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S1 M3 algorithm description

The M? algorithm developed at the Ludwig-Maximilians-University in Munich is an OEM algorithm with Newton Gauss
optimization. The radiative transfer model LibRadTran (Mayer and Kylling, 2005) serves as forward model for the retrieval.
LibRadTran provides several radiative transfer equation solvers which can handle both pseudo spherical and full spherical
geometry. The Jacobian is calculated numerically using the finite difference method, while the box air mass factors for trace gas
profile retrievals are calculated using the Monte Carlo module of LibRadTran (MYSTIC). 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

the a priori profile disabled. Aerosol extinction profiles are retrieved in the linear space.
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S2 O, scaling factor

By some groups, the O4 scaling factor SF' is applied to the measured dSCDs before the profile inversion. Initial motivation
for its application are previous MAX-DOAS retrieval studies (e.g Wagner et al., 2009; Clémer et al., 2010) which report on
a significant mismatch between measured and simulated dSCDs and/ or between MAX-DOAS integrated aerosol extinction
and simultaneously measured sun photometer AOT that could not yet be explained (Wagner et al., 2019; Ortega et al., 2016).
Meanwhile a series of studies use an SF', empirically determined to values between 0.75 and 0.9.

As described in Sect. 2.1.3, in this study no scaling of O4 measured dSCDs was applied, except for MPIC-mp0.8 (MAPA
algorithm with SF = 0.8). For CINDI-2, a SF of 0.8 was observed to enhance the number of valid profiles retrieved by
MAPA and to significantly improve the agreement to the sun photometer total AOT in particularly in the UV (Beirle et al.
(2019) and within this study). However, as mentioned before, for MAPA (as a parametrized approach without a priori profile
and AVKs), a PAC as described in Sect. 3.4, cannot be correctly applied and thus deviations to the sun photometer are expected.
To further investigate the impact and necessity of the SF for CINDI-2 retrievals, also HEIPRO (as an OEM retrieval) was run
with different SF’s. In Fig. S1 the impacts of the SF and the PAC on the agreement between MAX-DOAS profiling results
(of HEIPRO and MAPA) and the sun photometer are directly compared. Application of SF' = 0.8 or the PAC, respectively,
lead to a very similar improvement in the agreement (regarding RMS), while the application of both together results in a clear
overcompensation. This suggests that the PAC and SF = 0.8 are equivalent to a large extent and that in the case of MAPA the
SF is a way to at least partly account for high-altitude aerosol when it comes to retrieving total AOTs. On the other hand a
closer look reveals that if only the PAC is applied, a systematic negative offset of ~ —0.04 remains in the correlation (for both
algorithms and also other participants, compare to main text Sect. 3.4). Indeed, the top row of Fig. S3 shows that for HEIPRO
the best RMSD is observed for SF = 0.92 £+ 0.02 (UV). Regarding Aerosol Vis (Figure S2), the impact of high aerosol is
smaller due to the enhanced vertical sensitivity range (see AVKSs in main text Sect. 3.1), such that applying the same scaling
factor SF = 0.8 as for the UV (without PAC) should already lead to an overcompensation. Indeed, this is observed for HEIPRO
as well as MAPA. The bottom row of Fig. S3 shows that, in contrast to the UV spectral range, the best agreement between sun
photometer and MAX-DOAS in the Vis is observed for an SF > 1.

The second indicator for the need of a scaling factor is a significant mismatch between modelled and measured dSCDs.
Figure S4 shows, that for HEIPRO the application of an SF < 1 indeed improves the agreement between measured and
modelled O4 UV dSCDs by up to 35% in RMSD under clear-sky conditions. Modelled dSCDs are systematically lower than
the measured dSCDs in particular for higher elevation angles. FirattyAlso, Wagner et al. (2009) reported ;-thatthat, under low
aerosol conditions, measured dSCDs sometimes even significantly exceed dSCDs modelled within an aerosol free atmosphere,
where O4 dSCDs are expeeted-to-be-close to the largest possible (regarding clear-sky scenarios only). Therefore, the median
measured dSCDs during CINDI-2 at low aerosol load (75 < 0.1) were compared to a set of aerosol free modelled dSCDs,
showing that this did not happen during CINDI-2 except for the two highest elevation angles aw = 15° and 30°.

Finally, as already stated by Beirle et al. (2019) applying SF' = 0.8 to MAPA leads to an increased number of valid profiles
(see Sect. S3), which again indicates that scaling brings the RTM closer to reality.



The conclusions drawn are as follows: Even without O4 dSCD scaling, reasonable results and agreement with supporting
observations are achieved (if a PAC is applied). In general, a scaling factor of 0.8 seems to be too small but might at least
partly be used to account for high-altitude aerosol for algorithms, that cannot quantify their sensitivity or the assimilated a
priori information. However, there are indications that a less extreme scaling (0.8 < SF < 1.0) might in general improve the
retrieval. Finally, we think that for this study the prescribed SF = 1.0 is justified. Even though it might not be ideal, it is the
most straightforward approach and yields reasonable and consistent results within the uncertainties introduced by other factors.

To draw more concise conclusions, further studies similar to Wagner et al. (2019) are necessary.
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Figure S1. The impact of SF' = 0.8 and PAC on the agreement between sun photometer and MAX-DOAS AOT (Aerosol UV) in the case
of HEIPRO (OEM approach, top row) and MAPA (parametrized 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 AOT for both algorithms. 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 &, = 0) and is therefore less meaningful.
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Figure S2. The impact of SF and PAC on Aerosol Vis results. Description of Fig. S1 applies. Due to the extended vertical sensitivity range of
the MAX-DOAS observations (compare to main text Sect. 3.1), the effect of high-altitude aerosol is less significant. While this is accounted
for in the PAC, the application of the same SF = 0.8 as for Aerosol UV leads to an overcompensation here already without additionally

applying the PAC.
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Figure S3. Correlation between the sun photometer AOT (PAC applied) and the HEIPRO algorithms for different SF for Aerosol UV (top
row) and Aerosol Vis (bottom row). Symbol colours differentiate between clear-sky (green), and cloudy conditions (orange, red). Numbers
in the upper left corners show the corresponding RMSD values. Interestingly, the best agreement for the two spectral ranges is found for
different scaling factors, namely for SF' = 0.92 4+ 0.02 (UV) and SF' > 1+ 0.02 (Vis). The thin line depicts the linear fit for clear-sky data
only.
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Figure S4. Agreement between modelled and measured dSCDs (depicted as histograms of the ratio) for HEIPRO with different SF for
Aerosol UV (top row) and Aerosol Vis (bottom row). Here, only clear-sky and valid data are considered. Numbers in the upper left corners

show the corresponding RMSD values. There is a clear tendency, that the agreement improves for SF' < 1.
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S3 Details on profile flagging

Participants were allowed to submit flags, giving them the opportunity to mark profiles as invalid. Four participants submitted

flags based on the following criteria:

BIRA/ bePRO: Profiles are considered valid if the retrieved degrees of freedom are > 1 and if the difference between

measured and modelled dSCDs is smaller than 30 %.

INTA: Profiles are valid if DOFS > 1 and if the RMSD between measured and simulated dSCDs is smaller than 1.5 times
the daily averaged RMS.

KNMI: Profiles are invalid if the spread in the ensemble of solutions for AOT or the NO; or HCHO tropospheric column
is larger than 15% of the retrieved value, or if there are less than 5 out of the ensemble of 20 retrievals for which a

solution was found.

