., 2018 and references therein). To overcome this, some
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studies use an SF, empirically determined to be around 0.8, which is debated in the MAX-DOAS
community. Also for MAPA during CINDI-2 a scaling factor of 0.8 was found to enhance the number
of valid profiles retrieved by MAPA and to significantly improve the agreement to ancillary
observations (Beirle et al., 2019 and within this study). Possible reasons for this behaviour are
discussed in section 4.4.
A general description of the individual algorithms, together with information on the technical
implementation (operating system, platform/programming language, license restriction), was
provided by each of the participants in deliverable D5 (WP1300).
The M3 algorithm by LMU appears as an additional algorithm here. Its description can be found in
appendix 8.1.

2.2.3 Retrieval Settings
To reduce possible sources of discrepancies, all profiles shown in this study were retrieved according
to the following predefined settings:














Pressure, temperature, total air density, and O3 vertical profiles were averaged from O3
sonde measurements, which were performed in De Bilt in Septembers of the years before
(2013-2015).
The surface albedo was fixed to 0.06, according to (Koelemeijer et al., 2003).
A fixed altitude grid was used for the retrieval, consisting of 20 layers between 0 and 4 km
altitude, each with a height of Δℎ = 200 m. The results of the parameterized approaches
(and some OEM algorithms, where the exact grid could not be directly implemented) were
interpolated/averaged to this grid for easier comparability. Surface and instruments'
altitudes were fixed to 0 m, which is close to the real conditions: The CESAR site and most of
the surrounding lie at 0.7 metres b.s.l., whereas the instruments were installed at 0 to 6 m
a.s.l.
The model wavelengths were fixed according to Table 3. In the case of the HCHO retrieval,
the aerosol profiles retrieved at 360 nm were interpolated to 343 nm using the mean
Angstrom exponent for the 440-675 nm wavelength range derived from sun photometer
measurements (see section 2.3.1) on 14/09/2016 in Cabauw.
For the aerosol parameters, the single scattering albedo was fixed to 0.92 and the
asymmetry factor to 0.68 for both 360 and 477 nm. These are mean values for 14/09/2016
derived from AERONET measurements at 440 nm in Cabauw.
The standard CINDI-2 trace gas absorption cross-sections were applied (see campaign
planning document - FRM4DOAS Deliverable D13).
No scaling of O4 dSCDs was applied. An exception is the parametrized MAPA algorithm: here,
two datasets without (SF = 1.0) and with (SF = 0.8) a scaling factor were included. The
corresponding algorithm labels are “mp-1.0” and “mp-0.8”, respectively.
A priori profiles for both aerosol and trace gas retrievals were exponentially-decreasing
profiles with a scale height of 1 km, derived using the AODs/VCDs in Table 3. For the AOD the
mean value at 477 nm for the first days of September 2016 derived from AERONET
measurements are used. Trace gas VCDs are mean values derived from OMI observations in
September 2006-2015.

Table 3: Prescribed settings for the radiative transport simulation wavelengths and a priori total columns (OEM
algorithms only)

Species
Aerosol UV

RTM wavelength [nm]
360

A priori VCD/AOD
0.18
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Aerosol Vis
HCHO
NO2 UV
NO2 Vis

477
343
460
360

0.18
8∙1015 cm-2
9∙1015 cm-2
9∙1015 cm-2

2.2.4 Profiling dataset
All participants were requested to submit the following results of their retrieval:





Profiles and profile errors with the errors separated into a noise and a smoothing
contribution, if possible.
Modelled dSCDs as calculated by the RTM for the retrieved atmospheric state.
Averaging Kernels (AVKs) for assessment of information content and vertical resolution (only
available for OEM approaches).
Flags (optional), giving participants the opportunity to mark profiles as invalid. Flagging must
be based on inherent quality indicators, which typically are the RMS between measured and
modelled dSCDs or the general plausibility of the retrieved profiles. Note that only 4
institutes submitted flags (AUTH, INTA, BIRA for Bepro, MPI for MAPA), based on the
following criteria:
o BIRA: Profiles are considered valid if the retrieved degrees of freedom (DOF) are > 1
and if the difference between measured and modelled dSCDs is smaller than 30%.
o INTA: Profiles are valid if DOF > 1 and if the RMS between measured and simulated
dSCDs is smaller than 1.5 times the daily averaged RMS.
o MAPA: Flagging is based on a row of criteria (agreement of modelled and measured
dSCDs, unrealistic results, consistency within the ensemble of possible solutions, …)
with carefully chosen thresholds. A detailed description can be found in Beirle et al.
(2019)
If not stated otherwise, in the following trace gas profiles are considered invalid, if the
underlying aerosol retrieval is invalid. Table 4 summarizes the profile submission and flagging
statistics.

Table 4: Number of submitted profiles (column “Total”) and relative amount of profiles actually flagged as valid
(column “Valid”) for each participant and retrieved species.

AUTH
BIRA
INTA
AIOFM
BSU
CMA
MPIC
IUPHD
UTOR
IUPB
LMU
BIRA
MPIC-1.0
MPIC-0.8
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Aerosol UV
Total
Valid
170
100 %
170
93 %
170
87 %
170
100 %
170
100 %
169
100 %
170
100 %
170
100 %
170
100 %
170
100 %
170
100 %
170
100 %
153
35 %
153
50 %

Aerosol Vis
Total
Valid
170
88 %
170
80 %
170
100 %
169
100 %
170
100 %
153
100 %
170
100 %
170
100 %
170
100 %
170
100 %
153
33 %
153
42 %

HCHO
Total
Valid
170
100 %
170
93 %
170
78 %
170
100 %
170
100 %
169
100 %
170
100 %
153
100 %
170
100 %
170
100 %
170
100 %
153
34 %
153
50 %

NO2 UV
Total
Valid
170
100%
170
93 %
170
75 %
170
100 %
170
100 %
169
100 %
170
100 %
153
100 %
170
100 %
170
100 %
170
100 %
170
100 %
153
35 %
153
50 %

NO2 Vis
Total
Valid
170
87 %
170
71 %
170
100 %
169
100 %
170
100 %
153
100 %
170
100 %
170
100 %
170
100 %
170
100 %
153
24 %
153
37 %

2.3 Ancillary Observations
2.3.1 Aerosol optical depth
Total aerosol optical depths 𝜏𝑎𝑒𝑟 were provided by a sun photometer (CE318-T by Cimel) close to the
meteorological tower of the CESAR site, which belongs to the "Aerosol Robotic Network" (AERONET,
see Holben et al., 1998). AODs were derived from direct sun radiometric measurements in ≈ 15 min
intervals at 1020, 870, 675 and 440nm. The AERONET level 2.0 data was used, which is cloud
screened, recalibrated and quality filtered (according to Smirnov et al., 2000). For extrapolation of
𝜏𝑎𝑒𝑟 to the DOAS retrieval wavelengths of 360 and 477nm, a dependency of 𝜏𝑎𝑒𝑟 on the wavelength
𝜆 according to
log(𝜏𝑎𝑒𝑟 ) = 𝛼0 − 𝛼1 log(𝜆) + 𝛼2 log(𝜆)2
was assumed. The coefficients 𝛼𝑖 were retrieved by fitting this equation to the available data points.
Note, that 𝛼1 corresponds to the Ångström exponent, whereas 𝛼2 specifies its dependence on the
wavelength. For the linear temporal interpolation to the MAX-DOAS profile time stamps, the
maximum interpolated data gap was set to 30 min, resulting in a data coverage of about 30%.
Smirnov et al. (2000) proposes a sun photometer total accuracy in 𝜏𝑎𝑒𝑟 of 0.02. In this study, an
enhanced uncertainty of 0.04 is assumed due to temporal and spectral inter-/extrapolation.

2.3.2 Aerosol extinction profiles
Information on the true aerosol extinction (AE) profiles could be drawn from two ancillary Light
Detection and Ranging (Lidar) instruments: a Raman Lidar (the CESAR Water Vapor, Aerosol and
Cloud Lidar “CAELI”, operated within the European Aerosol Research Lidar Network (EARLINET,
Bösenberg et al., 2003) and described in detail in Apituley et al., 2009) and a Ceilometer (Type Lufft
CHM15k Nimbus). Lidars provide vertically resolved information on the atmospheric state through
time-resolved intensity measurements of backscattered light from a pulsed laser beam propagating
through the atmosphere.
Table 5: Basic properties of the two LIDAR instruments

Instrument

Raman Lidar

Ceilometer

Data product

Aerosol extinction profile

Elastic backscatter profile

Operational wavelength

355 nm

1064 nm

Altitude range

1 to 10 km

0.2 to 15 km

Vertical resolution

7.5 m

10 m

Temporal resolution

≈ 30 min*

≈ 12 s

Data coverage

5 profiles between
September 13 and 15

Whole campaign

*EARLINET database standard integration time. In general, higher temporal resolutions are possible and available on
request.

