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1 Introduction
In this document, the results of validation and verification of the version 2.0-June 2020 of the Central
Processing System (CPS) are reported. This version of the CPS will be the core unit of the NDACC MAX-DOAS
Service to be launched in the second half of 2020.
The present CPS validation exercise covers three different aspects: verification of retrieval results for both
tropospheric and stratospheric products, verification of the CPS response to sample level-1 spectra files
with various ancillary contents, and assessment of the CPS performance in terms of computing time and
input/output data storage size. The approaches implemented for each of those tasks are the following:
1. Tropospheric products verification:
a) To perform MAPA versus MMF correlation analysis for vertical column density/AOD and
surface concentration/extinction for one summer and one winter month at a selection of
stations (Athens, Uccle, Bremen, De Bilt, Heidelberg, Ny-Ålesund, Izana). Only MAPA VAR
results are used here (so no MAPA 1.0 and MAPA 0.8) since only those results are used for
the MMF QC flagging for the creation of GEOMS files. Regarding the algorithm quality flag,
only data corresponding to MAPA flag=0 (no error) and MMF flag=0 (no error) or 1
(warning) are selected.
b) Same as a) but using CINDI-2 retrieval results obtained from the processing of level-1
spectra files created from CINDI-2 median dSCDs. NO2 and HCHO VCDs and surface
concentrations are also compared to ancillary data (direct-sun and long-path DOAS
observations, respectively)
c) Comparison to independent OEM retrievals performed by using the IUPB algorithm
BOREAS (Bremen station only, with focus on NO2 VCD and surface concentration and AOD)
2. Stratospheric products verification:
a) To compare retrieved total O3 and stratospheric NO2 VCDs to co-located satellite
observations (GOME-2 WFDOAS and OMI TEMIS, respectively) for one year of data
(2018.09-2019.09) at a selection of stations (Harestua, Bremen, Heidelberg, and La
Réunion).
b) To perform an overall quality check of the total O3 and stratospheric NO2 data sets
(consistency of the time-series, check on reported errors, test of the QC flagging, etc.).
3. Technical verification:
a) To create level-1 spectra files with different types of ancillary data, based on spectra
measured by the UHEID instrument during the CINDI-2 campaign on September 14, 2016
and to test the correct processing of those files.
b) To verify that the information in the GEOMS output product is an exact subset of the native
output product including ancillary data; to check the compliance of the produced GEOMS
files with the GEOMS templates.
4. CPS performance assessment:
a) Based on example level-1 spectra files, to estimate the computing time corresponding to
the different processing steps as well as the size of the corresponding input/output files.
Tropospheric and stratospheric products validation results are presented in Sections 2 and 3, respectively,
while the technical verifications and CPS performance assessment are described in Sections 4 and 5.
Summary and conclusions are given in Section 6.
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2 Tropospheric products validation
As stated in the Introduction, only data corresponding to MAPA VAR quality flag=0 (no error) and MMF
quality flag=0 (no error) or 1 (warning) are selected for the present validation study. It should be noted that
the overall QA flag that is applied for the selection of good scans to be reported in the GEOMS files is based
on a different approach than coinciding valid MAPA and MMF scans only and is described in Section 2.3.

2.1 Validation using data from selected stations
2.1.1

MAPA versus MMF correlation analysis

2.1.1.1 NO2 VIS and UV
Figure 1 and Figure 2 show the MAPA versus MMF correlation plots for NO2 VIS VCD for a sub-set of 3

stations and for the selected winter (January) and summer (August) months. The plots corresponding to the
other stations (De Bilt, Heidelberg, Mainz, Izana) can be found on the FRM4DOAS ftp server.

Figure 1. NO2 VIS vertical column density (in molec/cm2) correlation MAPA versus MMF for the Athens, Bremen, and
Uccle stations for August 2018 (2019 for Uccle; see upper plots) and January 2019 (lower plots). The black solid line
corresponds to the 1:1 line and the blue dashed line is the linear fit to the data. Legend colors indicate the different
telescope azimuth angles when applicable. Inlet shows linear fit statistics and total number of coinciding valid points.
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Figure 2. Same as Figure 1 but for NO2 surface concentration (in molec/cm3).

As can be seen from Figure 1, NO2 VCDs retrieved in the visible range by MMF and MAPA are highly
correlated, with correlation coefficients differing from unity by maximum 0.05 for both August and January.
In all cases, the slope is also very close to unity, with a maximum deviation from unity of 0.06. Regarding
the offset, it is almost always negative, meaning that there is a slightly positive offset of MMF against
MAPA. Since similar correlation and regression analysis results are obtained for all the other stations not
shown here (see Table 1; see also below the specific discussion on Ny-Ålesund results), the main conclusion
is that NO2 VCD VIS from MMF and MAPA agree very well for scans where both algorithms are flagged as
valid (MAPA flag=0 and MMF flag <2).
Regarding the NO2 surface concentration, the visual inspection of Figure 2 shows that the spread in the
scatter plots is larger and the correlation coefficients and slope values deviate more strongly from unity
than for the NO2 VCD. However, the agreement between MAPA and MMF NO2 surface concentrations is
overall still reasonable, with mean correlation coefficient and slope values of 0.86 and 1.05, respectively.
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Stations

Month

Correlation
VCD

Correlation
surf. conc

Slope
VCD

Slope
surf. conc.