MAPA: Flagging is based on a row of criteria (e.g. the agreement of modelled and measured dSCDs, implausible results 5

or the consistency within the ensemble of possible solutions;—-) with carefully chosen thresholds. A detailed description
can be found in Beirle et al. (2019).

Table S1 shows the statistics regarding the number of submitted profiles and the fraction of invalid profiles for all participants

15 and species.
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Table S1. Submission and flagging statistics.

HCHO NO; UV NOs Vis Aerosol UV Aerosol Vis
Total Valid [%] Total Valid [%] Total Valid [%] Total Valid [%] Total Valid [%]

bePRO AUTH’ 170 100 170 100 - - 170 100 - -
BIRA® 170 93 170 93 170 87 170 93 170 88
INTA® 170 78 170 75 170 71 170 87 170 80
PRIAM AIOFM7 170 100 170 100 - - 170 100 - -
BSU? 170 100 170 100 170 100 170 100 170 100
CMA? 169 100 169 100 169 100 169 100 169 100
MPIC? 170 100 170 100 170 100 170 100 170 100
HEPRO IUPHD? 170 100 170 100 170 100 170 100 170 100
UTOR} - - 170 100 170 100 170 100 170 100
BOREAS IUPB? 170 100 170 100 170 100 170 100 170 100
M3 LMU° 170 100 170 100 170 100 170 100 170 100
MMF BIRA7 170 100 170 100 170 100 170 100 170 100
Realtime =~ NASA“ 170 100 170 100 170 100 - - 170 100
MARK KNMI? 107 38 152 61 168 76 107 43 168 77
MAPA MPIC-1.0° 170 31 170 32 170 22 170 32 170 33
MPIC-0.87 170 52 170 51 170 37 170 52 170 43

S4 Further details on supporting observations
S4.1 Aerosol extinction profiles

The available raw data from the ceilometer are attenuated backscatter coefficient profiles B(h) For altitudes below 180 m, data
are invalid due to insufficient overlap between sending and receiving telescope’s FOVs of the instrument, thus B (h < 180m)
was set to B (h = 180m). For profiles with simultaneously available sun photometer AOTs 75(\), attenuated backscatter profiles

B(h) were converted to approximate backscatter profiles 3(h), applying
h

B(R) = B(h) -exp |2 / 7s(A = 10640m)
0

[B(h)dh'

Extinction coefficient profiles ay (k) at the MAX-DOAS retrieval wavelengths were then obtained by scaling of 3(h) with the

ey

sun photometer AOT according to:

_ 7s(A)
[ B(h)dN

Integrands with no specified limits in Eq. (1) and (2) indicate integration over the entire available profile. Values for 75(\) at

ax(h) -B(h) 2

the desired wavelengths were derived according to Eq. (4) in the main text. In case of missing sun photometer data, for instance
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due to clouds, the MAX-DOAS retrieved AOT was used instead of 7. In this case no attenuation correction (Eq. (1)) could be
applied and the integration in Eq. (2) was performed over an averaging kernel smoothed profile (see main text Sect. 2.3.2), to
take into account the blindness of MAX-DOAS instruments for higher aerosol layers.

The resulting extinction coefficient profiles at 360 nm could partly be validated with Raman lidar observations at 355 nm
(the CESAR Water Vapor, Aerosol and Cloud lidar “CAELI”, operated within the European Aerosol Research lidar Network
(EARLINET, Bosenberg et al., 2003; Pappalardo et al., 2014) and described in detail in Apituley et al., 2009). Since for the
Raman lidar there is not sufficient telescope FOV overlap for altitudes < 1 km to retrieve reliable extinction profiles this
comparison is limited to the altitude range between 1 and 4 km. The average RMSD between scaled ceilometer and Raman
lidar profiles is ~ 0.03. Table S2 summarizes the instrument’s properties. Figure S5 shows the available Raman lidar profiles in

comparison to the ceilometer derived profiles scaled with the respective sun photometer and MAX-DOAS AOT respectively.

Table S2. 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 1to 10 km 0.2 to 15 km
Vertical resolution 7.5m 10 m
Temporal resolution 30s 12s
Data coverage 5 profiles between 13.9. and 15.9. Whole campaign
09-13 07:48 09-13 16:32 09-14 09:00 09-15 08:29 09-15 11:29 Deviation
4.0 1 — Raman extinction 1 % 1 %
35| — Ceilometer (sunphotometer) i <
' Ceilometer (DOAS) ?
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P
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=
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Figure S5. Comparison of the five available aerosol extinction profiles obtained from Raman lidar measurements (in black, with uncertainties
indicated by the grey areas) with AOT scaled ceilometer backscatter profiles. Scaling was performed with AOTs from sun photometer (blue)
and DOAS data (orange). In the last plot, lines show the mean deviation, whereas the borders of the couloured areas mark maximum and

minimum deviation.

10
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S4.2 Radiosonde flights

An overview of the radiosonde flights is given in Fig. S6. Example profiles are shown in the course of a comparison between
lidar and radiosonde observations in Supplement S4.5. Another preprocessing step of the sonde profiles shall be mentioned:
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 was performed directly before each launch, most profiles showed
a clear instrumental offset of about (1—2) x 10'° molec cm~? in the free troposphere. The offset was subtracted and the profiles

were subsequently rescaled to their initial surface concentration.

Table S3. Overview over the radiosonde sampling flights shown in this study.

Launch date  Flight time® [min]  Travel distance® [km]  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

@ Only considering trajectory through the lowest 4 km of the atmosphere.

S4.3 NO, lidar

The NOs, lidar provides profiles consisting of a series of altitude intervals or “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 Fig. S7. 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 MAX-DOAS retrieval grid resolution.

S4.4 Long path DOAS

11
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Figure S6. Sonde flight paths in the course of the campaign. Only data of the sonde ascent through the lowest 4 km of the atmosphere are

shown. Some flights shown here are not included in the comparison as they were launched before 6:30 h. The "minute" values in the legend

labels represent the flight time.

=
N

mmm= Original box profile
—— Interpolated profile
= Averaged to MAX-DOAS grid

=
o
1

o
(o]
1

Altitude [km]
o o
> o

o
N
1

o
o

0.5 1.0 1.5 2.0 2.5
NO, [cm™~3] lell

Figure S7. Regridding of an example NO> lidar box profile (27 September 2016, 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 within the MAX-DOAS

retrieval layers.
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Figure S8. Setup of the LP-DOAS system. As shown on the map (Esri et al., 2018), the light sending and receiving telescope unit (left) was
located at 3.8 km distance to the meteorological tower (right), resulting in a total light path of 7.6 km. There were several retroreflectors
installed on the tower at different altitudes. However for this study, only the one at the very top (207 m altitude) was used to obtain the

average gas in the lowest retrieval layer, extending from 0 to 200 m altitude.