The Raman Lidar directly provides aerosol extinction profiles. Its scarce data coverage makes it
unsuitable for a statistically meaningful comparison. Further, due to insufficient overlap between the
field of views of sending and receiving telescope at low altitudes, Lidars have a critical altitude, below
which no valid or only inaccurate data can be retrieved. For the Ceilometer this altitude is around
180 m; for the Raman Lidar, it is at 1 km, where the information content of MAX-DOAS aerosol
observations in this study is already too low for a meaningful comparison (AVK peaks < 0.2). To
obtain a complete and well resolved dataset of aerosol extinction profiles, the ceilometer backscatter
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profiles 𝐵𝑐 (ℎ) were converted to extinction profiles 𝐸(ℎ) through scaling by simultaneously
measured AODs, 𝐴𝑠 , from the sun photometer according to:
𝐸(ℎ) =

𝐴𝑠
∙ 𝐵𝑐 (ℎ)
∫ 𝐵𝑐 (ℎ) 𝑑ℎ

with h being the altitude. In case of missing sun photometer data, for instance due to clouds, the
MAX-DOAS retrieved AOD was used as 𝐴𝑠 , including a correction for the “blindness” of MAX-DOAS
observations for high altitude aerosol (see section 4.2.1). The scaling approach presumes that the
aerosol scattering properties like size distribution, single scattering albedo and geometry remain
constant with altitude and that the ceilometer data in the lowest 200 m are valid. Despite these
simplifications, a comparison of the scaled data to available Raman Lidar extinction profiles shows
good agreement (see Figure 2). However, the extinction profiles derived in the described way should
only be consulted for qualitative comparison.

Figure 2: Comparison of the five available aerosol extinction profiles obtained from Raman Lidar measurements
(in black, uncertainty indicated by grey area) with AOD scaled ceilometer backscatter profiles. Scaling was
performed with AODs from sun photometer (blue) and DOAS data (orange). In the last plot, lines show the
average deviation (Ceilometer – Raman Lidar) over the 5 profiles shown, whereas the borders of the coloured
areas mark maximum and minimum occurring deviation. Signs were considered in this calculation, such that
lines and areas indicate systematic deviation and scattering, respectively.

2.3.3 NO2 profiles
NO2 profiles were recorded sporadically by two measurement systems: Radiosondes (described in
Sluis et al., 2010) and an NO2 Lidar (Berkhout et al., 2006).
Radiosondes were launched at the CESAR measurement site during the campaign. In the following
only profiles recorded during sonde ascent through the lowest 4 km (which is the MAX-DOAS
profiling retrieval altitude range) are discussed, as further data is not relevant for this study. A sonde
profile was considered temporally coincident to a MAX-DOAS profile, when the middle timestamps of
MAX-DOAS elevation scan and sonde flight were less than 30 minutes apart. The horizontal sonde
flight paths are indicated in Figure 1. Typical flight times were of the order of 10 - 15 minutes. Data
was recorded at a rate of 1 Hz, typically resulting in a vertical resolution of approximately 10 m. For
the comparison these profiles were averaged down to the MAX-DOAS 200 m vertical resolution. The
horizontal travel distances within the altitude of interest vary strongly between 4 and 18 km. An
overview over the flights is given in Table 6. Sonde data quality was affected by calibrational drifting
of the sensor, as it was optimized for low weight and cost rather than performance. Even though a
calibration against the CE-DOAS directly before each launch, most profiles show a clear instrumental
offset in the free troposphere. The offset was subtracted and the profile was subsequently rescaled
to its initial surface concentration. Exemplary profiles are shown in the course of a comparison
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between Lidar and sonde observations in section 4.1. The measurement uncertainty in NO2
concentration is estimated to 5∙1010 molec. cm-3.
Table 6: Overview over the radiosonde sampling flights shown in this study

Launch date

Flight time [min]

Travel distance

Wind direction

9-13 08:42

10

7

SE

9-14 09:03

12

5

SE

9-14 13:06

14

4

SE

9-15 08:04

10

8

E

9-15 10:25

11

8

SE

9-21 07:57

12

10

SE

9-21 10:14

15

5

SE

9-25 06:59

17

7

S

9-25 09:29

12

18

S

The NO2 Lidar is a mobile instrument setup inside a truck. An exceptional property of the instrument
is, that it measures at different viewing elevations angles, to obtain sensitivity even at the ground
(despite the limited overlap range) and to enhance vertical resolution. The instrument is sensitive
along its line of sight from 300 to 2500 m distance to the instrument. The operational wavelength is
413.5 nm. Typical specified uncertainties in the retrieved concentrations are around 2.5∙1010 molec.
cm-3. For CINDI-2 it provided profiles at a temporal resolution of 28 minutes, each profile consisting
of a series of “boxes” with constant gas concentration between a lower and an upper altitude limit.
The conversion to profiles on the MAX-DOAS 200 m grid is demonstrated in Figure 3. First, the boxes
were converted to a continuous profile by linearly interpolating over box overlaps or gaps, which was
then averaged down to the 200 m grid resolution. A Lidar profile was considered temporally
coincident to a MAX-DOAS profile, when the middle timestamps of MAX-DOAS elevation scan and
Lidar profile were less than 30 minutes apart. Exemplary profiles are shown in the course of a
comparison between Lidar and sonde observations in section 4.1.

th

Figure 3: Regridding of an exemplary NO2 Lidar box profile (September 27 , 11:00) to the MAX-DOAS 200 m
vertical resolution. In a first step, gaps and overlaps within the box profile are linearly interpolated. The
resulting profile is then averaged down to the MAX-DOAS grid.

2.3.4 Trace Gas Surface Concentrations
Note, that in the following, “surface concentration” will not refer to measurements in the very
proximity to the ground but to the average concentration in the lowest retrieval layer, hence, the
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lowest 200 m of the atmosphere. Trace gas surface concentrations of HCHO and NO2 were provided
by a long path DOAS system (LP-DOAS, Merten 2011). The LP-DOAS system consists of a light sending
and receiving telescope unit (Figure 4, left) and a retro reflecting mirror, mounted at 207 m altitude
on the meteorological tower (Figure 4, right). Light from a UV-Vis light source is sent by the telescope
to the retroreflector. The reflected light is again received by the telescope unit and spectrally
analysed applying the DOAS method. The fundamental difference to the MAX-DOAS instruments is
the well confined light path, which allows to very accurately determine trace gas mixing ratios
averaged along the line of sight. Accordingly, with the retro reflector mounted at 207 m altitude, one
obtains average mixing ratios over the lowest MAX-DOAS retrieval layer, as indicated in Figure 1.
Considering DOAS fitting errors as well as remaining uncertainties in the light path and the applied
literature cross-sections (Vandaele et al., 1998) and (Meller & Moortgat, 2000) yields an average
accuracy of the LP-DOAS of ± 1.5∙109 molec. cm-3 ± 3% and ± 5∙109 molec. cm-3 ± 3% for NO2 and
HCHO, respectively. Given the simplicity/robustness of the method, the high accuracy, the total
vertical coverage of the surface layer and a near-continuous dataset over the campaign period, the
LP-DOAS provides the most reliable dataset for the validation of CINDI-2 MAX-DOAS trace gas
profiling results.

Figure 4: Setup of the LP-DOAS system. Telescope unit and retro reflectors were installed at a distance of 3.8km, resulting
in a total light path of 7.6 km.

Teledyne in-situ NO2 sensors (Teledyne API, model M200E) were located in the tower basement,
which were subsequently connected to different inlets located at 20, 60, 120 and 200 m altitude
(switching intervals approx. 5 minutes). Further, a CAPS (type AS32M, based on attenuated phase
shift spectroscopy, Kebabian 2009) and a CE-DOAS (cavity enhanced DOAS, Platt et al., 2009) were
continuously measuring at 27 m altitude. Vertical linear interpolation along the tower (assuming a
constant NO2 concentration below 20 m) and subsequent averaging, yields another NO2
concentration dataset over the lowest retrieval layer. Further observations are the surface values of
the NO2 Lidar and the radiosondes.

2.3.5 Trace gas vertical columns
Tropospheric trace gas vertical columns were retrieved from direct sun DOAS observations of two
PANDORA MAX-DOAS instruments (instrument numbers 31 & 32), which were performed between
xx:40 and xx:45 each hour according to the MAX-DOAS measurement protocol.
NO2 VCDs were calculated based on the slightly modified Spinei et al. (2014) approach, where linear
temperature dependent NO2 cross section coefficients are fitted combined with the information
about the surface temperature and temperature at 27 km. To improve signal-to-noise ratio from
Pandora measurements the reference spectrum was created from the direct sun spectra with low
“radiometric” error through the whole campaign. In addition, direct sun spectra were averaged on
“running” 2-hour blocks. The main objective of the method was to estimate stratospheric column
that is not expected to vary during a specific day. The estimated stratospheric column was subtracted
from the total column on the original time sampling. The main drawback of the method is cross
correlation between the NO2 cross section coefficients.
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HCHO VCDs were calculated from Pandora 32 direct sun measurements according to Spinei et al.,
2018. The only difference is that Modified Langley Extrapolation was applied to the 50% of the low
noise data to estimate amount in the reference spectrum (vs. 2% in Spinei et al. 2018).
As for AODs, these observations can only be performed when the sun is clearly visible, hence the
coverage for cloudy scenarios is scarce.