Off-set
Off-set
Number
VCD
surf. conc.
of scans
(1e14)
(1e10)
Athens
2018.08 0.96
0.86
0.98
1.09
-1.04
-0.26
2045
Athens
2019.01 0.98
0.87
1.0
0.8
-2.53
-0.16
1612
Bremen
2018.08 0.95
0.86
1.01
0.89
-5.57
0.28
574
Bremen
2019.01 0.98
0.73
1.04
0.98
-7.61
0.24
278
Debilt
2019.12 0.99
0.83
0.97
1.32
0.18
-4.97
355
Debilt
2020.01 0.99
0.81
1.0
1.06
3.02
-1.7
164
Heidelberg
2019.08 0.97
0.89
0.97
0.96
4.94
-0.02
261
Ny-Ålesund
2018.08 0.94
0.87
1.01
0.87
-2.1
-0.05
69
Ny-Å. low
2018.08 0.94
0.92
1.1
0.95
-1.08
-0.08
75
Uccle
2019.01 0.99
0.86
0.94
1.72
1.83
-14.88
80
Uccle
2019.08 0.98
0.92
0.98
0.93
-2.51
0.05
386
Heidelberg
2019.01 0.92
0.92
1.06
1.01
25.66
3.83
8
Ny-Ålesund
2019.03 0.73
0.90
2.22
3.15
12.25
-0.36
7
Ny-Å. low
2019.03 0.91
0.83
2.16
2.34
-6.25
-0.29
16
CINDI-2
2016.09 0.99
0.88
1.0
1.0
-5.48
-1.02
56
Table 1. Summary of correlation statistics for NO2 VIS VCD and surface concentration. Note the low number of valid
points for Heidelberg in January 2019 and for the two Ny-Ålesund retrievals in March 2019, separated here by a
horizontal line from the rest of the table. Statistics for CINDI-2 data are also included (last line of the Table).

Similar correlation and linear regression analyses have been performed for the NO2 VCD and surface
concentration retrieved in the UV range by MAPA and MMF (see Table 2; corresponding scatter plots can be
found on the FRM4DOAS ftp server). The findings are the same as for NO2 VIS: (1) Although the deviation
from slope 1 is slightly larger than for NO2 VIS, and the offset in absolute terms is larger, the correlation is
also very good for NO2 VCD retrieved in the UV channel, and (2) the MAPA versus MMF agreement of the
surface concentration, although still reasonably good, is not so good as the agreement on VCD.
Stations

Month

Correlation
VCD

Correlation
surf. conc

Slope
VCD

Slope
surf. conc.

Off-set
Off-set
Number
VCD
surf. conc.
of scans
(1e14)
(1e10)
Bremen
2018.08 0.99
0.85
1.0
0.97
-6.98
0.39
624
Bremen
2019.01 1.0
0.94
1.06
0.91
-10.03
0.48
388
Heidelberg
2019.08 0.99
0.88
1.02
1.06
-12.36
0.69
198
Ny-Å. low
2018.08 0.97
0.98
1.01
0.87
-1.81
0.07
30
Ny-Å. low
2019.03 0.91
0.78
1.41
1.21
-5.26
-0.15
107
Uccle
2019.01 0.98
0.88
0.97
1.47
-4.83
-8.01
101
Uccle
2019.08 0.99
0.95
0.96
1.00
-5.20
0.91
465
Heidelberg
2019.01 1.0
0.98
1.27
1.35
-47.89
-3.4
8
Ny-Ålesund
2018.08 0.88
0.97
0.67
0.85
-1.80
0.12
28
Ny-Ålesund
2019.03 0.57
0.90
0.4
1.52
-3.67
-0.33
155
CINDI-2
2016.09 0.99
0.83
1.03
0.95
-11.83
2.49
66
Table 2. Summary of correlation statistics for NO2 UV VCD and surface concentration. Note the low number of valid
points for Heidelberg in January 2019 and the low slope values for the two standard Ny-Ålesund retrievals in August
2018 and March 2019. These three cases are separated here by a horizontal line from the rest of the table. Statistics
for CINDI-2 data are also included (last line of the Table).
Figure 3 illustrates the specific case of the Ny-Ålesund station which, apart from some local and ship

emissions events, corresponds most of the time to remote conditions. As can be seen, the use of a more
appropriate a priori profile significantly improves the level of agreement between MAPA and MMF,
especially in terms of correlation coefficient values. The new exponentially-decreasing a priori profile is
8

constructed using the minimum of monthly mean VCD values derived by applying the geometrical
approximation at 30°elevation, i.e. ~3e14 molec/cm2 instead of 9e15 molec/cm2 used for the FRM4DOAS
standard a priori profile. These findings encourage the use of station-specific a priori profiles, at least for
MAX-DOAS instruments operating under background conditions.

Figure 3. Upper plots: NO2 VIS vertical column density (in molec/cm2) correlation MAPA versus MMF for the NyÅlesund station in August 2018. Left plot corresponds to the use of the standard a priori in MMF while the right plot is
for the use of an a priori profile constructed from the minimum value of VCD monthly averages derived using the
geometrical approximation. The black solid line corresponds to the 1:1 line and the blue dashed line is the linear fit to
the data. Legend color indicates the telescope azimuth angle. Inlet shows linear fit statistics and total number of
coinciding valid points. Lower plots: same as upper plots but for NO2 UV VCD.

In the case of Ny-Ålesund in March 2019 (not shown here), it should be noted that both MMF and MAPA
show some strange NO2 VIS VCD values. The retrieved dSCDs are in fact almost all negative and hence all
those retrievals should have failed. This is not what is happening since a match of the variation with
elevation of the dSCDs is found for MMF but shifted towards positive dSCDs and an almost exact dSCD
match is found for MAPA, resulting in negative VCDs with negative contributions at almost all heights in the
retrieved profiles. These results show that a check is needed in the pre-processing step after calculating
dSCD w.r.t zenith and scans that have negative dSCDs for all elevation angles should be flagged.