S4.5 Consistency of supporting observations

The agreement of redundant supporting observations (processed as described in the main text Sect. 2.2) gives an impression
of their reliability and/ or representativeness. In the case of NO2 several observations of total vertical columns and surface
concentration (note again, that throughout this paper “surface concentration” refers to the average concentration in the lowest
retrieval layer) are available and compared in the correlation plots in Fig. S9 below. Corresponding time series plots are already
shown in the main text in Fig. 17 and 20, respectively. Tables S4 and S5 show the RMSD (as observed) and o (the expected
deviation according to the specified measurement uncertainties) between each possible pair of observations. For the VCDs,
the RMSD is close to o or below. A maximum RMSD of 1.5 ¢ is found between NOs lidar and direct-sun DOAS. For the
surface concentrations however, there seem to be systematic deviations which split the observations into two pairs: radiosonde
and lidar observations agree well but are both systematically lower than LP-DOAS and tower measurements. MAX-DOAS UV
agrees better with LP-DOAS and tower observations, while MAX-DOAS Vis agrees more with sonde and lidar. Between the
LP-DOAS and the NOs lidar, an RMSD of more than 4 o is observed. There are several potential explanations:

1. Biases are introduced due to data processing (temporal and spatial regridding, for instance for the lidar profiles described
in Sect. S4.3).

2. Spatio-temporal variability of the real gas abundances
3. Imperfect estimates of the measurement uncertainties (in particular systematic deviations)

For the NO. lidar and the radiosondes, there are four simultaneously recorded NO- profiles available over the campaign
(simultaneous in the sense that for a single MAX-DOAS profile timestamp, profiles from both systems are available according
to the definitions in Sect. 2.2.3 in the main text). They are compared in the top row of Fig. S10. 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 2" and the 4™ plot, there are several lidar profiles available, which

13
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Figure S9. Comparison of redundant supporting observations of NO2 VCDs (left panel) and surface concentration (right panel). MAX-

DOAS retrieved values are plotted in the background. To improve visibility, tower measurement uncertainties (vertical error bars of typically

(6.040.5) x 10*®molec cm™?) are not shown.

are temporally closer to the radiosonde (however further away from the corresponding MAX-DOAS profile), which in contrast

show very good agreement again. This shows that the real NOy profile varies strongly even on timescales of ~ 30 minutes

(see also (Peters et al., 2019)) and that improved synchronisation between MAX-DOAS and supporting observations should

be considered for future campaigns.

Table S4. Comparison of redundant measurements of the NO, surface concentration (in 10*! molec cm™2). For each pair of observations,

the observed scatter (RMS) is compared to the specified uncertainty (o).

Tower in-situ (0.56) Radiosonde (0.50) NO2-Lidar (0.13)

RMSD o RMSD o RMSD ¢
LP-DOAS (0.06) 0.32 0.56 1.01 0.51 0.57 0.13
NO:-Lidar (0.13)  0.72 0.57 0.40 0.52 - -
Radiosonde (0.50) 0.99 0.78 - - - -
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Figure S10. Top row: Comparison of NO lidar (orange) and radiosonde (red) profiles, that were assigned to a common MAX-DOAS
profile timestamp according to Sect. 2.2.3 in the main text. 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, together with
the middle timestamps 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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Table S5. Comparison of redundant measurements of the NOy total columns (in 10'® molec cm™2). For each pair of observation, the

observed scatter (RMS) is compared to the specified uncertainty (o).

Radiosonde (0.44) NO--Lidar (0.15)

RMSD o RMSD o
Direct-sun DOAS (0.23)  0.24 0.51 0.40 0.26
NO.-Lidar (0.15) 0.34 0.48 - -

S5 MAX-DOAS viewing distance

Wagner and Beirle (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 O, differential airmass factors (/AMF). Applying this approach
to the CINDI-2 O, dAMFs yields the HSRs shown in Fig. S12. A constant vertical O4 column of 1.19-10*3 molec? cm =
5 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. Depending on the conditions, HSRs vary between a few and tens
of kilometres (as shown in Fig. S11) defining whether only air masses over rural areas and/or urban areas (Gouda at 15 km
distance, Zoetermeer at 30 km distance and The Hague at 40 km distance. to the measurement site) are sampled. Further,

10 depending on the wind, plumes of Utrecht, Rotterdam or Amsterdam might be sampled.
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Figure S11. Line of sight of the MAX-DOAS instruments on a map (Esri et al., 2018). The coloured curves indicate the sensitivity for the two

extreme-average (shortest-solid), the minimum (dashed) and fengestmaximum (dashed) viewing distances encountered during the campaign
—Dashed-inesindieate-in the +/e-lengthUYV (blue) and Vis (green).
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Figure S12. Viewing distance (HSR) of MAX-DOAS instruments during CINDI-2. It was calculated for different efevations-elevation 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).

S6 Soati Lvariabili
E . onof the :

S6 Spatio-temporal mismatch and variabilit

Given the MAX-DOAS horizontal sensitivity ranges determined in Sect. S5, approximate values for the spatio-temporal
vartability-on-the-eomparisons;different-mismatch of MAX-DOAS and different supporting observations can be derived.
They are given in Table S6. The potential impact of these mismatches can be demonstrated by means of the NO, surface
concentration, The left panel of Fig. S13 shows observations of the NOy surface concentrations at their original temporal
resolution At and integration time ¢;,,;are-shewn-in-the-left-panel-of Fig—S13—. The CE-DOAS as a point measurement with
At = t;; = 1 min shows very strong variability on short timescales. However, for the tower measurements (all in situ instru-

ments in the tower vertically integrated as described in main text Sect. 2.2.5 at At = 20min and ¢;,,; ~ 5min), the LP-DOAS
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Table S6. Estimates for the average spatio-temporal mismatch of different supporting observations w.r.t. to the MAX-DOAS measurements.
For the location of the MAX-DOAS observations the centers of mass of the horizontal sensitivity curves from Sect. S5 were used. For the
location of sun photometer and direct-sun DOAS observations, the center of the lines of sight towards the sun up to 2km atitude were

Observation  Spatial mismatch (km]  Temporal mismatch [min]

Sun photometer 13 8
Ceilometer 1 Q
Direct:sun DOAS 13 23
NOgz-Lidar 100 2
Radiosonde 6 13
LP-DOAS | 10 ]
In-situ in tower 1L Q

(At = 32min, t;,; ~ 100s) there is already significant smoothing. The 1D-MAX-DOAS data was recorded by DLR (see
Supplement S10), who retrieved profiles in the nominal azimuth direction (287°) more or less continuously (At = 15min,
tint = 10min). In all measurements there is significant variation on the sub-hour timescale. Further, spatial variability might
be observed in the form of disagreement between UV and Vis observations of the 1ID-MAX-DOAS as viewing distance and
thus the sampled air volume changes between the two spectral ranges (see Supplement S5). To estimate the order of magni-
tude, the right panel of Fig. S13 shows a kind of autocorrelation of the total campaign time series of each observation. The
RMSD between the original and a temporally shifted signal is calculated. Nete—that-the-1D MAX-DOAS Vis data is not

shown, as multiple
aps in the data complicated the autocorrelation. Comparing this figure with values from Table S6 yields that spatio-temporal

variability causes RMSD values of around 3.5 x 1019 molec cm =3 i it teatin the NOy surface
concentration, which is indeed of the order of the observed RMSD values in the NO; surface concentration comparisons within

this study (approx. 5 x 10'°molec cm ™3, compare to main text Fig. 22). For-an-impression-on-

For another demonstration of the spatial variability, we refer to data from the IMPACT instrument (Peters et al., 2019),
an imaging MAX-DOAS operated by IUP-Bremen (IUPB) which allows to perform elevation "scans" in different azimuth
viewing directions in quick succession. During CINDI-2, the IMPACT performed full-azimuthal scans in 10° steps every 15
minutes. Figure S14 exemplarily shows the observed NO2 Vis dSCDs at 4° elevation on the 20 September 2016 together with
dSCDs measured by the IUPB standard MAX-DOAS instrument in the nominal azimuth direction (287°, compare main text
Sect. 2.1). The red shaded area depicts the variation of the dSCD with azimuth viewing direction. In particular around local
noon this variation is tremendous, exceeding a factor of five. Further investigation on this issue can be found in Peters et al.
(2019).
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Figure S13. Left: Different observations of the NO2 surface concentrations on 14 September 2016, each at its original temporal resolution to

reveal short-term variations. Coloured areas behind the lines indicate the specified uncertainties. Right: RMSD values obtained from a kind

of autocorrelation analysis over the whole campaign (night times excluded). For each observation, the RMSD between the original and a

temporally shifted signal is calculated. The temporal shift (bottom horizontal axis) was varied between 0 and 4 hours. The temporal shift was

roughly converted to its spatial equivalent by multiplication with the average observed wind speed in the surface layer (=~ 5m/s), yielding

the top horizontal axis.
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Figure S14. Variation in the NO; Vis dSCDs with different azimuth viewing directions at 4° elevation, as observed by the IMPACT imaging

MAX-DOAS (Peters et al., 2019). Around local noon this variation is largest, exceeding a factor of 5. The time is UTC.