2.3.6 Meteorology
Routinely measured meteorological data for the surface layer (pressure, temperature and wind
information) was taken from the CESAR database (CESAR 2018) at a temporal resolution of 10
minutes. Cloud conditions were retrieved from MAX-DOAS data of instruments 4 and 28 according to
the cloud classification algorithm developed by MPIC (Wagner et al., 2014). Basically only two cloud
condition states are distinguished in the statistical evaluation: "clear sky" (green) and "presence of
clouds" (red). Only in the overview- and correlation plots, “presence of clouds” is further subdivided
into "optically thin clouds" (orange) and "optically thick clouds" (red). According to this classification
72 (24 %) / 98 (66 %) of the 170 profiles were recorded under clear sky/cloudy conditions. Over the
whole campaign there was only one rain event (precipitation > 0.01 mm) coinciding with the
measurements on the 25th between 15:00 and 17:00 h. At forenoon on the 16th, a heavy fog event
strongly limited the visibility (see also section 4.3.1). Its impact is noticeable throughout the study.

3 Comparison Results
3.1 Overview
The following plots show the retrieved profiles of all participants over the whole semi blind period.
They serve as the basis for a general qualitative comparison. The following remarks apply to all 5
overview plots:






For the trace gases, the altitude ranges (full range is 4 km) were adapted for better
readability, considering the MAX-DOAS sensitivity range and the occurrence altitude of the
respective species.
Data flagged as invalid are indicated by red triangles at the top of the corresponding profile.
For trace gases, open triangles indicate that only the underlying aerosol retrieval failed.
The wind roses in the lower part of the panel show wind direction (azimuth), wind speed (see
colour bar on the right) and occurrences (amplitude).
The “CC” line close to the panel bottom indicates the cloud conditions, as described in
section 2.3.6.
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Figure 5: Overview of Aerosol UV extinction profiles. The lowest row shows AOD scaled Ceilometer backscatter profiles, calculated as described in section 2.3.2. Backscatter profiles, which
-1
were scaled from MAX-DOAS AODs (and which are therefore not fully independent) are marked by red triangles. Maximum extinction values reach 20 km , exceeding the colour scale.

11

Figure 6: Overview of Aerosol Vis extinction profiles. The lowest row shows AOD scaled Ceilometer backscatter profiles, calculated as described in section 2.3.2. Backscatter profiles, which
-1
were scaled from MAX-DOAS AODs (and which are therefore not fully independent) are marked by red triangles. Maximum extinction values reach 20 km , exceeding the colour scale.
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Figure 7: Overview of HCHO concentration profiles. The “Surf” row shows LP-DOAS surface concentrations.
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Figure 8: Overview of NO2 UV concentration profiles. The lowest row shows a combined dataset of NO2 Lidar, radiosonde and LP-DOAS data.
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Figure 9: Overview of NO2 Vis concentration profiles The lowest row shows a combined dataset of NO2 Lidar, radiosonde and LP-DOAS data.
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In general, all algorithms detect similar features (considering only valid data), but smoothed to
different amounts and sometimes detected at different altitudes. There are clear systematic
differences between the algorithms, however also among the participants using the same algorithms,
there are significant discrepancies. As pointed out in section 2.2.2, in the case of Heipro, two
different versions of the algorithm were used, however with no significant changes in the core
retrieval. This indicates that the discrepancies are caused by differences in the retrieval settings, that
were not prescribed. For the Vis species, larger discrepancies appear than for the UV. One reason
might be, that there is higher information content and less smoothing (see section 3.2) in the Vis,
such that the actually retrieved information from the measurements has more weight compared to
the common a priori, meaning that the differences in the retrieval algorithms become more apparent
(applies for OEM retrievals). Further, the larger viewing distance (see section 4.3.1) might be
problematic, as the assumption of horizontal homogeneity is less realistic and the exact treatment of
the viewing geometries (earth curvature, treatment of instrument field of view,…) gain influence,
both resulting in ambiguous retrieval results. Considering only valid data, MAPA is in good agreement
with the other algorithms data. Unrealistic results are reliably identified and flagged as invalid. On
the other hand, a large fraction of the MAPA profiles are discarded as soon as measurement
conditions are not ideal. As mentioned before, the O4 scaling factor of 0.8 increases number of valid
profiles (see section 2.2.4). This behaviour can be observed throughout this study.
Remarks on aerosol:








Vis results much more often see elevated aerosol layers, even in clear sky scenarios. Again
the higher information content might be an explanation: the elevated layers might be real,
but not detectable by the UV retrieval, which is subject to stronger smoothing.
For aerosol on cloudy days, the results of MMF are remarkable: They detect clouds as very
defined features with a good qualitative agreement with the ceilometer data. In the Vis, even
high clouds are detected e.g. on September 17th and 22nd, which indeed coincides with high
altitude clouds between 4 and 8 km altitude (seen in ceilometer data, but not shown here, as
the plotting range is limited to 4 km altitude). Both is not fully consistent with the associated
AVK’s, which only occasionally show slightly enhanced sensitivity for higher altitudes and do
not suggest a vertical resolution as high as observed in the profiles.
One example for large discrepancies between participants using the same algorithm is AUTH
in the aerosol UV, where oscillations seem to appear in contrast to the Bepro users.
However, this might be related to some technical problem and is a current matter of
investigation.
When measurement conditions are not ideal, MAPA extinction profiles often do not look
plausible and are flagged. In contrast, OEM algorithms still yield realistic results which are
mostly in qualitative agreement with the ceilometer profiles.

Remarks on HCHO:





The agreement of the HCHO results is exceptionally good. Spatial and temporal
concentration gradients are much smaller than for NO2. This cannot solely be explained by
smoothing of the retrieval, but might to a large extent be attributed to the longer
atmospheric lifetime.
As one would expect, larger HCHO concentrations coincide with clear sky conditions
(photochemistry) and with wind from the continent.
Again there are significant discrepancies among the Bepro participants.

Remarks on NO2:
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Very shallow layers and large gradients might complicate the retrievals. However, there is
good agreement in the UV and for clear sky scenarios in the Vis. Week days and weekends
(17th, 18th, 24th, 25th) can clearly be distinguished.
The lowest concentrations are observed on the 18th, where a Sunday coincides with north
wind from the sea.

3.2 Information Content
This section deals with the information content of the retrieved MAX-DOAS profiles. The averaging
kernel matrix (AVK) indicates the gain in information of an OEM retrieval. Each element 𝐴𝑖,𝑗 ,
describes the sensitivity of the 𝑖’th layer to changes in the real concentration in the 𝑗’th layer. Each
row 𝐴𝑖 can thus be plotted over altitude providing the following information: (1) the value in the
layer 𝑖 itself (which is a diagonal element of 𝐴 with a value between 0 and 1) gives the gain in
information. (2) The values in the other layers (which are off-diagonal elements of 𝐴) indicate the
cross sensitivity of layer 𝑖 to layer 𝑗. Typically, the cross sensitivity decreases with the distance to the
layer 𝑖. A reasonably defined characteristic length of this decay can serve as a measure for the
vertical resolution of the retrieval. Here, the characteristic length was calculated according to
equation 3.23 in Rodgers (2000), defined there as the “spread”
𝑠(𝑖) = 12 ∙ ∆ℎ ∙

∑𝑗(𝑖 − 𝑗)2 𝐴𝑖,𝑗
(∑𝑗 𝐴𝑖,𝑗 )2

(1)

with ∆ℎ being the retrieval layer thickness. The trace of the AVK matrix represents the retrieved
degrees of freedom (DOFs), hence, the total amount of independent pieces of information gained
from the measurements (see Figure 16).
The following applies to all AVK plots:
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Each altitude and corresponding AVK line are associated with a colour, which is defined by
the colour of the corresponding altitude-axis label.
The dots mark the AVK diagonal elements.
The values next to the dots are the corresponding AVK diagonal values in percent, which
corresponds to the amount of retrieved information on the respective layer.
The DOFs (median among institutes, average over time) are given for clear sky (green) and
cloudy conditions (red). Values in brackets are the DOFs for flagged (valid) data only.

Figure 10: Average AVKs for the retrieved species (median over participants, mean over time). Gives
impression of the average information content. The vertical bars indicate the vertical resolution (the spread of
the AVK as defined by equation 1 the five lowest layers.

Figure 11: Average AVKs for Aerosol UV for each participant.
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Figure 12: Average AVKs kernels for Aerosol Vis for each participant.

Figure 13: Average AVKs for HCHO for each participant.
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Figure 14: Average AVKs for NO2 UV for each participant.