9

The overall conclusion for NO2 VIS and UV is that the MMF retrieval results quality-controlled with MAPA
VAR data are in good shape and are mature enough for submission to the NDACC and EVDC databases (see
also Sect. 2.1.2, 2.1.3, and 2.3). It should be noted that for instruments for which both a UV and a VIS
channel is available, only the NO2 VIS product will be made available on NDACC/EVDC.
2.1.1.2 Evaluation of NO2 UV and VIS consistency
Tropospheric NO2 vertical columns are retrieved in two different spectral ranges, the UV and the visible.
While only the retrievals from the VIS fitting window are part of the final NDACC product, it is interesting to
evaluate the consistency of these retrievals.

Figure 4. Comparison of tropospheric NO2 vertical columns from the UV and visible retrievals on the Bremen
instrument data. Left: August 2018, right: January 2019. The top row shows MMF results, the bottom row MAPA
retrievals. The outliers in January are all from one day of measurements (January 25).

As shown in Figure 4 for the case of the Bremen measurements, the agreement between the UV and visible
retrievals is excellent for both MMF and MAPA for all three viewing directions and both seasons. Visually,
the correlation is better for MAPA than for MMF but it should also be kept in mind that much less
measurements pass the filtering.
There are two additional observations that can be made in the figure:


Data from January 25 do not agree as well as on other days. As this is the case in both MMF and
MAPA, it must be related to the slant columns. Comparison with BOREAS results based on IUP-UB
10



fits showed no such deviations. Apparently, QDOAS fits on this day yield different results for the
fitting window in the visible.
NO2 tropospheric vertical columns for the UV tend to be lower than those for the visible by a few
percent in summer but not in winter. One possible explanation for that finding would be an
incomplete correction for the temperature dependence of the NO2 cross-section, which is larger in
the visible than in the UV.

A similar comparison but based on data from Uccle and Heidelberg is shown in Figure 5. Again, excellent
consistency and an underestimation of UV columns relative to visible columns is found. However, in these
cases, the underestimation is larger and found for both seasons. A temperature effect is therefore not very
likely.
Overall, the comparison shows the excellent consistency between the retrievals from the two wavelength
windows. Remaining differences can provide an internal estimate of the uncertainties, and could help to
further improve the results in the future. It should however be kept in mind that the retrievals do not probe
exactly the same measurement volume and that their dependence on aerosol loading is different. This
could at least in principle be used to retrieve some information on the horizontal inhomogeneity of the
scene, which again is an important factor for the retrieval uncertainty and the applicability of the results for
satellite validation.

Figure 5. Comparison of MMF tropospheric NO2 vertical columns from the UV and visible retrievals on the Uccle (top)
and Heidelberg (bottom). Left: August 2018, right: January 2019.
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2.1.1.3 HCHO
Figure 6 shows correlation plots for HCHO VCDs for the Uccle, Bremen, and Athens stations. As for NO 2, the
plots corresponding to the other stations (De Bilt, Heidelberg, Ny-Ålesund) are available on the FRM4DOAS
ftp server. Correlation and linear regression statistics are presented in Table 3.
The HCHO VCD correlation for the winter months is found to be considerably worse (mean value: 0.75)
than for both NO2 UV and VIS (mean values of 0.99 and 0.96, respectively). For the summer month, this is
less true for the correlation coefficient (mean value of 0.94), but still true in terms of slope and offset.
Regarding the slope, it is most of the time larger than 1 (mean value of 1.5). As for NO2 under remote
conditions, these findings appeal for using station-specific time-resolved a priori profiles. Similar findings
are obtained for the HCHO surface concentration.
The overall conclusion in the case of HCHO is that this product is currently not mature enough for being
delivered to the NDACC and EVDC databases. Further investigation on the most appropriate a priori profile
to use is needed.

Figure 6. HCHO vertical column density (in molec/cm2) correlation MAPA versus MMF for the Uccle, Bremen, and
Athens stations for August 2018 (upper plots) and January 2019 (lower plots). The black solid line corresponds to the
1:1 line and the blue dashed line is the linear fit to the data. Legend colors indicate the different telescope azimuth
angles when applicable. Inlet shows linear fit statistics and total number of coinciding valid points.
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Stations

Athens
Athens
Bremen

Month

2018.08
2019.01
2018.08

Correlation
VCD

Correlation
surf. conc

Slope
VCD

Slope
surf. conc.

0.83
0.8
0.97

0.67
0.8
0.88

1.48
1.29
1.09

1.35
1.45
1.05

Off-set
VCD
(1e14)
-33.44
-26.71
-2.53

Off-set
surf. conc.
(1e10)
-1.16
-0.98
-0.21

Number
of scans
3121
1900
684

Bremen
2019.01 0.82
0.82
0.81
0.81
6.58
-6.58
203
Debilt
2019.12 0.73
0.74
1.85
1.90
-52.26
-2.25
281
Debilt
2020.01 0.56
0.66
1.62
2.24
-40.82
-2.89
108
Heidelberg
2019.08 0.96
0.89
1.22
1.05
-9.97
0.05
191
Ny-Å. low
2018.08 0.96
0.95
3.54
1.49
12.92
-0.21
64
Uccle
2019.01 0.83
0.93
0.91
1.49
-6.76
0.08
48
Uccle
2019.08 0.99
0.95
1.19
1.05
-11.96
-0.14
454
Heidelberg
2019.01 ------1
Ny-Ålesund
2018.08 0.87
0.92
3.23
1.60
-29.06
-0.31
74
Ny-Ålesund
2019.03 0.55
0.90
0.78
1.79
-13.58
-0.77
93
Ny-Å. low
2019.03 ------0
CINDI-2
2016.09 0.96
0.91
1.09
0.89
-6.27
0.66
37
Table 3. Summary of correlation statistics for HCHO VCD and surface concentration. The following cases are separated
here by a horizontal line from the rest of the table: Heidelberg in January 2019 (low number of valid points) and the
two Ny-Ålesund standard retrievals (presence of scans with only negative dSCDs). There are no valid points for the NyÅlesund low apriori retrievals in March 2019. Statistics for CINDI-2 data are also included (last line of the Table).