S7 Impact of the choice of pressure and temperature profiles for the RTMs
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Pressure (p) and temperature (7)) profiles used for the RTMs within this study are averaged sonde measurements performed
in De Bilt by KNMI during September months of the years 2013-2015 (see main text Sect, 2.1.3). To estimate the effect of
this approximation on the results, IUPHD/ HEIPRO retrieved an additional set of profiles, using p and 7' information from
radiosondes launched at KNMI (De Bilt) during the campaign. Between one and three sondes were launched every day except
on 16 September. For each profile inversion, the temporally closest sonde observation was used. Table S7 shows the difference
in RMSD and Bias magnitude between these results and the “standard” results of IUPHD/ HEIPRO (that used the prescribed
averaged p and 7 profiles from years before) relative to the average RMSDs and average Bias magnitude for all participants.
The impact on the dSCD comparison is less than 5% for both, RMSDs and Bias magnitudes. For AOTs, VCDs and surface
concentrations, significant improvement (> 10% in RMSD) is only observed for HCHO surface concentrations (17 %) that
contrasts with a deterioration for UV _AOTs by 13%. The average improvement in RMSD for AOTs, VCDs and surface
concentrations is 3.2 %. The overall consistency between MAX-DOAS and supporting observations can thus be considered
to remain similar, despite larger changes in some Bias magnitudes are observed (up to 51 % improvement for NO; Vis surface
concentrations and up to 20 % deterioration for UV AQTs).

Table S7. The differences in RMSDs and Bias magnitudes for the [IUPHD/ HEIPRO results arising from using daily p and T profiles, relative

to the average RMSDs and Bias magnitudes assessed within the main study. Values are given for the comparisons of modelled and measured

dSCDs ("dSCDs") and the comparisons against the supporting observations of AOTs, VCDs and surface concentrations as described in the
main text. Minus signs indicate improvement. Only clear sky conditions were considered.

dSCDs AOT/VCD Surface
ARMSD [%] ABias[%] ARMSD [%] ABias[%] ARMSD [%] ABias[%]

HCHO 2.7 35 6.8 10.5 -17.4 -22.0
NO, UV -0.7 -1.1 2.7 -2.6 -3.5 8.7
NO, Vis -0.7 -3.3 -0.8 -1.0 -2.8 -50.9
Aerosol UV -0.7 0.7 12.5 20.2 - -
Aerosol Vis  -0.2 2.1 -8.7 -40.1 - -

S8 Further details on the comparison results
S8.1 AVKSs of individual participants

Figures S35 to S39 show the averaging kernels (AVKs) and retrieved degrees of freedom of signal (DOFS) of each participant
for aerosol UV. For explanation of colours and symbols please refer to main text Sect. 3.1. The DOFS values in brackets were

calculated considering valid data only.

20



Aerosol UV - median AVKs
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Figure S15. Mean averaging kernels for Aerosol UV for each participant. Coloured values at AVK peaks show the amount of retrieved

information on the respective layer in percent. "DOFS" numbers are given for clear-sky (green) and cloudy (red) conditions. Values in

brackets are DOFS including flagging.
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Aerosol Vis - median AVKs
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Figure S16. Mean averaging kernels for Aerosol Vis for each participant. Description of Fig. S35 applies.
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HCHO - median AVKs
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Figure S17. Mean averaging kernels for HCHO for each participant. Description of Fig. S35 applies.
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NO, UV - median AVKs
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Figure S18. Mean averaging kernels for NO2 UV for each participant. Description of Fig.
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NO, Vis - median AVKs
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Figure S19. Mean averaging kernels for NO» Vis for each participant. Description of Fig.
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S8.2 Profile deviation statistics

Figures S20 to S24 show statistics on the observed differences in the retrieved profiles for all five species. The plots on the
left compare the retrieved profiles of individual participants @ to the median MAX-DOAS profiles Z. While the vertical axes
represent altitude, the horizontal axes depicts the difference « — Z. The coloured boxes indicate the 25% — 75 % percentile,
whiskers are 5% — 95 %. Black dots indicate the mean value. For each layer there are boxplots for clear-sky (green) and
cloudy conditions (red). Note that for aerosol there are two different horizontal axes defined for the two cloud conditions: the
green scale at the bottom and the red scale on the top of each plot. Only valid data (flagged) was considered. For aerosol and
NO- a plot on the very right shows statistics of the difference of supporting measurements &4, (lidar/ radiosonde for NOo,
sun photometer scaled ceilometer for aerosol) to the median &, hence &4y, — . The numbers in all the plots show RMSD

deviation of the three lowest (most sensitive) layers. Dashed lines indicate the median retrieval uncertainty as specified by the

participants.
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Figure S20. Left: Fl ¢ s-for-Deviations of Aerosol UV profiles (valid only) of individual participants from the MAX-DOAS

median profiles. Dots show the mean, boxes indicate the (25 %-75 %) percentile, and whiskers show (25 %-75%) percentile. Green (red
box-whiskers represent clear (cloudy) conditions. Note, that there are different x-scales (on top and bottom of the plot) for different cloud

conditions. The average standard deviations specified by the participants are indicated by the dashed lines. Right: Deviation of the AOT

scaled ceilometer backscatter signal to the MAX-DOAS median profiles. The numbers in the plots indicate RMSD values for clear sky
(green) and cloudy (red) conditions. Further details are given in the related text in Sect. S8.2
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Figure S21. Flagged-deviationsfor-Deviations of Aerosol Vis profiles (valid only) of individual participants from the MAX-DOAS median
profiles. Description of Fig. S20 applies.
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Figure S22. Flagged-deviations—for-Deviations of HCHO profiles (valid only) of individual participants from the MAX-DOAS median
profiles. The description of Fig. S20 applies but for HCHO, there is no independent reference profile available.
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Figure S23. Flagged-deviationsfor-Deviations of NO2 UV profiles (valid only) of individual participants from the MAX-DOAS median
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28