Figure 15: Average AVKs for NO2 Vis for each participant.
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Figure 16: Degrees of freedom for all 5 species over time. Black thick line is the median. Lowest row ("CC") shows cloud conditions as in the overview plots.
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For MAX-DOAS retrievals in general, the sensitivity is limited to the lowest kilometres of the
atmosphere. As expected, more information is obtained on the Vis species due to smaller dSCD
fitting errors. Again, there are significant differences among the results from different participants
even when using the same algorithm. In average, the dependence on the cloud conditions on the
total amount of information is very small (typically decrease of 0.1 DOFs). Looking at the AVKs of the
individual profiles (not shown here) however revealed:



clouds can increase sensitivity to higher layers by light path enhancement
as expected, there is a clear correlation between viewing distance and the information
content (compare section 4.3.1). The information content therefore decreases in
scenarios with e.g. fog or rain.

In the DOFs a decrease in the morning and the evening can be observed, probably due to less light
and larger noise in the measurements. This is more pronounced in the UV, where generally less light
reaches the telescopes. Systematic (for clear sky nearly constant) deviations among the participants
can be observed. Under cloudy conditions, the DOF scatter among the institutes increases. In
general, the scatter is significantly larger for the Vis species. BOREAS has very low values in the
surface layer and the DOFs, especially for Aerosol Vis. This is related to an additional Tikhonov term
as a smoother. Also the AVK matrix was calculated with this additional smoothing. Furthermore, all
BOREAS results were retrieved on another grid and interpolated on the submission grid. This leads to
a decrease of all AVKs and therefore the DOFs.
Systematic deviations among the participants might indicate that:



the assessment of the information content is not consistent
Information from the measurements might be multiply used, for instance by
o prescaling the a priori profile from 30° dSCD (as for NDACC) before starting the
optimization process
o iteratively adapting the a priori during the optimization process

3.3 Comparison of measured and modelled dSCDs
An intrinsic indicator for a successful profile retrieval is a good agreement between the measured
dSCDs (the retrieval input) and the modelled dSCDs, as given by the RTM for the retrieved state of
the atmosphere. Bad agreement might indicate, that only a local minimum of the cost function was
found (OEM approaches), or that inappropriate retrieval settings were chosen.
The following applies for all dSCD correlation plots:






Shown is the correlation of measured and modelled dSCDs for all elevations.
markers indicate viewing elevation angle: circle = 1°, 2°, 3°; triangle = 4°, 5°, 6°; square =
8°,15°,30°.
Numbers represent the measurement error weighted RMS between measured and modelled
dSCDs. Values in brackets were calculated only considering data points which are flagged as
valid.
The colour of RMS numbers and plot markers indicate cloud conditions as described in
section 2.3.6
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Figure 17: O4 UV dSCD correlation.

Figure 18: O4 Vis dSCD correlation.

Figure 19: HCHO dSCD correlation.
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Figure 20: NO2 UV dSCD correlation.

Figure 21: NO2 Vis dSCD correlation.

For clear sky conditions, Heipro, MMF and MAPA generally show very good agreement. For Heipro
however, UTOR generally yields larger RMS values than IUPHD. For the trace gases, very good RMS
values (< 3∙1015 cm-2) are achieved in most cases. Obvious anomalies basically only appear for the Vis
retrievals and Aerosol UV.
For aerosol:




Priam and BOREAS feature slightly too low slopes in the UV (≈0.9) which is even more
pronounced in the Vis (0.8 to 0.85). This is an interesting result, with regard to the O4 scaling
factor debate.
There is a clear tendency of larger scatter for cloudy scenarios, probably because horizontal
inhomogeneity and temporal variability during the elevation scan cannot be adequately
reproduced by a 1D model. This is supported by the fact, that for the synthetic data
(deliverable D5) the scatter remains of the same order for all the cloud scenarios.

For Vis species in general:
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M3 shows outliers for the Vis species whereas it performs excellently in the UV.
Bepro seems to have convergence problems in the Vis retrievals, which was also evident in
the synthetic data (see deliverable D5). This problem is overcome by flagging.
Priam (except MPIC) shows outliers, in particular for NO2 Vis.

The O4 scaling factor of 0.8 for MAPA does not significantly improve the correlation.

3.4 Aerosol Optical Depth (AOD)
This section deals with the comparison of retrieved aerosol optical depths (AODs) to the median
retrieved AOD and to sun photometer data. In Figure 22 two different sun photometer datasets are
shown: the total AOD 𝐴𝑠 (which is the sun photometer standard output) and a “partial AOD” 𝑎𝑠 . As
shown in section 3.2, in general the MAX-DOAS instruments have very low sensitivity at altitudes > 1
km, meaning that aerosol above cannot be reliably detected. Therefore, MAX-DOAS and sun
photometer AODs cannot be directly compared in general. However, a sun photometer “partial AOD”
𝑎𝑠 can be derived, incorporating information on the aerosol vertical distribution from the ceilometer
measurements and the MAX-DOAS AVKs (see section 4.2.1 for details). This correction will in the
following be referred to by “PAC” (“partial AOD correction”).
For the PAC in Figure 22 median averaging kernels of all OEM participants were used for the
smoothing. In the correlation analysis (Figure 23) AVKs of the individual participants were applied. In
the case of the MAPA parameterized approach, no correction could be performed, as no information
on the altitude dependent sensitivity of the retrieval is given.
For the correlation analysis, a linear least-square regression was applied. For both the regression and
the RMS calculation, data points were weighted by the reciprocal of their variance, the latter given
by the sum of the variances of the ancillary observation and the MAX-DOAS retrieval. Correlations
are given for different combinations of cloud and flag filtering. Hence, the number of contributing
data points not only depends on the number of submitted/valid profiles and the number of
coincident ancillary data points but further on the filter settings. Correlations with less than 5
contributing data points were considered statistically unrepresentative and were omitted.
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Figure 22: MAX-DOAS retrieved AODs in comparison to sun photometer data. Symbol and symbol colours are chosen according to Table 2.
Transparent symbols indicate data flagged as invalid. Top row: MAX-DOAS median results vs. the available ancillary observations, according
to the legend below the plot. Hatched areas (starting at the top of the plot) show the scattering (standard deviation) among the participants
(only valid data considered). Two lower rows: Comparison of the individual participants for the two spectral retrieval ranges. Here the
coloured area is the average retrieval error, as specified by the participants.
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Figure 23: Correlation statistics for AODs. The two left columns give an impression on the agreement among the institutes, as they show the correlation of the participants
retrieved AOD against the median. The two right columns show the correlation against the sun photometer partial AOD. Green and red symbols represent cloud-free and
cloudy conditions, respectively. Transparent symbols represent values for all submitted data, opaque symbols only consider data points flagged as valid. The pies indicate,
which fraction of the total number of profiles (170) contributed to the respective correlation. The underlying correlation plots can be found in appendix 8.2.1.
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In general, there is reasonable agreement between the sun photometer partial AOD (mostly
measured under clear sky, as the sun photometer needs direct sunlight). For cloudy conditions, there
is often large scatter among the participants. As already shown in section 3.1, different algorithms
detect clouds to very different extent. Especially in the presence of optically thick clouds (AOD > 10),
this easily induces discrepancies of orders of magnitudes. But even for clear sky conditions, the
average scatter among the participants for UV (Vis) is 0.038 (0.033), which is larger than the specified
errors of 0.027 (0.024). The specified errors are provided by the participants and typically derived by
propagating the measurement noise through the retrieval and adding an approximate impact of
smoothing.
For the comparison to the sun photometer, it shall be noted that the calculation of the partial AOD
induces further uncertainties, as the extinction profile shapes derived from the ceilometer are
questionable and a correct assessment of the AVKs by the algorithms is required. However, as it can
be seen in appendix 8.2.1, without this correction high AODs are strongly underestimated and barely
comparable, at least in the UV. The comparison to sun photometer data under cloudy conditions
might not be very meaningful. First, because there are only 13 measurements available in the
presence of clouds. Second, it is very likely that these measurements were made by looking through
very local cloud holes, such that they will not be representative for the MAX-DOAS retrieved AODs
with a typical horizontal sensitivity range of several kilometres (see section 4.3.1).
The following interpretations of the sun photometer comparison therefore refer to clear sky
conditions and valid data only:
For Aerosol UV:


Very good performance is observed for Bepro (except AUTH), M3 and MMF. For the other
algorithms, larger underestimations of the AOD (slopes < 1), which are most evident in the
case of Priam. Interestingly, according to section 3.2, Priam claims to have a higher gain in
information for higher layers than other algorithms, which weakens the impact of the partial
AOD correction. The remaining correction seems not sufficient here to shift the slope to 1.
This indicates, that there are problems with the information content assessment rather than
with the AOD retrieval

For Aerosol Vis:



As already indicated in section 3.3, Bepro generally has convergence problems in the Vis.
However, excellent results if flagging is considered, which removes the few extreme outliers.
In contrast to Aerosol UV, for Aerosol Vis has a larger vertical sensitivity range and the partial
AOD correction thus has less impact. Therefore, it does not necessarily lead to an
improvement in the agreement, as it introduces further uncertainties. For MMF and M3 the
correlation even gets worse (see correlation plots in appendix 8.2.1).

A discussion of the results with and without O4 scaling factor is done separately in section 4.4.