2.1.1.4 Aerosols
Examples of MAPA versus MMF AOD correlation plots for the Uccle and Bremen stations are presented in
Figure 7: Table 4 shows correlation statistics for all stations (see FRM4DOAS ftp server for the corresponding
plots).
Correlation coefficient and slope values are found to significantly deviate from unity for both UV and VIS
channels. This discrepancy between MAPA and MMF in terms of AOD indicates that further investigations
are needed before reporting AODs in the NO2 and HCHO GEOMS files. Ideally those investigations should be
done at stations where ancillary observations (e.g. sunphotometer, ceilometer) are available.
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Figure 7. AOD VIS (477 nm) correlation MAPA versus MMF for the Uccle and Bremen stations for August 2018 (upper
plots) and January 2019 (lower plots). The black solid line corresponds to the 1:1 line and the blue dashed line is the
linear fit to the data. Legend colors indicate the different telescope azimuth angles when applicable. Inlet shows linear
fit statistics and total number of coinciding valid points.

Stations

Month

Correlation
VIS

Correlation
UV

Slope
VIS

Slope
UV

OffOffNumber Number
set
set
of scans of scans
VIS
UV
VIS
UV
Athens
2018.08 0.61
0.28
1.0
0.77
0.0
0.09
2045
3128
Athens
2019.01 0.85
0.61
1.2
1.11
-0.04 0.0
1868
988
Bremen
2018.08 0.71
0.78
1.23
1.78
-0.01 -0.03
492
678
Bremen
2019.01 0.83
0.86
1.36
1.53
-0.05 -0.03
183
328
Debilt
2019.12 0.82
0.78
1.31
1.64
-0.05 -0.05
162
161
Debilt
2020.01 0.8
0.49
1.26
0.82
-0.04 0.06
76
45
Heidelberg
2019.08 0.85
0.66
1.49
2.1
-0.02 -0.07
227
176
Ny-Ålesund
2018.08 0.96
0.97
0.99
1.01
-0.01 0.06
186
179
Ny-Ålesund
2019.03 0.79
0.79
1.27
1.06
-0.05 -0.01
176
156
Uccle
2019.01 0.89
0.91
1.04
1.19
-0.02 -0.00
61
107
Uccle
2019.08 0.85
0.85
1.45
1.53
-0.04 -0.01
290
489
Heidelberg
2019.01 0.76
0.92
1.61
3.44
0.03
-0.54
6
8
CINDI-2
2016.09 0.68
0.85
1.58
0.88
-0.09 0.0
56
52
Table 4. Summary of correlation statistics for AOD UV and VIS. Note the low number of valid points for Heidelberg in
January 2019. Statistics for CINDI-2 data are also included (last line of the Table).

2.1.2 MAPA and MMF versus IUP-Bremen BOREAS retrievals
In addition to the internal consistency check based on comparisons between MMF and MAPA results, it is
also interesting to compare FRM4DOAS products with an independent retrieval, in this case the IUP-UB
BOREAS algorithm. Data are from a completely independent analysis using the IUP-UB processing chain
from the raw spectra to the profiles.
It is important to keep in mind that BOREAS is an Optimal Estimation based algorithm and as such more
similar to MMF than to MAPA. It also still is a relatively new algorithm and has some known deficiencies,
thus BOREAS results do not represent the true values but just an alternative retrieval.
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2.1.2.1 NO2
The first comparison performed is for NO2 tropospheric columns, and the results for one direction of the
Bremen data are shown in Figure 8. The agreement between MMF, MAPA and BOREAS results is excellent
and tight for both seasons, highlighting the robustness of this retrieval result and confirming the
conclusions from Section 2.1.1.1 on the maturity of this product.
The agreement for NO2 surface concentrations (see Figure 9) is less good but still fair. For the surface
concentration, some details of the retrieval have a larger impact on the results such as the exact vertical
layering, the definition of what should be taken as surface value and also the shape of the a priori profile
close to the ground. Keeping that in mind, the agreement can still be considered as good and supports the
release of this product.

Figure 8. Comparison of MMF (top) and MAPA (bottom) tropospheric NO 2 vertical columns for the Bremen station
with results from the IUP-UB BOREAS algorithm. Data for August 2018 are shown on the left, data for January 2019 on
the right. Only the 270° viewing direction is included.
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Figure 9. Comparison of MMF (top) and MAPA (bottom) surface NO2 concentrations for the Bremen station with
results from the IUP-UB BOREAS algorithm. Data for August 2018 are shown on the left, data for January 2019 on the
right. Only the 270° viewing direction is included.