'€ 11998 1%9) urewr 0) Areyuowrdo[dwo)) 'STOV A[) [0SO JO UOTIB[AII0)) *STS NS

J1333W030Ug UNS

suopeAIssqo Asejpue ‘s

sy

S0

1s38ui0304d Uns
50

110

¥1'0) ¥T'0

S0 00 00 S0 oo 00 S0 oo S0 00 S0 00 S0 00 S0 00 S0 oo
2 7 -+ 00
% zo =
: ® vo X
Voo s g
s, 90 W
(40'0) SE'0 (uew) z'1 (ueu) €10 T0 900 (60°0) 60°0 (60'0) 600 || !
60'0)STO |~ (€T0) 180 [ (€T'0) 820 100 900 [/ (90°0) 90°0 [/ (50'0) 500 [~ 80
Seaioq oadizy el E oidaq oidag oudag
Jadni 0401N viND o¥LINI oVHIg oH1NY

(v0'0) SE'0 (ueu) z't ST'0 €T'o sT'o 9T'0 sT'o LT'0 LT0 LT0 .
600) sTo |~ (€T0) 180 [ v10 [ £1°0 [~ €10 vT0 [ vT0 [ STO [l ST [l sto [l ST [, (#T°0) vT0 |~ (vr0) vro [ 810 [ 80
Jwi cw sealoq oidiay oadiay 1d 1ic I oidaq oidag oidag
dwaig NN dadni dyoin danani Dldh D W0IY GVINI ovHig SHLNY
SUOIIRAISSCO AlR|[IDUR "SA UOIIR|21I0D | OV €10} AN [0SOy
ueipayy
S0 00 50 00 50 00 S0 00 S0 00 S0 00 50 00 50 00 S0 00 50 00
7 00
M zo va
7 o ¥
9 0y & i
o o ° <]
s o o / 90 F
0%0) 26'0 (50°0) 0'T '6)81°0 005 500 €00 100 || # 200 7 (100) 20 (10'0) 20'0 s00|
(800,20 (S0°0)850 [} (80P TE0 |7 o 200 wofl e © 100 [}/ 100 [ % (z0'0) 20°0 [ (10°0) T0°0 [, so0[ 80

end end e oudag

VI a W01 oVINI ovillg oHINY

sealoq oudiay oudiay
w1 4adni sdo1n sQHdNI
UBIPSW SYOQ-XVIN “SA UOIR[S110 1OV 2303 AN [0S018Y

‘(pardde Dvd win) 1OV
rented 9y J0J umoys SI UONB[ALIOD PIIY) B STOV 10 "suoneardsqo Junioddns pue sonfea ueipawl SYO-XVIA 1surede A[ojeredos pouriofrod arom
SUOT)R[21I0)) "oUT] T:] [eapI oy} Juasaidal sjo[d uone[a110o Y ur saul] payse(] "(A[uo ejep pipea) sjuedionted ay) Suoure UOTIBIASD pIepue)s 3y} MOYS
SIBQ OU} ‘SON[BA UBIPAUWI 9} IO JUSWISINSBIUI 9} UI SOTUTLIIOOUN SJBOIPUL SIeq K213 [[ewrs oy ], "pIfeaur se pagsey sjutod ejep juasordar sioyrew
juaredsuel], “(pa1) SUONIPUOD APNO[O pue (UdaI3) ANS-IEI[O :SUONIPUOD PNO[O JBIIPUI SINOJ0I Y], ‘A[eAndadsal 1xa) urewr ay) Ul 9°¢ Pue G'¢ ‘4°¢

"100G Ul POZLIBWWNS SE SUOHEBIIUIOUO0D Q0BJINS pue SqIA ‘SLOV JO suostredwod oy} 10J sjo[d UONE[o1I00 [enpIAIPUL 9U) MOUS ¢S 01 GZS SISy

SUORIJUIIUOD IJBJINS Pue S A ‘SLOV 10J s3o[d uonepIio) ¢S

29



G'¢ 1998 1x9} urew 03 Areyuewa[dwo)) 'sjoid uonePII00 QOA OHDH °LTS 2131

[-Ww> ,;0T] S¥0Q uns-211q

4 T 0 ¢ T [ T 0z T 0z T 0z T 0z T 0z T 0z T [ i 0z i1 0z T 0z T 0z T [ T 0
— > 00
o - S0 _
T < o otk
/ S 4 % <)
4 o 3 .
) 4 4 A 7 stg
3 (tz’o) ze'o (v1°0) 9¥'0 (sT°0) TZ'0 ﬁw o 4 ° 8r'o A (vT°0) ET'0 L (€T°0) €T'0 [k4
° (81°0) 0 (91°0) 6T°0 (€T°0) LT0 -~ ET0 || 910 10 (€1°0) ¥T°0 \ (ST°0) ST'O sz
ew swn i cw se210q oidaq oudaq
VSN dvuig N1 dadni v ovig SHINY
SuoleAIaSqo
[z-W2 4;0T] uEP3W
[4 T 0 ¢ T 0 7 T [ [4 T z T 0 ¢ T 0 ¢ T 0 7 T [ 3K T [ 3K T 0z T 0z T 0z T 0
¥ 3 00
7 o S0 z
0T X
b 9
28 ° “ 7 o 5 s1Q
ool /.. (arovo 7°(€10) €20 €00 €00 H & 200 200 H o vo0 H o €00 S00 600 600 || 5 (z00) 200 oz
° (rovro|l, (T0) $T'0 (80°0) ¥T'0 A 200 €00 200 | v0'0 £00 200 100 (90'0) 90°0 (20'0) 20'0 o
- ~ A Swn Jww sealoq oadiay wepd oidaq oidaq odaq
eVYSYN Jvdig dadni JaHdni oJldi o¥LINI oVHIg oH1NY
ue|paw SYOd-XVI "SA UORR[3.10 ADA OHIH
'€ "199S 1X3) urewr o} %Hﬁuﬂvavﬁﬁaoo SLOV SIA [0SOIQY JO uoneaLIo)) *9gS Q-——-Mmh
S
en
J1219W0104d UNg
S0 00 S0 00 S0 00 S0 00 S0 00 S0 00 S0 00 S0 00 S0 00 S0 00
00
(3 o o =
vo X
/ . o o g
/ o 90 %
(80°0) €0 (ueu) £2°0 4 0) 2o z1o zro 600 z0 10 600 (ST'0) ST'0 (STO)STO|
/ (£0°0) ZT°0 [ (90°0) ZT'0 (1z°0bZ0 T1°0 [ £0°0 [ £0°0 [ €00 [/ 90'0 $0'0 (20°0) £v°0 (£0'0) ze'0 [ 80
Swn Juw cw sealoq oidiay oidiay wend wend oidaq oudag
VSN dvaig oW dadni sdoin Jamdni ldw oVINI ovdig