3.5 Trace Gas vertical Columns (VCD)
Independent observations for trace gas VCDs are the direct sun DOAS observations (NO2 and HCHO),
but also integrated columns of radiosonde and Lidar profiles (NO2). A comparison of all observations
is shown in Figure 24. For the statistical evaluation (Figure 26) only direct sun observations were
considered, as they provide the most complete dataset
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Figure 24: Comparison of MAX-DOAS retrieved NO2 VCDs vs. direct sun DOAS, NO2 Lidar and radiosonde. The plot is equivalent to Figure 22.
Errors of the ancillary observations are given in the top row (comparison of median results) as light grey areas (direct sun) or error bars
(Lidar/radiosonde).
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Figure 25: Comparison of MAX-DOAS retrieved HCHO VCDs vs. direct sun DOAS. The plot is equivalent to Figure 22. The uncertainties of
the direct sun DOAS are given in the top row (comparison of median results) as light grey areas.

30

16

-2

Figure 26: Correlation statistics of trace gas VCDs. The plot is equivalent to Figure 23. Intercept and RMS are given in 10 cm .
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Apparently, there is a clear difference before and after the cloudy period in the middle of the
campaign (16th to 19th) of the campaign for HCHO, but also for NO2. For HCHO, there is astonishing
agreement between MAX-DOAS and direct sun DOAS observations during the first part, whereas
there is a severe systematic discrepancy in the second part. For NO2, it seems to be the other way
round (even though less extreme). The two periods are not treated separately in Figure 26, however
this can qualitatively be done, by looking at the corresponding scatter plots in appendix 8.2.2.
For HCHO this might be explained by the low sensitivity for high altitude HCHO, similar as for Aerosol
UV. However, as there is no independent information on the HCHO vertical distribution, this cannot
be proven.
For NO2 it is not clear why there is an overestimation on the first three days. In contrast to HCHO NO2
seems to be well confined to the lowest retrieval layers. There might be an offset in the direct sun
data due to an imperfect stratospheric correction. However, sonde and also Lidar measure lower
values than the MAX-DOAS retrievals. Another explanation might be the different sampling volumes:
while sonde, Lidar and direct sun DOAS typically sample air at maximum distances of few kilometres
to the site, the MAX-DOAS instruments have a much larger sensitivity range (see section 4.3.1) and
might even detect the plume of Rotterdam (west wind). Indeed the agreement improves with
decreasing visibility (compare Figure 36).
Regarding the median comparison, the agreement among the OEM participants except for a few
cloudy scenarios is very good for all species, in particular for HCHO. For M3 a systematically tilted
correlation (slope = 1.2, offset = - 0.2) is observed for HCHO. MAPA shows similarly increased slopes
and larger RMS than the OEM algorithms but as the only parameterized approach MAPA might be
underprivileged, because the median is basically confined by the OEM algorithms.
The scatter among the participants is of the same order as the uncertainty propagated from the
measurement noise, meaning that here the choice of the retrieval algorithm has less, yet significant
impact on the results.

3.6 Trace gas surface concentrations
Independent observations for trace gas surface concentrations are the LP-DOAS observations (NO2
and HCHO), surface values of radiosonde and Lidar profiles (NO2), as well as integrated values of insitu measurements in the tower. A comparison of all observations is shown in Figure 27. For the
statistical evaluation (Figure 29) only LP-DOAS data was considered, as it provides a very accurate,
representative and complete dataset.
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Figure 27: Comparison of MAX-DOAS retrieved NO2 surface concentrations. The plot is equivalent to Figure 22. Errors of the ancillary
observations are given in the top row (comparison of median results) as light grey areas (LP-DOAS) or error bars (Lidar/tower).
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Figure 28: Comparison of MAX-DOAS HCHO surface concentrations. The plot is equivalent to Figure 22. Errors of the LP-DOAS are given in the
top row (comparison of MAX-DOAS median results) as light grey areas.
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Figure 29: Correlation statistics of trace gas surface concentrations. The plot is equivalent to Figure 23. Intercept and RMS are given in 10 molec. cm .
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The comparison of surface concentrations should be considered as the most meaningful comparison
in this study. First, because it has the largest set of validation data (amongst others the very accurate
and representative observations from the LP-DOAS). Second, because in contrast to the comparison
of AOD and VCDs, the surface concentration comparison also reflects the MAX-DOAS’ ability to
actually resolve vertical profiles, as it requires an isolation of the surface layer from the layers above.
In general, there is good agreement between all observations most of the time, even in the presence
of clouds. Exceptions are the fog event on the September 16th and the morning of the 22nd, where the
scatter among the participants increases and the median shows large deviations to the available
tower measurements, in particular for NO2. The increased scatter for the comparison to the LP-DOAS
might be related to a large extent to the spatio-temporal variability of the gas concentrations (see
section 4.3.2). The good agreement of the surface concentrations with the ancillary observations is
contrary to the VCD comparison, which at least for NO2 points to a problem with the direct sun data.
For NO2 UV the results are very consistent for all participants, apart from slight systematic deviations
to the median and the LP-DOAS for AUTH, UTOR and MPIC-1.0.
Remarks on HCHO:




The Correlations yield very good results in comparison to the median, but also to the LPDOAS.
Only INTA shows larger deviations and MPIC-0.8 shows a systematic overestimation, whereas
MPIC-1.0 does not.
When the outliers by INTA are omitted the scatter among the participants is much

Remarks on NO2 Vis:






Agreement is much worse than for NO2 UV
Convergence problems of Bepro appear again in the form of outliers (see in particular RMS
values), which are efficiently removed by flagging.
Priam shows increased scatter for all participants.
Here (in contrast to HCHO) MPIC-0.8 provides good results, whereas MPIC-1.0 tends to
underestimate the concentration.
The scatter among the participants for clear sky conditions in the UV (Vis) is 27∙1014 cm-2
(44∙1014 cm-2) much larger here than the specified errors of 9∙1014 cm-2 (9∙1014 cm-2).

3.7 Comparison of UV and Vis retrieved NO2
Another intrinsic consistency check for the algorithms (besides the comparison of modelled and
measured dSCDs) is the comparison of the NO2 retrievals in the two different spectral ranges (UV and
Vis), which should ideally yield equal results.
The following plots show the correlation of VCDs (Figure 30) and surface concentrations (Figure 31).
Colours indicate cloud conditions: clear sky (green) and cloudy conditions (red). Transparent markers
represent data points flagged as invalid. The small grey bars indicate uncertainties in the
measurement. Dashed lines in the correlation plots represent the ideal 1:1 line.

Figure 30: Correlation of NO2 VCDs, retrieved in the UV and in the Vis spectral range.

Figure 31: Correlation of NO2 surface concentrations, retrieved in the UV and in the Vis spectral range.

For the VCDs, significant outliers can only be seen for some participants and only for cloudy
scenarios.
For the surface concentration, the results are very different for the individual algorithms and
participants:
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Both Bepro users show a similar pattern with systematically smaller values in the Vis
retrieval. Bepro suffers a few strong outliers (even exceeding the plotting range), which
are however often removed by flagging.
For Priam, there is large scatter and a systematic offset for all the participants.
For Heipro, there are large discrepancies between the two participants: While IUPHD
achieves the best results here, UTOR shows large scatter and similar systematic as the
Bepro users.



The remaining algorithms perform well, apart from few outliers typically for cloudy
conditions.

It shall be noted, that the best clear sky RMS is of the order of the expected scatter (0.24∙1011 molec.
cm-3) due to spatio-temporal variations in the NO2 concentration (as derived in section 4.3.2).

4 Further Studies
4.1 Consistency of ancillary Observations
The agreement of redundant ancillary observations (processed as described in section 2.3) gives an
impression on their reliability and/or representativeness. In the case of NO2 several observations of
total vertical columns and surface concentration (note again, that throughout this document “surface
concentration” refers to the average concentration in the lowest retrieval layer) are available and
compared in the correlation plots in Figure 32 below. Corresponding time series plots have already
been shown in Figure 24 and Figure 27, respectively. Table 7 shows the RMS (as observed) and σ (the
expected deviation according to the specified measurement uncertainties) between each possible
pair of observations.

Figure 32: Comparison of redundant ancillary observations of NO2 VCDs (left panel) and surface concentration
(right panel). MAX-DOAS retrieved values are plotted in the background. To improve visibility, tower
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measurement uncertainties (vertical error bars of typically (6.0 +/- 0.5)∙10 molec. cm ) are not shown.
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Table 7: Comparison of redundant measurements of the NO2 total column (in 10 molec. cm , left table)
11
-3
and surface concentration (in 10 molec. cm , right table). For each pair of observation, the observed
scatter (RMS) is compared to the specified uncertainty (sigma).