2.1.2.2 Aerosols
A similar comparison between MMF, MAPA and BOREAS as shown for NO2 was also performed for aerosol
properties. The results for AOD are given in Figure 10. While the correlation between MMF and BOREAS is
good, comparison to MAPA is more scattered. In the case of MMF, there is a clear tendency for BOREAS to
yield higher values than MMF for AOD values larger than ~0.2, while on the other hand MAPA often
retrieves larger AOD than BOREAS. The fact that the agreement between MMF and BOREAS is better than
between MAPA and BOREAS is probably related to the larger similarity of the first two algorithms.
Comparison of the surface extinction values showed large dispersion (not shown), possibly due to an overconstrained aerosol profile in BOREAS.
As already discussed in Section 3.1.1.4, differences between MAPA and MMF AOD can be large, and this
product is not yet ready to be released. This assessment is confirmed by the comparison with BOREAS
results.
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Figure 10. Comparison of MMF (top) and MAPA (bottom) AOD for the Bremen station with results from the IUP-UB
BOREAS algorithm. Data for August 2018 are shown on the left, data for January 2019 on the right. Only the 270°
viewing direction is included.

2.1.3 Evaluation of FRM4DOAS-based satellite NO2 AMFs
One of the applications of the vertical profiles retrieved from MAXDOAS measurements is their use as a
priori in satellite retrievals, either directly or at least for validation of the a priori assumptions made in the
satellite retrievals. Thus, computation of satellite AMF values from the FRM4DOAS vertical profiles of NO2 is
of interest and has been performed.
As the aim here is not to apply these AMFs to satellite data retrieval, a simplified calculation was performed
using





Constant albedo of 5%
Surface altitude of 0m
Exact nadir viewing geometry
No aerosols or clouds

Diurnal variation of the SZA was however taken into account.
As a first comparison, AMFs based on MAPA and MMF profiles are compared for Bremen and Uccle in
Error! Reference source not found.. Air mass factors vary roughly between 1.0 and 2.0, indicating that the
retrieved profiles have a significant impact on the AMF and that the results are in the expected range.
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There does not appear to be a systematic difference for the three viewing directions in Bremen and also
not between the two seasons.

Figure 11. Comparison of MMF and MAPA based satellite AMFs for Bremen (top) and Uccle (bottom). Data for August
2018 are shown on the left, data for January 2019 on the right.

Comparing the results based on MMF and MAPA profiles, it is obvious that MMF based air mass factors are
larger in nearly all cases. This can only be explained by MMF profiles having higher NO 2 concentrations at
higher altitudes where the satellite sensitivity is larger. This is indeed the case as illustrated in Figure 12
with median profile comparison for the Mainz station. While the differences between MMF and MAPA
based AMFs appears large at first glance, it is nearly always within the range of 20% which can be
considered good agreement and demonstrates the good consistency between the two retrieval algorithms
in terms of vertical NO2 profile. The systematic difference, however, is important and should be evaluated
in more detail in the future with the aim of establishing, which of the two results is closer to the true
atmospheric NO2 profiles. This feature could be related to the fact that box-profile assumption is currently
made in the MAPA retrieval, with concentration set to 0 above the box. A priori profile assumption in MMF
(exponentially-decreasing shape) could also partly explain this overestimation by MMF at higher altitude. A
relevant sensitivity test would be to make retrievals using the same profile shape assumption in both
algorithms.
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Figure 12. Comparison of MMF and MAPA median NO2 vertical profiles for Mainz for April 2020.

While for Bremen no systematic difference was found between the three viewing directions, the situation
in Athens is different. Here, the instrument is located at the perimeter of the city, with several viewing
directions covering the city centre and others pointing away from the city towards rather unpolluted
regions.
Comparing the air mass factors computed for profiles from two directions (see Figure 13, one pointing
towards the city and one to a background region, a systematic difference is found, the city values being
smaller than those for the background region. This difference is to be expected as the NO2 profile over the
pollution hotspot in the city has a maximum close to the surface, while NO2 in the background region is
probably better mixed in the vertical. The results therefore nicely demonstrate how the MAX-DOAS
technique is able to distinguish the vertical profiles in these two directions, and that this information is
relevant in the context of satellite air mass factors for a city such as Athens.

Figure 13. Comparison of MMF based satellite AMFs for two viewing directions of the Athens instrument for August
2018. The purple line shows AMFs for the city centre, the orange line for a measurement direction towards a less
polluted background region.

As discussed in Section 3.1.1.2, the NO2 columns and profiles can be determined in two wavelength regions,
one in the UV and one in the visible. The tropospheric vertical columns determined in these two fitting
windows are very consistent, and it is interesting to evaluate, whether this is also true for the NO2 profiles.
As shown in Figure 14, the air mass factors computed from the profiles derived in the UV and visible fitting
windows for Bremen are very consistent in summer with no apparent separation by viewing direction,
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neither for MMF, nor for MAPA. In winter, there appears to be some separation between viewing
directions, which in principle could be linked to differences in the horizontal distance to pollution sources,
but could also be a coincidence in a relatively small data set.
In summary, the evaluation of the air mass factors based on FRM4DOAS profiles shows good consistency
between the two retrieval algorithms with systematically higher MMF than MAPA AMFs. The variability in
the computed AMFs as well as the viewing direction dependency found for Athens underline the potential
of the MAXDOAS measurements to provide the level of information on the vertical distribution of NO 2,
which is needed to compute AMFs appropriate for satellite observations.

Figure 14: Comparison of satellite AMFs based on UV and visible profiles for MMF (top) and MAPA (bottom). Data
from Bremen is shown for August 2018 (left) and January 2019 (right).