SUOIBAISSUO AJE|[IDUE "SA UONEIS.1I0 1OV [elled SIA [0S0Iay

Ja32wo30yd ung
S0

S0 00 S0 00 S0 o S0 00 S0 X
; z
o g% 8 X
/ o 3
o . o H
/7 (80°0) €0 (ueu) 7' Feorzto|| z1o ¢ v1'0 (#1°0) €10 (ETO)ETO|
(£0°0) ZT°0 [ (go°0) zr'0 (1z’0bz0 o 70'0 900 g 70'0 100 £0'0 [~ 900 |~ (90°0) 290 (50°0) Lt°0 [ 80
B Jwu cw sealoq oidiay oidiey weud weud wend oidaq oudag
VSN dvaig oW dadni do1n Jamdni $oldi Svnd insa oVINI ovilg
SO AJB||IDUR "SA UOIIR|2110D | OV [B10] SIA |0S0IY
S0 00 S0 00 S0 o 00 S0 00 S0 00 S0 0 00 S0 00 00
00
8 9o = o ° o =
) ° =
° /%, °Lo = o ro X
P L 9
A s e o S
p o o Fee » 90 &
(oo vso (700 950|| &/ (10) 9F0 €0°0 €00 || o/ o 100 €00 p00 || o2 (10090 || 2" (00 vzo|
(50°0) 6T°0 [ (vo'o)se r|~"°/ °(8o;00el'0 200 200 [|% 200 [1g 200 100 (10°0) 95°0 [| 7 (10'0) 720 [ 80
e Swp Juw cw sealoq oidiay oidiay wend we wend oidaq oudag
INN VSN dvdig oW dadni do1n SaHdNI $oldn QYWD ansg VINI ovdig

uelpaW SYOQ-XVIN "SA UOIR[3110D | OV [210] SIA [0S0y



G'€ 1998 %3} urew 0y Arejuowrd[dwo)) ‘sjord uone[EII0d DA SIA ZON 6TS InSL

[-W> 4;0T] SYOQ uns-2.10
€ ¢ 1 o0€¢ ¢ 1T o0€¢ ¢ 1T O0€¢€ ¢ 1T O0€¢€ ¢ 1T O0¢€¢ ¢ 1T O0¢€¢ ¢ 1T O0¢€¢ ¢ 1T O0¢€¢ ¢ 1T O0¢€¢€ ¢ 1T O0¢€¢€ ¢ 1T 0€¢€ ¢ T o0¢€ ¢ T 0€ T T O

° o o1 © 41 2
o Il e T
° =
o &
° z8
° % P4 y s H
(ueu) 97'0 (ueu) gz'0 (81°0) Z2'0 e, 920 5 24 " Sz'0 80 teol| 40 o (61°0) SZ'0 (02°0) 520 | o
(97°0) £0 (£70) ze'0 [ (92°0) 62°0 N SE0 N €0 . €€°0 S50 seo |/ ° 10 g (£€°0) SE°0 . WE0)vED
Sew ET) Jwuwr cw sealoq oidiay oidiay weud weud oidaq oudaq
1NN VSN dvdig oA Jadni adoin JaHdni $HldW WD oVINI ovdig
SUO[IeAIDSO AJR[|IDUR "SA UOIIR[31I0D DA SIA ZON
[¢-Ud 570 T] UeIPaW
€ ¢z 1 0€¢ ¢ 1 0¢€ ¢ T ©0€ ¢ T ©0€ ¢ T O0€ ¢ T 0¢€ ¢ I 0¢€ ¢ 1T ©0€ ¢ T ©0€ ¢ T O0€ ¢ T 0¢€ ¢ I 0¢€ ¢ I 0¢€ T T 0
> = v, T i
4 ° ° ° °
> 4 o oo N y 1=
3 2 o e 2 . o o £
‘9% o 2B " 2, o 28
2 o P oo J N o &
(60°0) 68'0 (90°0) LT'0 (sroysroll %77 oro|| o o ® T0 900 7, sto 900 y 10 o zrol|® zro || 3/ (so0)zro (500 TT°0 | o
/ (80°0) 210 (90°0) 10 [P o zro[pf 600 £0'0 90'0 €00 [p4 sto b2 €00 [| 800 1o [L4 T0 (£0'0) TZ'0 (¥0°0) 70
3 ey B Jwuwr cw sealoq oidiay oidiay weud weud oidaq oudaq
1NN VSN dvdig oA Jadni adoin JdamHdni VWD oVINI ovdig
uelpsw SYOd-XVI 'SA Uolle[2.403 DA SIA CON
G ¢ 109§ 1%} urewr 0} %HNHEQEO_QEOU .muO_Q uoneRIIod dHOA AN NOZ ‘8CS w.:.—wmn—
[¢-w> 4;01] SYOQ uns-P2110
€ ¢z 1 0€ z T 0¢€ z T 0¢€ z 1T € 7z 1 € z 1 0¢€¢ z T 0¢€¢ z T 0¢€ z T 0¢€ ¢ 1 € z 1 o€ z T 0¢€¢ z T 0¢€ ¢ T 0€ ¢ T 0€ ¢ T 0
4 o
o gt 4 £ %
3 1z
% -
£ g
7 z i
(Lro) 1z°o (ueu) zz'0 (9z'0) 1Z°0 vZo 50 (vZ'0) SZ'0 (sz'0) sz0 €
/ (sz'0) 9Z°0 [ (vZ'0) 8Z'0 (9z'0) ze'0 1€0 50 (P€°0) ZEO (z€'0) ZE'O
Wi Jww cw sealoq oidiay 01d 5 5 5 oidaq oidaq
VSYN dvaig nw dadni dsoin laHdnI d v 158 30! VINI T
SUONeAISqO Al||IDUR "SA UONRIR1I0D ODA AN ZON
[-wd 5;,0T] uePaW
€ [4 T 0 € [4 T 0 € [4 T € [4 1 [4 T 0 € [4 1 0 € [4 1 0 € z T 0 € [4 T 0 € [4 1 0 € [4 T 0 € [4 1 0 € [4 1 o
o
3 ¢ . T m
d 4 oo &
s % £ % 4 4 ) z m
(Ir0) 90T (1T'0) 80 of° (ZT0)9T0 e 500 e ° vTo so00 &° 600 - 800 - 600 > 600 (€0°0) S0°0 (v0°0) S0°0 > 900 €
(1°0) 60°0 (11°0) ST'0 (60°0) TT°0 €00 o €00 ° L0°0 - 600 " 600 " 600 (10°0) Z0'0 (20°0) Z0'0 500
awiy Juiw oidiay oidaq oidaq oidaq
N VSYN i o1 daHdni : 2 SVINI AT HINY

ueIpaW SYOQ-XVIW "SA UOIR[3110> DA AN ON

31



9°¢ "199S 1%9) urewr 0} Areyuowedwo)) *s10[d UOTIB[OII0 UOTIBIIUAIUOD 08NS A() CON "T€S 211