DS-DOAS
Lidar

Sonde
RMS
σ
0.26
0.51
0.25
0.47

Lidar
RMS
σ
0.36
0.25
-

LP-DOAS
Lidar
Sonde

Tower
RMS
σ
0.32
0.56
0.72
0.57
0.99
0.78

Sonde
RMS
σ
1.01
0.51
0.40
0.52
-

Lidar
RMS
σ
0.57
0.13
-

For the VCDs, the RMS is close to σ or below. A maximum RMS of 1.5 σ is found between NO2 Lidar
and DS-DOAS. For the surface concentrations however, there seem to be systematic deviations which
split the observations into two pairs: sonde and Lidar observations agree well but are both
systematically lower than LP-DOAS and tower measurements. MAX-DOAS UV agrees better with LPDOAS and tower observations, while MAX-DOAS Vis agrees more with sonde and Lidar. Between the
LP-DOAS and the NO2 Lidar, an RMS of more than 4 σ is observed. There are several potential
explanations like:
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biases are introduced due to data processing (temporal and spatial regridding, for instance
for the lidar profiles in section 2.3.3)
spatio-temporal variability of the real gas abundances (discussion in section 4.3.2)
imperfect estimates of the measurement uncertainties (in particular systematic deviations)

For the NO2 Lidar and the radiosonde there are 4 simultaneously recorded NO2 profiles available over
the campaign. (simultaneous in the sense that for a single MAX-DOAS profile time stamp, profiles
from both systems are available according to the definitions in section 2.3). They are compared in the
top row of Figure 33. For the first situation, where good spatial and temporal overlap is given, there
is mostly an agreement within the specified errors. In the case of bad temporal and/or spatial
overlap, strong deviations occur. For the 2nd and the 4th plot, there are further Lidar profiles available,
which are temporally closer to the radiosonde (however further away from the corresponding MAXDOAS profile), which in contrast show very good agreement again. This shows, that the real NO2
profile varies strongly even on timescales of ~30 minutes and that improved synchronisation
between MAX-DOAS and ancillary observations should be considered for future campaigns.

Figure 33: Top row: Comparison of NO2 Lidar (orange) and radiosonde (red) profiles, which were assigned to a
common MAX-DOAS profile timestamp according to section 2.3.3. Dashed lines represent original instrument
resolution while thick lines show the concentrations averaged to the MAX-DOAS altitude grid. The colour of the
dates indicates the cloud conditions. The rectangular little subplots show a map (4 x 4 km) of the Lidar line of
sight and the sonde flight path. The dots on the sonde flight path mark the transitions between the retrieval
layers. The polar plot (to be read like a clock) shows the temporal overlap between the two observations,
nd
th
together with the middle time stamps of each observation. Lower row: For the 2 and 4 timestamp, there
were Lidar profiles available with improved temporal overlap (however, with a worse overlap with the
corresponding MAX-DOAS profile).
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4.2 Impact of smoothing effects
As shown in section 3.2, MAX-DOAS instruments become insensitive at altitudes > 1km. Further, the
vertical resolution is limited (from hundred to several hundred meters, increasing with altitude). For
a meaningful quantitative comparison of an OEM retrieved profile and a validation profile 𝒙
(assumed here to perfectly represent the true state of the atmosphere), the validation profile
resolution and information content has to be degraded by smoothing it with the corresponding MAXDOAS AVK matrix 𝑨 according to
𝒙𝒎 = 𝑨 𝒙 + (𝟏 − 𝑨) 𝒙𝒂

(2)

with 𝒙𝒂 being the a priori profile. One obtains 𝒙𝒎 , which is the profile that a MAX-DOAS
measurement (with the resolution/sensitivity-capabilities described by 𝑨) would yield in exactly this
scenario. It is obvious that…



…a smoothing occurs if A has non-zero off-diagonal terms, as is the case for MAX-DOAS
retrievals.
…𝒙𝒎 is drawn torwards the a priori 𝒙𝒂 in layers with little gain in information (small values in
the corresponding lines of 𝐴).

This has implications not only for the comparison of profiles, but also the total columns (AODs and
VCDs) and surface gas concentrations. For total columns, the dominant issue is the lack of
information in higher altitudes. In contrast, there is reasonable information on the surface
concentration, however, smoothing can have severe impact here in the case of strong concentration
gradients close to the surface.

4.2.1 Impact on AOD
The sun photometer provides total AODs 𝐴 with equal sensitivity at any altitude by measuring the
attenuation of direct sunlight. In contrast, the MAX-DOAS retrievals provide only partial AODs 𝑎, as
the sensitivity is limited to the low atmospheric layers. However, there is continuous information on
the true aerosol vertical distribution 𝒙 from the ceilometer (assuming a constant Lidar ratio, as in
section 2.3.2). Smoothing the ceilometer profile according to equation 2 allows to calculate a
correction factor
𝑓𝑎 =

𝑎 ∑𝑖 𝑥𝑚,𝑖
=
∑𝑗 𝑥𝑗
𝐴

to convert between 𝐴 and 𝑎. The left panel of Figure 34 shows an example of an extreme case during
the campaign from September 15th, 15:00h. Shown are a ceilometer backscatter profile (𝒙, black) and
the same profile smoothed by the MAX-DOAS median averaging kernels for the UV and the Vis
retrieval (𝒙𝒎 , blue and green), respectively. In this particular case a large fraction of the aerosol
above 1 km altitude is expected to be not detected by MAX-DOAS instruments, resulting in 𝑓𝑎 = 0.67
and 0.78, for the UV and the Vis AOD, respectively. However, a part of the high altitude aerosol
appears to be shifted to lower altitudes here by the retrieval. The right panels in Figure 34 show
information on 𝑓𝑎 for the UV and the Vis retrieval (2nd and 3rd column) over the whole campaign. The
mean value is 𝑓𝑎 = 0.81 +/- 0.14 (0.9 +/- 0.14) for the UV (Vis) AODs and its application clearly
improves the agreement between sun photometer and MAX-DOAS observations, indicating that the
correction for smoothing effects is necessary at least for the OEM retrieved UV AOD during CINDI-2.
This correction is referred to as “PAC” (partial AOD correction) throughout this document.
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Figure 34: Left panel: example for the smoothing of a ceilometer backscatter profile with particularly heavy
aerosol load at high altitudes. Right panel: distribution and impact of the correction factor 𝒇𝒂 for the UV and
the Vis retrieval. On the top, the distributions of 𝒇𝒂 are shown with the solid lines indicating the mean values.
At the bottom the correlation plots between sun photometer and MAX-DOAS median AODs are shown. Red
circles represent sun photometer total AODs 𝑨, other dots represent the partial AOD 𝒂 = 𝒇𝒂 ∙ 𝑨.

4.2.2 Impact on trace gas VCDs
For NO2, there are only few validation profiles available from NO2 Lidar and radiosonde observations,
such that a correction similar as for AODs for these few profiles would make the statistics
inhomogeneous and harder to interpret. Further, artefacts in the Lidar profiles at higher altitudes do
not allow to perform reliable corrections. However, the profiles of the radiosondes can be consulted
for an estimate. As already indicated in the overview plots (section 3.1) and confirmed by the
radiosonde profiles, NO2 is mostly confined to the few lowest retrieval layers. Indeed, applying the
approach described in section 4.2.1 on the radiosonde profiles yields correction factors of 1.06 +/0.05* and 1.03 +/- 0.03 for the UV and the Vis retrieval respectively, indicating that the impact of
smoothing on the MAX-DOAS retrieved tropospheric NO2 VCD is not larger than a few percent.
For HCHO there are no independent profile observations available. However, the MAX-DOAS
retrievals often show large amounts of HCHO over the whole altitude range with significant
sensitivity (compare Figure 7 and Figure 13), indicating that there might be ‘invisible’ HCHO even at
higher altitudes. This might explain the strong underestimation of the direct sun HCHO column in
section 3.5.
*the profile on 09-27 07:00:00 was omitted here, since the NO2 concentration was close to the radiosonde detection limit
here and produced an outlier of 𝑓 = 1.18.

4.2.3 Impact on Gas Surface Concentrations
Some participants provided profiling errors separated into contributions from measurement noise
and from smoothing. However, the smoothing error coming with OEM retrieval results is typically
only an estimate as in the absence of independent data, some simplifying assumptions have to be
made for its calculation. For NO2 these numbers can be validated on the profiles of NO2 Lidar and
radiosondes. Again, each profile is smoothed according to equation 2 and the difference in surface
concentration between the smoothed and the unsmoothed profile is calculated. Figure 35 shows
histograms of the calculated differences, with mean value (solid line) standard deviation (dashed
lines). The coloured areas represent the median smoothing errors as specified by the OEM retrievals,
which is in good agreement with the deviations obtained from the ancillary NO2 profiles. Typical RMS
values in the comparison in section 3 are about one order of magnitude larger, indicating that the
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impact of smoothing on the NO2 surface concentration is negligible in this study. As from all species
the largest surface gradients are expected for NO2, the same conclusion might be drawn for HCHO.

Figure 35: Histograms of the observed deviations in surface concentration between raw and smoothed
Lidar/sonde NO2 profiles. Solid and dashed lines indicate mean value and standard deviation, respectively.
Coloured areas represent the median smoothing errors as specified by the OEM retrievals, which is in good
agreement with the deviations obtained from the ancillary NO2 profiles.