2.2 Validation using CINDI-2 data
In addition to the stations’ data, CINDI-2 measurements are also used to validate the MAPA and MMF
algorithms. For this purpose, sample level-1 spectra files are created from CINDI-2 median dSCDs and
processed by the FRM4DOAS processor. The correlation of MAPA and MMF retrieval results is then
assessed for NO2 UV and VIS, HCHO, and AOD. Comparison to ancillary data is also performed for NO 2 and
HCHO VCDs and surface concentrations.
2.2.1 Level-1 spectra files from CINDI-2 median dSCDs
Sample netCDF spectra files were created using the median dSCDs measured by all participants of the
CINDI-2 campaign for the period of 11.9. – 27.9.2016. For this purpose, synthetic spectra were simulated by
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IUP-HD using the HeiDOAS software. These include absorptions of O4, NO2, and formaldehyde. Absorption
features of these trace gases, simulated by scaling the according high-resolution absorption cross sections
with the median dSCDs from the CINDI-2 campaign, were applied to the high-resolution solar Fraunhofer
spectrum by Chance and Kurucz (2010). The spectra were then convoluted using a Gaussian instrumental
function with 0.6 nm FWHM and binned on 1024 spectral channels using a linear dispersion of 0.1 nm,
covering the wavelength ranges of 300 – 402.3 nm and 400 – 502.3 nm, which represent the UV and Vis
channels, respectively, of a virtual MAX-DOAS instrument. Broad-banded structures and Raman scattering
were not included in the simulations. Finally, Gaussian noise approximately corresponding to the median fit
error of the according measurement has been added to the spectra. Daily netCDF files containing these
simulated spectra, but no ancillary data, have been created and submitted to the FRM4DOAS central
processor.
2.2.2

MAPA versus MMF correlation analysis

MAPA versus MMF correlation plots for HCHO and NO2 VIS and UV VCD and surface concentration are
presented in Figure 15. Figure 16 shows correlation plots for AOD VIS and UV.
For trace gas VCDs, a good agreement is found between MAPA and MMF with correlation coefficient and
slope values deviating from unity by maximum 0.04 and 0.09, respectively. The corresponding deviations
for surface concentration are 0.11 and 0.19, indicating therefore that MAPA and MMF show a slightly
worse agreement for surface concentration than for VCD.

Figure 15. Upper plots: CINDI-2 NO2 VIS, NO2 UV, and HCHO vertical column density (in molec/cm2) correlation MAPA
versus MMF. The black solid line corresponds to the 1:1 line and the blue dashed line is the linear fit to the data.
Legend color indicates the telescope azimuth angle. Inlet shows linear fit statistics and total number of coinciding valid
points. Lower plots: same as upper plots but for NO2 UV VCD. Lower plots: same as upper plots but for surface
concentrations.
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Regarding AOD, a reasonably good agreement is found between MAPA and MMF, with correlation
coefficient of 0.85 (UV) and 0.86 (VIS) and slope values of 0.88 (UV) and 1.14 (VIS).
As for the correlation study based on stations data, a better agreement is found between MAPA and MMF
for NO2 than for HCHO and AOD.

Figure 16. CINDI-2 AOD VIS (left) and AOD UV (right) correlation MAPA versus MMF. The black solid line corresponds
to the 1:1 line and the blue dashed line is the linear fit to the data. Legend color indicates the telescope azimuth angle.
Inlet shows linear fit statistics and total number of coinciding valid points. Lower plots: same as upper plots but for
NO2 UV VCD.

2.2.3

Comparison to ancillary data

MAPA and MMF HCHO and NO2 retrieval results based on CINDI-2 median dSCDs are compared to relevant
ancillary observations that were performed during the campaign, i.e. direct-sun NO2 and HCHO column
data and long-path DOAS surface concentrations as shown in Figure 17 and Figure 18.

Figure 17. Upper plot: comparison of MAPA (cyan) and MMF (black) NO 2 VCDs with co-located direct-sun observations
(in red). Lower plot: comparison of MAPA (cyan) and MMF (black) NO2 surface concentrations with co-located longpath DOAS observations (in red). Numbers of MMF and MAPA valid data points appear at the upper right corner of
each plot.
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Figure 18. Same as Figure 17 but for HCHO.

A good overall agreement is found between MAPA and MMF and the correlative data sets, with retrieval
results capturing well the diurnal variations of the HCHO and NO2 VCD and surface concentration as well as
their day-to-day variability throughout the campaign.

2.3 Overall QA flag
TROPO validation results presented here are based on scans that pass the individual MMF and MAPA QC
flagging (MMF flag <2 and MAPA flag=0). During the progress meeting in MPIC, it was decided that (1) MMF
retrieval results are the official FRM4DOAS TROPO products, and (2) MAPA is used to control the quality of
MMF data reported in the GEOMS files that will be made available on the NDACC and EVDC databases.
In this Section, the overall QA flag that is applied for the selection of good scans to be reported in the
GEOMS files is described. It includes the following four tests:





VCD consistence check: MAPA and MMF VCD's of a scan should agree within 0.5 of their error bars.
Profile consistence check: The RMS of the profile scaled with the sum of the sums of profiles is
calculated and should be below 1/10.
One of both MMF and MAPA codes should be flagged as no error
Extra dSCD error check: For scans that are processed with a noon reference, an extra error was
added to the dSCD, calculated by the difference of the zenith dSCD before and after the scan and a
linear fit through 4 consecutive data points. This error should be smaller than a factor of three than
the DOAS fit error on the dSCD.