[e-w> 10T SYOQ-d1

oS ST 00 0% x4 00 0% X4 00 0§ sz 00 0% X4 00 0% X4 00 0% ST 00 0% x4 00 0% X4 00 0% X4 00 0% ST 00
o
° of of 0% ot
o, 3 B B o p 3 z
g a84¥, . 5 w1 B N o g [4
B wes B i N4 N £ A & H
72 o, PZARE 783 Ol O O]
(9°0) ¥8°0 #(17°0) LZ°0 (2r'0) Tv'0 e 880 670 o LSO o LSO o LSO o (2€0) P70 (°0) vv°0 @
(62°0) ZE'0 H (P€°0) TE'0 H (1p°0) S¥'0 89°0 pr~ o 67°0 H / 850 H 85°0 H / 85°0 |~ (€E€0) SO H.~ o (zv'0)Zvo 9
sealoq oidiay oidy 3 e e el oidaq oidaq
N dadni o1 daHdni ’ SVINI AT
SUOIRAISSQO AJR|IDUR "SA UOIIR[3110D) UOIIRIIUIIUOD 32eUNS AN CON
[c-w> 1;0T] uelpa
0SSz 00 05 SZ 00 05 SZ 00 0S5 §Z 00 05 SZ 00 0§ §Z 00 06 §Z 00 05 SZ 00 05 SZ 00 05 SZ 00 0§ §Z 00 05 §Z 00 0§ SZ 00 05 S§Z 00 0S5 SZ 00 05 SZ 00
At o
o ¥ N o o o o o .
A o g2 * 3 3 45, s H
A 5 £ o8, B o . s 1 A g o s 3
° e Fé e o 2 ° oo ¢ o 43 4 vy
(9z°0) LTO (€2°0) 600 61°0) ¥Z'0 890 o o o «L00 ET0 s €0 o Lo Lro Lro (90°0) 80°0 (90°0) 00 81’0
/ (9Z°0) 2Z'0 H7 (81°0) ST'0 (vZ'0) TE'0 €50 H 600 800 ST0 H/ Lo 10 HA 5 o ST0 STo ST'0 (IT0) IT'0 (60°0) 60°0 g vZot9
awiy Jww € sealoq Wy oud i oidaq oidaq oidaq
VSYN VI8 NI 28dnl ¥oin aHdNI S8 oVINI oVHIg oHLNY
ueIPaW SYOQ-XVIN SA UOIIR[2.LI0) UOIIRIJUIIUOD) 33RUNS AN ZON
Q¢ 103§ 1X9] urew 0} %HNHCOEO~QEOU .quTm Uonea.LIod uonenuaduod adejins QOHOH “0€S Q.:-Mmrﬂ
[e-w> ;01] SYOQ-d1
T 0 T 0 T 0 T 0 T 0 T 0 T 0 T 0 T 0 T 0 T 0 T 0 T 0 s 0
\ 00
0, o, 8Y&° 0=
o . et 00 5Y 5 = 3 00 o ° 0 b3
o o £A8%" £L. Cd g w.? - o 00 5
/ A pr il % - U e ° o oo ch
A7 (Lo0) TT0 > (£0°0) 60'0 & 200 A vT0 (2 Alee  zro AS 600
(80°0) STO[|#,  (€T°0) ST'0 [~ 10 J%®° 170 810 v 110 o(210) LTO [ 7 Zrof ST
DT-dw ew swn cw oidiay wepd Wepd oidaq oidag
SN VSN oW1 danani Dld Wiolv ovig SHINY
SUOIIRAIDSHO AIR||IDUE "SA UOIIR[3110D) UOIJRIIUSIUOD 3IBHNS OHOH
[¢-W 1;01] uepap
T 0 T T [ T 0 T 0 T 0 T 0 T 0 T [ T [ T 0 T 0 T 0 T 0
00
; 3 N " i a8 44 0§
# 5 o ° <, b @ ° o o x
% o o o s £ T = 5
7 . . fe . T . A g I ot 3
%8 ° b a4 i o. o, n
(900 TO (90'0) 600 | |27 (80°0) 0 €00 €00 Caidd $00 g 00 3 900 vo'0 || £ 500 S/ Eroero|| £ (€00 v00 900
Ao qTro) zro (£0°0) 600 (T0) ¥T°0 €00 900 [/ 800 800 500 [l 00 T0 S RT0) 9T 0 [ " (40°0) 500 [ o0 [ST
Jww cw seaioq oadiay wepd wend oidaq oidag oudag
eVSYN ovdig oW1 dadni JaHdn! oJldi o¥LINI oVHIg oHLNY

uelpaw SYOd-Xvin

*SA U

2]2110D UOIILJIUIU0D 3384NS OHOH

32



0°¢ "109§ 1X9) urew 0) Arejuowd[dwo)) *$)0[d UONB[ALI0D UOIBIUIIUOD JBJINS SIA TON “TE€S dINSLT

[e-wd 1{0T] SYOQ-d1

05§z 00 0% sz 00 0% 0's 00 05 sz 00
o
SIEF o ° S [
N o 9
o A v S
P . &
(elo) 250 (97°0) 9v°0 190 oro|| 7 ¢ sso (s50) 8T’ (87°0) €T'T
(6€°0) 90 |1 (L7'0) v5'0 (£5°0) 50 [ o ° w50 1o 50 . (5'0) v2'T (@ro)sstfo
s o Sew Sw Jww W sea10 oidoy Sidy wend e o1daq o1daq
d d N SVSUN vaig o ‘aani fwoin ‘amani o Sowd GVANI RNTE

suofjealasqo Aiey

Ue "SA UOI3R[2.10D) UOIR.IUSDU0D 2IBLNS SIA ZON

[e-W2 1{0T] UeIP3W
sz 00 0§ ST 00 0§ &Z 00 0 ST 00 0 SZ 00 0S5 ST 00 0§ ST 00

y = B R o N s e - 0

6 ° K ° = o 20 ’ o 5 : / -

% oot 04 ° i - o © o awa *e g

ot £ / o & 3 A 2 . . re

(9£:0) €0 (95°0) 220 (ezo)vzo |l 280 €10 82°0 % az0 z0 / . (5B0) S0 srofero|

S/ (150 8E°0 (12°0) 7°0 1| (9v°0) 62°0 H £80 600 , 610 2 120 [/ 610 / (€T°0) 22T} (¢T°0) $T'T fo
8 o yew B Jaw W Sealoq CLET oidiey Wend end oidaq oidaq
d d 1NN SYSYN dvuig oA dadni Hdoin damHdni Hldn ) VINI ovuig
URIP3W SYOQ-XYIN "SA UOI3R[3110D) UORIIUSIUOD 39BHINS SIA ZON

33



10

15

S9 Impact of smoothing on surface concentration

For NOg the impact of smoothing effects on the surface concentration retrieved by OEM algorithms can be estimated from
profiles of the NO, lidar and radiosondes. Each profile is smoothed according to Eq. (9) in the main text and the difference
in surface concentration between the smoothed and the unsmoothed profile is calculated. Figure-Fig. S33 shows histograms of
the calculated differences. The standard deviation is about 5 x 10° molec cm? which is only about 10% of the total average
RMSD between MAX-DOAS and LP-DOAS observations. An estimate of the impact of smoothing on the retrieval results is
actually provided by the OEM retrievals themselves as the "smoothing error". The specified smoothing errors are also indicated
in Fig. S33 and indeed-slightly-larger-than-are similar to the standard deviation observed in in this test, meaning that for the

NO, UV

Occurence

-2 -1 0 1 2 -2 -1 0 1 2
Deviation [cm™3] lel0 Deviation [cm™3] lel0

Figure S33. Histograms of the observed deviations in surface concentration between raw and smoothed lidar/ radiosonde NO> 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 supporting NO, profiles.

S10 Participant’s own dSCD comparison results

This section shows the comparison results for the case where each participant uses dSCDs measured with his own instrument.
Evaluation and plots are fully equivalent to Sect. 3 in the main text. With DLR (German Aerospace Center, Oberpfaffenhofen,
Germany, marked by blue squares) and USTC (University of Science and Technology of China, Hefei, China, marked by green
squares), two other participants were included here, retrieving profiles with bePRO and HEIPRO, respectively. Gaps in the data
are mostly related to instrument malfunction during the campaign. Further, not all instruments covered the spectral range to

detect all desired species and the corresponding participants therefore do not appear in the respective plots.
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S10.1 Information content

Information on the averaging kernels and DOFS. This section is equivalent to Sect. S10.1 in the main text and Sect. S8.1 in

this supplement, respectively.