4.3 Impact of spatio-temporal variability
It is obvious already from Figure 1 that the MAX-DOAS instruments and the different ancillary
observations sample different air volumes. Hence, strong spatio-temporal variations of the observed
quantities can induce large discrepancies among the observations, independent of the data quality.
Figure 33 for instance shows, that NO2 profiles might evolve very quickly in time, which in this case
leads to large discrepancies between NO2 Lidar and radiosonde measurements. In this chapter we try
to estimate the impact of spatio-temporal variation on the agreement between the compared
observations.

4.3.1 MAX-DOAS viewing distance
For the following calculations, it is crucial to estimate the MAX-DOAS horizontal viewing distance.
Wagner (2016) derived polynomial relationships between the “horizontal sensitivity range” (HSR,
defined as the distance, at which the box airmass factors dropped to 1/e) and O4 differential airmass
factors (dAMF). Applying this approach to the CINDI-2 O4 dAMFs yields the HSRs shown in Figure 36,
calculated for different elevations angles (1,2,3,4,5,6 and 8° with increasing transparency of the
curves) and the average value for UV and Vis (thick lines). A vertical O4 column of 1.19∙1043 molec2 cm5
was assumed. The HSR for the actually retrieved layers is more complicated and not assessed here,
as information aspects (which elevation contributes to information on which layer), geometrical
limitations and the atmospheric state (trace gas and aerosol layer height) would have to be taken
into account.

Figure 36: Viewing distance of MAX-DOAS instruments during CINDI-2.

Depending on the conditions, HSRs vary between a few and tens of kilometres, defining whether only
air masses over rural areas and/or urban areas (Gouda at 15 km distance, Zoetermeer at 30 km
distance and Den Haag at 40 km distance to the measurement site) are sampled. Further, depending
on the wind, plumes of Utrecht, Rotterdam or Amsterdam might be sampled.
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Figure 37: Line of sight of the MAX-DOAS instruments. The coloured curves indicate the sensitivity for the two
extreme (shortest and longest) viewing distances encountered during the campaign. Dashed lines indicate the
1/e-length.

4.3.2 Impact on NO2 surface concentration
For NO2, there are temporally (1 minute) and spatially (point sampling) well resolved CE-DOAS
measurements 𝑐(𝑡) at 27 m altitude (see section 2.3.4) in the tower, which carry useful information
on the surface concentration’s temporal variability. To obtain a spatial variability, the wind speed
𝑣𝑤 (𝑡) can be used to transform between spatial and temporal dimension, presuming, that there are
no sources and sinks or vertical transport of NO2. In the following calculations, all space related
quantities are assumed to already be converted to its time related equivalent, if not stated
otherwise. The CE-DOAS time series shows variations in NO2 of up to few 1011 molec. cm-3 on a
minute (few 100 m) temporal (spatial) scale, which is of the order of the MAX-DOAS retrieved NO2
concentration range over the whole campaign.
The deviation due to tempo-spatial variability between two fictional in-situ measurements shifted in
time by ∆𝑡 (or in space by ∆𝑥, resulting in a temporal shift of ∆𝑡 = ∆𝑥/𝑣𝑤 ) can be approximated by
the RMS between the original (𝑐(𝑡)) and the shifted (𝑐(𝑡 + ∆𝑡)) time series.
Now in contrast to the CE-DOAS measurements, the observations compared in this study have
temporal (spatial) integration intervals of several minutes (kilometres). These intervals can be
described by assigning temporal (spatial) averaging kernels 𝐴 𝑇 (𝑡) ( 𝐴𝑋 (𝑥) ) to each observation,
similar to the AVKs for the MAX-DOAS vertical sensitivity in section 3.2. For 𝐴 𝑇 (𝑡) simple box
functions with their width being the corresponding instrument’s integration time are assumed. The
𝐴𝑋 (𝑥)’s can be described by box functions as well, except for the MAX-DOAS, where the horizontal
sensitivity is best described by an exponential function (as sensitivity decays with increasing distance
to the instrument) with the decay constant 𝜏 being the viewing distance (see section 4.3.1). The
viewing distance at 1° elevation is used here, because it is assumed to contribute most information
on the surface concentration. The MAX-DOAS 𝐴𝑋 (𝑥) was further modified with a cut off at 11.5 km
distance (values beyond are set to zero), where the line of sight geometrically leaves the surface
layer.
An estimate of the impact of tempo-spatial variability on the comparison between two instruments
can now be derived as following:
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The CE-DOAS time series 𝑐1 (𝑡) and a copy 𝑐2 (𝑡) are taken, representing the two
observations to compare.
The instruments’ temporal and spatial smoothing during the measurement is simulated by
subsequently convolving each series 𝑐𝑖 (𝑡) with the kernels 𝐴 𝑇 (𝑡) and 𝐴𝑋 (𝑡) (both kernels
normalized and 𝐴𝑋 transformed to temporal dimension) of the corresponding instrument.





̅̅̅ (of the centers of mass of the sampled
The average temporal shift ̅̅̅
∆𝑡 and spatial distance ̅∆𝑥
air volumes) between the two observations is calculated. Quadratic summation yields a total
̅̅̅ 2
tempo-spatial distance ∆̅= √̅̅̅
∆𝑡 2 + ̅∆𝑥
The two time series are shifted against each other by ∆̅ and the RMS value is calculated.

Even though this approach incorporates strong simplifications, it provides an order of magnitude of
the effect. A more detailed discussion of the approach and the simplifications is given by Tirpitz et al.
(2019). The results are summarized in Table 8.
Table 8: Expected RMS between MAX-DOAS (UV and Vis) and the ancillary observations for NO2 surface
10
-3
concentrations (in 10 molec. cm ). The last column shows the expected value, when Vis and UV MAX-DOAS
retrievals are compared.

MAX-DOAS UV
MAX-DOAS Vis

LP-DOAS
5.4
7.9

NO2 Lidar
3.1
4.3

Radiosonde
3.6
4.3

MAX-DOAS Vis
2.7
-

Closer analysis of LP-DOAS NO2 and HCHO data reveals, that HCHO variability is smaller (factor 0.17)
but features a similar frequency pattern as NO2 variability, such that also an expected RMS value for
the HCHO surface concentration can be derived by scaling, yielding 9.2∙109 molec. cm-3.
For the LP-DOAS measurements the derived values are larger than the best RMS values observed in
the comparison between MAX-DOAS and LP-DOAS in Figure 29, which are 2.8∙1010 molec. cm-3
(4.2∙1010 molec. cm-3) in the UV (Vis) for clear sky and valid data. The model overestimates the RMS
probably because it uses in-situ surface data, while the real LP-DOAS and MAX-DOAS instruments
yield averages over the lowest 200 m altitude with lower average variability. Nevertheless, the model
well reproduces the increase in scatter for the Vis comparison. The smallest observed RMS values for
the HCHO surface concentration in section 3.6 (9.3∙109 molec. cm-3) and the NO2 UV-Vis comparison
in section 3.7 (2.3∙1010 molec. cm-3) are very close to the model prediction.
After all, the results are a strong indication that the effects of spatio-temporal integration by the
different measurement systems are sufficient to explain the observed remaining differences
between the data sets.

4.4 O4 scaling factor
As prescribed in section 2.2.3, in this study no scaling of O4 measured dSCDs was applied, except for
MPIC-0.8 (MAPA algorithm with SF = 0.8). To further investigate the impact of the SF for CINDI-2
retrievals, also Heipro was run with SF = 0.8 (the results of this run are not shown in the comparison
above).
The following observations were made:


For MAPA, SF = 0.8 leads to a much better agreement with sun photometer AOD
observations (see section 3.4, appendix 8.2.1 and Figure 38). However, as mentioned before,
for MAPA (as a parameterized approach without a priori profile and AVKs), a PAC (partial
AOD correction) as described in section 4.2.1, cannot be applied. Hence, for MAPA with SF =
1.0 a disagreement would be expected if a substantial amount of high altitude aerosol is
present. In Figure 38 the impact of SF and PAC on the agreement of MAX-DOAS (Heipro and
MAPA) with the sun photometer is directly compared (UV AOD @ 360 nm). Application of SF
= 0.8 or PAC, respectively, lead to a very similar improvement in the correlation, while the
application of both together results in a clear overcompensation. This suggests, that PAC and
SF = 0.8 are equivalent to a large extent and that in the case of MAPA the SF (at least partly)
is a way to account for high altitude aerosol. A closer look reveals on the other hand, that if
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only the PAC is applied, a systematic negative offset (~ 0.04) remains in the correlation (for
both algorithms), indicating that “there is still room” for a scaling factor 0.8 < SF < 1.0 which
would compensate for further effects. The optimal SF value is a matter of current
investigation.
The same analysis can be done for aerosol vis: Here the impact of high aerosol is smaller (see
section 4.2.1), such that applying the same scaling factor as for the UV (without PAC), should
already lead to an overestimation. Indeed, this was observed for Heipro (correlation slope =
1.10, offset = 0.06) and can also be found for MAPA in Figure 23.
For both algorithms, application of an SF improves the agreement between measured and
modelled O4 UV dSCDs (a decrease of ~30% in RMS under clear sky conditions). Indeed,
Figure 39 shows, that modelled dSCDs are systematically lower than the measured dSCDs for
clear sky and low aerosol (AOD < 0.1) conditions, in particular for higher elevation angles.
This might be linked to observations in former studies (e.g. Wagner et al., 2009), where
under such conditions, measured and modelled dSCDs could not be brought into agreement,
since measured dSCDs even exceeded aerosol free simulated dSCDs. For Vis dSCDs, there is
an increase in RMS (~5%), but a similar systematic (modelled dSCDs < measured dSCDs) could
be found.
Applying SF = 0.8 to MAPA leads to an increased number of valid profiles (see section 2.2.4),
which indicates, that scaling brings the RTM closer to reality.