Figure 19 shows the impact of the overall flag on the MAPA versus MMF correlation compared to the case
where only the MMF and MAPA code flags are used. On average with this overall QA flag: (1) more scans
are flagged as successful than when using coinciding valid code flags only, and (2) the agreement between
MMF and MAPA is found to be better for both VCDs and surface concentrations (see corresponding results
of the correlation analysis in Figure 19).
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Figure 19. Comparison of valid only and overall QA flagging approaches on NO2 VCD (upper plots) and surface
concentration (lower plots) for Athens in August 2018. The corresponding number of scans that pass the QA flags are
2045 and 4603.

3 Validation of stratospheric products
3.1 Total O3 column
3.1.1 Overall quality check
A first visual quick check of the stratospheric O3 FRM4DOAS product showed the expected behaviour in
terms of absolute values, variability, seasonality, latitudinal variation and lack of diurnal variation. The
highest columns are found in spring in Harestua, the lowest values in La Réunion, the tropical site. There,
also the variability is smallest as expected and it increases with latitude. The uncertainties provided in the
files are of the order of magnitude of a few percent, which is the expected range of values.
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3.1.2 Comparison to satellite observations and NDACC standard AMF-based product
While validation of ozone columns should be done with highly accurate observations from the Dobson or
Brewer instruments, a consistency check can be provided by comparison with satellite data. Here,
FRM4DOAS data are compared to the IUP-UB WFDOAS GOME2-A product. For technical reasons, the
satellite data set is unfortunately not homogeneous but changes from V2 to V4 end of February 2019. Any
changes around this data are therefore linked to the satellite data, not the FRM4DOAS product.
As can be seen in Figure 20, the overall consistency between FRM4DOAS and GOME2-A time series is good
at Harestua, Bremen and Heidelberg. There are some biases between the instruments, with very good
agreement in Harestua for V2 data (up to end of February 2019) and a positive offset of the satellite data
after that. Also for Bremen, a change in offset is apparent, but it is smaller and the agreement is better for
the V4 data than for the V2 data. In Heidelberg, the satellite data are generally lower than the FRM4DOAS
observations, and the difference is slightly smaller for the V4 data. In this case, the FRM4DOAS data appear
to be on the high side, in particular considering that in Bremen, the agreement is better and no large
differences are expected in the O3 columns between these two locations.
For La Réunion (Maïdo, 2200m altitude), the agreement between satellite and FRM4DOAS data is better
than for the other stations, but a more detailed look at the data reveals an unexpectedly large diurnal
variation of the FRM4DOAS columns (Figure 21), the PM values being closer to the satellite record. After
investigation, this feature is found to be related to an instrumental problem (time shift in recorded spectra
due to clock-synchronisation problems, leading to erroneous solar angle calculation) and the limitation of
the SZA coverage of the NDACC O3 AMF look-up tables (no AMF value for SZA smaller than 30° leading to
extrapolation issues around local noon in the tropics). As illustrated in Figure 22, after solving this
instrumental issue and using standard AMFs at SZA smaller than 30°, the unexpected large diurnal variation
of the FRM4DOAS O3 columns disappears and a very good consistency is found with collocated SAOZ
measurements performed at Saint-Denis and the TM3 product data (assimilated ozone fields based on
GOME data; http://www.temis.nl/gofap/tm3doc/tm3dam.html).
After correction for this problem at La Réunion, the FRM4DOAS stratospheric O3 columns appear to be in
excellent shape for all selected stations.
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Figure 20. Left: Comparison of FRM4DOAS vertical O3 columns with the IUP-UB WFDOAS ozone product for GOME2-A.
Stations are from top to bottom: Harestua, Bremen, and Heidelberg. Right: Difference GOME2-A – FRM4DOAS
column.

Figure 21. FRM4DOAS O3 vertical columns in La Réunion. Left: AM and PM values with the corresponding error bars.
Right: AM and PM values together with the WFDOAS GOME2-A time series.

Figure 22. FRM4DOAS O3 vertical columns at La Réunion after correction of instrumental and O3 AMF look-up table
issues (AM new, PM new). SAOZ columns measured from Saint-Denis (sea level), TM3 product data, and BIRA off-line
retrieval results (MVR AM, MVR PM) are included in the plot for verification.
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3.2 Stratospheric NO2 vertical profile and column density
3.2.1 Overall quality check
A first quick look at the stratospheric NO2 columns is provided in Figure 23. As can be seen, the data show
the expected seasonality with a maximum in summer, the expected diurnal variation with lower AM than
PM values and a decrease in seasonality towards the tropics. In contrast to the O3 columns, contamination
of the stratospheric NO2 columns with tropospheric NO2 is a concern in polluted places, and it is important
to filter the data for such values. As shown in Figure 23 for Harestua, using only data without error flags
successfully removes most of the outliers and this is also the case for the other stations. Further removing
also values without warning flags has little impact for Bremen, Heidelberg and La Réunion but removes
nearly all summer values in Harestua. This is neither expected nor desirable, as the values appear to be
perfectly fine.
In spite of the filtering, there remains some scatter in the data for Bremen and Heidelberg, which is
probably linked to residual impact of the tropospheric NO2 (see also Section 3.2.2).

Figure 23: Stratospheric NO2 VC for the four stations Harestua, Bremen, Heidelberg and La Réunion. Filled symbols are
for AM, open symbols for PM. Dark green symbols are for data without errors or warnings; for Harestua, light green
points show additional values without error flags but with warning flags, and red points indicate values with error
flags.