Median AVKs
S5 Aerosol UV Aerosol Vis
231 . F12
2.1 Median DOFS:  F11 _
1.91 2.3 H4/-0.6 r10 x
e 1 2.2 +/- 0.6 r9 o
= 1 8 =
C
o 4 F7
ERRE l6 5
209 t5 8
0.7 4 ¥
>
0.5 F3 <
0.3 2
0.1 F1
0.0 0.5 1.0
AVK row element value
HCHO
2.5
2.3 1 F12 A
2.1 F11 A
1.9 4 F10 A
- E 9 -
- - 8 -
- 7 -
- - 6 -
0.9 F5 A
0.7 Fa A
0.5 F3 A
0.3 F2 A
0.1 F1 A

Figure S34. Average AVKs for the retrieved species (median over participants, mean over time). 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 number next to the dots show the exact value in percent, which corresponds to the amount of retrieved information on the

respective layer. In the upper right of each panel, the DOFS (median among institutes, average over time) are given for clear-sky (green) and

cloudy conditions (red).
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Aerosol UV - median AVKs

AUTH® BIRA® INTA® DLR® BSUp
- bepro bepro bepro bepro priam
2.3 T H Hé H ¢ H F12 =
2.14 H $ H H H H F11 %
T 1.9 H 2.2 H H ¢ 1 H P 2 H 10 ©
kY, 1 i 2. i I 1 I 2. I -g £
3 1 | R R ] Nodata. |\ [ i I 7 E
S b -\ I H I\ H H Fr6e S
£ 0.9+ H ] H Ho H ) H F5 ©
= 0.7 A H 24 % H H 11 % H 24 % H F4 ©
0.5 - H 35 H H 17 H 34 H r3 ¥
0.3 1 H 043 H H 6 H 42 H L2 Z
0.1 H 9 93] H 77 79 H 4 87H F1
T L T T T — T T -1
0 1 0 1 0 1 0 1
AVK row element value
AIOFM? IUP-HD? UTOR? usTCy IUP-B?
.- priam heipro heipro heipro boreas
2.3 1 H H ¢ H H F12 -~
2.14 H H H H P11 %
£ 1.9 H H 2.2 H H F10 ©
E 7] I I 2. H H [9 <
3 A H No data. H H H F7 E
> | 1 1 1 1 _6 =}
£ 0.9+ H H H H F5 ©
£ 074 H H H H F4 O
0.1 I . - I I 1<
0 1 0 1 1

AVK row element value
Figure S35. Mean averaging kernels for Aerosol UV for each participant retrieving from their own dSCDs. Coloured values at AVK peaks

show the amount of retrieved information on the respective layer in percent. "DOFS" numbers are given for clear-sky (green) and cloudy

(red) conditions. Values in brackets are DOFS including flagging.
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Aerosol Vis - median AVKs
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Figure S36. Mean averaging kernels for Aerosol Vis for each participant. Description of Fig. S35 applies.
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HCHO - median AVKs
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Figure S37. Mean averaging kernels for HCHO for each participant. Description of Fig. S35 applies.
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NO, UV - median AVKs
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Figure S38. Mean averaging kernels for NO2 UV for each participant. Description of Fig. S35 applies.
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Figure S39. Mean averaging kernels for NO; Vis for each participant. Description of Fig. S35 applies.
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S10.2 Overview plots

This section is equivalent to Sect. 3.2 in the main text.
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Figure S41. Aerosol Vis extinction profiles retrieved from the participant’s own dSCDs. The lowest row shows AOT scaled ceilometer backscatter profiles, calculated
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as described in Sect. S4.1. Backscatter profiles, which were scaled from MAX-DOAS AOTs (and which are therefore not fully independent) are marked by red-pink

triangles. Maximum extinction values reach 20km ™!, exceeding the colour scale.
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Figure S42. HCHO concentration profiles retrieved from the participant’s own dSCDs. The "Surf"-row shows LP-DOAS surface concentrations.
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Figure S43. NO2 UV concentration profiles retrieved from the participant’s own dSCDs. The lowest row shows a combined dataset of NO» lidar, radiosonde,
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LP-DOAS and tower in-situ data. Redundant surface concentration measurements were averaged.
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Figure S44. NO, Vis concentration profiles retrieved from the participant’s own dSCDs. The lowest row shows a combined dataset of NO» lidar, radiosonde,

LP-DOAS and tower in-situ data. Redundant surface concentration measurements were averaged.



S10.3 Modelled and measured dSCDs

This section is equivalent to Sect. S10.3 in the main text.
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Figure S45. O, UV dSCD correlation when profiles are retrieved from the participant’s own dSCDs. Marker colours and marker shapes
indicate the cloud conditions and viewing elevation angles, respectively. Numbers represent the measurement error weighted RMSD between
measured and modelled dSCDs for clear sky (green) and cloudy (red) conditions. Values in brackets were calculated only considering valid

data.
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Figure S47. HCHO dSCD correlation. Legends of Fig. S45 apply.
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Figure S49. NO; Vis dSCD correlation. Legends of Fig. S45 apply.
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S10.4 Aerosol optical thickness (AOT)

This section is equivalent to Sect. S10.4 in the main text.
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Figure S50. MAX-DOAS AOTs retrieved from the participant’s own dSCDs in comparison to sun photometer data. Symbol and symbol

colours are chosen according to Table 2 in the main text. Transparent symbols indicate data flagged as invalid. Top row: MAX-DOAS median

results vs. the available supporting observations, according to the legend below the plot. Hatehed-The "institute scatter” areas {starting-at-the
top-ofthe-plot-show the scattering {standard-deviatiom-among the participants {enty-in terms of standard deviation with valid data considered

Jonly. 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 S51. Correlation statistics for AOTsretrievedfrom-the-partieipant’s-owndSEDs. The two left columns give an impression on the agree-
ment among the institutes, as they show the correlation of the individual participant’s retrieved AOT (ordinate of the underlying correlation

plot) against the median (abscissa). The two right columns show the correlation against the sun photometer AOT (partial AOT in the case

of OEM retrievals) instead of the median. Green and red symbols represent cloud-free and cloudy conditions, respectively. Fransparent
symbels-Hollow circles represent values for all submitted data, epague-symbets-the dots only consider data points flagged as valid. Fhe-pies
indieate-which-fraction-of-IN_is the total-number of profiles {+76)-which contributed to the respective data points above. The total number
of submitted profiles per participant and species were 170. On the right also the correlation between the MAX-DOAS median results and

supporting observations are included (grey shaded columns).

S10.5 Trace gas vertical column densities (VCDs)

This section is equivalent to Sect. S10.5 in the main text.

51



[10%6 cm=2]
9-12

Median

N

HCHO vertical columns

9-13 9-14

,,/*J-—w‘\:\ﬁ

9-15 9-16 9-17 9-18 9-19 9-20 9-21 9-23 9-28

0 Mﬂ*w#ww—%’hd\y—ﬁﬂ’%

o

cc Individual
k=

== Direct sun DOAS Direct sun error —— DOAS median UV Institute scatter UV (top row) | Mean specified error UV (second row)

Figure S52. Comparison of MAX-DOAS HCHO VCDs retrieved from the participant’s own dSCDs vs. direct-sun DOAS, NO- lidar and
radiosonde. Descriptions of Fig. S50 apply.
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Figure S53. Comparison of MAX-DOAS NO> VCDs retrieved from the participant’s own dSCDs vs. direct-sun DOAS. Descriptions of Fig.

S50 apply.
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Figure S54. Correlation statistics of trace gas VCDs retrieved from the participant’s own dSCDs. Legends and description of Fig. S51 apply.
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S10.6 Trace gas surface concentrations

This section is equivalent to Sect. S10.6 in the main text.
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Figure S55. Comparison of MAX-DOAS HCHO surface concentrations retrieved from the participant’s own dSCDs. Description of Fig.

S50 applies.
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