Figure 38: The impact of SF = 0.8 and PAC on the agreement between sun photometer and MAX-DOAS AOD
(360 nm) in the case of Heipro (OEM approach, top row) and MAPA (parameterized approach, bottom row) in a
direct comparison. Axes limits and labels of the plots on the left apply for all plots in the figure. Left column: A
standard retrieval with SF = 1 yields a clear underestimation of the sun photometer AOD. Middle column:
Applying the PAC or SF = 0.8 leads to a significant improvement. Right column: Applying both leads to
overcompensation. Note, that the PAC for MAPA incorporates vague assumptions (median AVKs from all OEM
algorithms and zero a priori) and is therefore less meaningful.
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Figure 39: Distribution of the relative deviation between modelled and measured O 4 UV dSCDs for Heipro
without (SF = 1.0, left panel) and with (SF = 0.8, right panel) dSCD scaling. Only clear sky situations with AODs <
0.1 (according to MAX-DOAS median) were considered. With SF = 1.0, modelled dSCDs are systematically
lower, in particular for higher elevation angles. With SF = 0.8 the systematic disappears and the agreement
improves significantly.

The following conclusions are drawn:




Even without O4 dSCD scaling, reasonable results and agreement with ancillary observations
is achieved (if a PAC is applied). In general, a scaling factor of 0.8 seems to be too small but
might be used to account for high altitude aerosol for algorithms, which cannot quantify
their a priori assumptions and/or vertical sensitivity.
On the other hand, there are indications, that a less extreme scaling (0.8 < SF < 1.0) might in
general improve the retrieval.

Finally, we think for CINDI-2 the prescribed SF = 1.0 is justified at least for OEM retrievals. Even
though it might not be ideal, it is the straightest approach and yields reasonable and consistent
results within the uncertainties introduced by other factors.

5 Conclusions
For the assessment of individual algorithm performances, most meaningful in this study are:




Intrinsic indicators, namely the agreement of…
o … measured and modelled dSCDs (section 3.3)
o … UV and Vis retrieval results for NO2 (section 3.6)
Comparisons to ancillary observations like…
o … sun photometer partial AOD for clear sky conditions (section 3.4)
o … LP-DOAS surface gas concentrations (section 0)

For other comparisons (trace gas VCDs, AOD for cloudy conditions) there are still several unknowns
(like uncertainties and representativeness of the ancillary observations) which make it hard to draw
concise conclusions. Interestingly, for the listed “reliable” comparisons, all algorithms perform
similarly well. Only few anomalies could be identified for the individual algorithms and for specific
comparisons, which were mostly already identified during studies with synthetic data in deliverable
D5. MMF can be confirmed as the OEM algorithm of choice for the FRM4DOAS processing system as
it provides excellent results throughout the study. Regarding valid results, MAPA achieves very good
results. Unrealistic results are very reliably filtered out. Compared to OEM algorithms, more results
are filtered out under sub-optimal conditions.
An O4 dSCD scaling factor of 1.0 could be justified (at least for OEM algorithms), even though it might
not be ideal. There are indications, that a slight scaling (presumably 0.9 < SF < 1.0) improves the
retrieval results. Stronger scaling (SF ~ 0.8) can be used to account for high altitude aerosol in
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retrieval algorithms, which do not quantify their a priori assumptions and/or their vertical sensitivity
range.
It could be shown, that in the case of CINDI-2, smoothing effects have a strong impact on the
agreement of MAX-DOAS observations with AODs and probably with HCHO VCDs from ancillary
observations. The impact of smoothing on the surface concentration was found to be negligible.
For the surface concentrations of NO2 and HCHO, the remaining discrepancies to the LP-DOAS data
and between the UV and Vis retrievals can (at least for the participants with best performance) be
explained by the spatio-temporal variability of the gas concentrations and the imperfect overlap of
the observations.
In most comparisons the scatter among the participants (even of the same algorithm), was of the
order or larger than the uncertainties provided by the retrieval algorithms. This indicates, that the
choice of the retrieval algorithm potentially induces errors larger than the provided uncertainties
(which typically take propagated measurement noise and smoothing errors into account, but neglect
model errors) and that they are not suitable as a measure for the MAX-DOAS retrieval accuracy. The
discrepancies between participants using the same algorithm indicate, that the retrieval settings
leave a lot of room for variations in the final results even though the most sensible settings were
fixed during this study. However, technical reasons or mistakes cannot be fully excluded as the
source of the discrepancies. In the case of Heipro for instance, it might be related to the two
different versions used.
It shall be emphasized once more, that the data shown was retrieved from a common dSCD dataset.
Additional discrepancies arise, when each participant retrieves profiles from CINDI-2 dSCDs from
their own instruments. A corresponding study was conducted and will roughly be discussed in Tirpitz
et al. (2019).
It shall further be pointed out that a major limitation in this comparison study was the imperfect
spatio-temporal overlap between MAX-DOAS and ancillary observations. From CINDI to CINDI-2 a
major step was the successfully improved coordination between MAX-DOAS instruments; for a future
CINDI-3 campaign the focus might be extended to the coordination between MAX-DOAS and
ancillary observations for the validation of profiling results. One promising approach might be a
drone equipped with a small DOAS telescope pointing to the limb in the MAX-DOAS azimuthal
direction, as proposed by J. Lampel (personal communication).
After all, the results of this study strongly speak in favour for the implementation of a harmonized
MAX-DOAS profile retrieval with optimized initial settings and performance.
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8 Appendix
8.1 M3 Algorithm Description
Institute
Responsible person(s)
E-Mail
Retrieval algorithm

Ludwig-Maximilians-University Munich, Germany
Ka Lok Chan
lok.chan@physik.uni-muenchen.de
M3

Type of algorithm
Optimal estimation (OEM)
Parametrised algorithm (PAR)

X

General description of the forward model
Describe overall design and features of the radiative transfer model
M3 uses the radiative transfer model LibRadTran as forward model. Several radiative transfer
equation solvers are available which could handle both pseudo spherical and full spherical
geometry. The Jacobian is calculated numerically using the finite difference method, while the box
air mass factor for trace gas profile retrieval are calculated using the monte carlo module of
LibRadTran (mystic).

General description of the retrieval algorithm
Describe overall design and features of the retrieval algorithm, treatment of aerosols, etc.
3
The M retrieval used in the CINDI-2 campaign is a modified version of the algorithm described in detail in
Chan et al. (2019) with the iterative optimization of a priori profile disabled. The principle of the algorithm is
based on the optimal estimation method with Newton Gauss optimization. The radiative transfer model
LibRadTran (Mayer and Kylling, 2005) serves as forward model for the retrieval. In the aerosol profile
retrieval, the state vector x consists of the aerosol extinction in 20 layers of 200m thickness, extending from
the surface up to 4 km altitude. The setup of the trace gas profile retrieval is very similar to the one used for
aerosol retrieval.

Parametrisation of the vertical profile
OEM: Describe vertical grid
PAR: Describe parametrisation of the profile shape
3
M can retrieve trace gas and aerosol profiles on any arbitrary vertical grid. For the simulation
within the FRM4DOAS retrieval comparison exercise, layers with 200 m vertical extent in the
lowermost 4 km are used.

8.2 Correlation plots
Colours indicate cloud conditions: clear sky (green) and cloudy conditions (red). Transparent markers
represent data points flagged as invalid. The small grey bars indicate uncertainties in the
measurement. For the median values, the bars show the standard deviation among the participants
(valid data only). Dashed lines in the correlation plots represent the ideal 1:1 line. Correlations were
performed separately against MAX-DOAS median values and ancillary observations. For AODs a third
correlation is shown for the partial AOD (with PAC applied as described in section 4.2.1).
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8.2.1

AOD

Figure 40: Correlation of Aerosol UV AODs.
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Figure 41: Aerosol Vis AOD correlations

8.2.2 VCD
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Figure 43: HCHO VCD correlation plots

Figure 42: NO2 UV VCD correlation plots.
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Figure 44: NO2 Vis VCD correlation plots.
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8.2.3 Surface concentration

Figure 45: HCHO surface concentration correlation plots

Figure 46: NO2 UV surface concentration correlation plots
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Figure 47: NO2 Vis surface concentration correlation plots.
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