In addition to the NO2 vertical columns, also stratospheric NO2 profiles are provided in the FRM4DOAS
product, separated for morning and evening twilight. An overview of these profiles is shown in Figure 24 for
all four stations. All the qualitative criteria discussed above can also be seen in these figures. With respect
to the vertical distribution, a NO2 layer at an altitude of 15 – 30 km can be seen for all stations, with some
seasonal variation. Surprisingly, the profile often appears to have a double peak structure, the lower branch
being lower than expected. This feature is found to be more marked for high S/N ration research-grade
instruments (Harestua, Bremen, La Réunion) than for lower S/N ratio commercial instruments (EnviMes
spectrometer in Heidelberg). Sensitivity tests on the optimal estimation retrieval settings showed that
those oscillations in the vertical profiles originate from the use of too large NO2 concentration variance
values for the construction of the a priori covariance matrix Sa and the very low random error on NO2 dSCDs
coming from the DOAS fit in the case of the research-grade instruments (up to an order of magnitude lower
than for the EnviMes at SZA larger than ~89°, as illustrated in Figure 25). When using lower NO2
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concentration variance values and increasing artificially the random error on NO2 dSCDs, the double peaks
disappear for the research-grade instruments retrieval results, as shown for the Bremen station in Figure 26.

Figure 24. Stratospheric NO2 profiles for morning (left) and evening (right) twilight. Stations are from top to bottom:
Harestua, Bremen, Heidelberg, La Réunion.

Figure 25. Example of NO2 dSCDs and corresponding random errors for the Bremen research-grade and the Heidelberg
EnviMes instruments.

28

Figure 26. Stratospheric NO2 vertical profiles retrieved at sunrise (90° SZA) for the Bremen station using standard
optimal estimation settings (upper plot) and modified settings (lower plot). For the standard settings, the random
error on NO2 dSCDs coming from the DOAS fit is used as is in the retrieval and the variance for the diagonal elements
of the Sa matrix is fixed to 30%. For the modified settings, the random error on NO 2 dSCDs is artificially increased by a
factor of 3 and the variance value for Sa is fixed to 20% in order to get a degree of freedom for signal of ~2 (instead of
3-3.5 in the case of the standard settings).

Similar impact when using the modified settings are obtained for the other research-grade instruments
(Uccle, Harestua), but not for Izaña where double peaks are still found with the modified settings.
Examination of the a priori profiles (SLIMCAT/PSCBOX model output) shows that double peaks are present
already in those profiles at sub-tropical latitudes but not at mid- and high-latitudes. At first glance, these
findings seem to indicate an artefact in the a priori profiles used in the retrieval. However, double peaks are
also found for sub-tropical latitudes in a climatology based on POAM-III and HALOE solar occultation
measurements (not shown here), which indicates that those double peaks are likely real. Their origin(s) is
not fully understood so far. They could be related to dynamical effects specific to the subtropical regions
(presence of multiple tropopause heights, e.g. Rodriguez-Franco and Cuevas (2013); high tropopause areas
meeting areas with lower tropopause heights) and/or to chemical effects (more efficient conversion of
N2O5 into HNO3 on aerosols due to the presence of larger aerosol amounts in the sub-tropical region).
Based on these results, the QA flagging for stratospheric NO2 profiles has been modified as follows:
retrieved profiles with double peak are flagged as ‘bad’ if double peaks are not present in the
corresponding a priori profiles.
3.2.2 Comparison to satellite observations
Proper validation of the FRM4DOAS stratospheric NO2 columns is difficult as usually this type of
measurements is considered as a validation data set itself and no other long-term measurements are
available. Therefore, the NO2 columns are here compared to a satellite-based product, the TEMIS OMI
stratospheric NO2 columns (http://www.temis.nl). It should be noted, that this product is actually a
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modelled stratospheric column but with the OMI data over clean regions assimilated to correct for model
biases.
As the diurnal variation of stratospheric NO2 is large, and OMI overpass is usually around local noon, a
photochemical correction based on stratospheric model calculations (Hendrick and Verhoelst, private
communication) is applied to the satellite data to transfer the values to what is expected at the time of the
FRM4DOAS twilight columns.

Figure 27. Left: Comparison of FRM4DOAS AM and PM NO2 stratospheric columns with the assimilated OMI
stratospheric NO2 product from TEMIS, photochemically corrected to match the measurement time of the DOAS
instruments. Right: Difference FRM4DOAS – OMI NO2 column. Stations are (from top to bottom): Harestua, Bremen,
Heidelberg, La Réunion.

In Figure 27, the results of the NO2 comparison are shown for all four stations. As can be seen, the
agreement between the satellite-based product and the FRM4DOAS data is very good at all stations with
respect to absolute values, seasonality and diurnal variation. In Bremen and Heidelberg, increased scatter
of the ground-based DOAS data is apparent and linked to tropospheric pollution events. Also, there is
indication for larger differences between the data sets in Harestua and Bremen in the April to June period
when the timing of rapid dynamical changes is not exactly reproduced in the model used for the OMI
stratosphere. It can also be seen that the agreement is generally better in the morning, a result which was
already found in earlier comparisons and is probably linked to a misrepresentation of daytime reservoirs
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and their photolysis in the TM4 model. In La Réunion, differences are smallest and there is no impact of
pollution. However, there appears to be a small systematic bias which could be linked to either model or
ground-based data.
In summary, the stratospheric NO2 columns in the FRM4DOAS product are in excellent shape with the
exception of the too tight warning criteria applied for Harestua in summer. These criteria have been
optimized in the updated version of the algorithm. The NO2 profiles appear reasonable but have a tendency
to show a double peak structure for most stations where research-grade instruments are operated.
Sensitivity tests have indicated that this feature is related to the very low random error on the NO 2 dSCD
derived with such instruments and these results appeal for a better characterisation of this error and its
impact on the stratospheric NO2 profiling. In the sub-tropical region, double peaks might be real since they
are also observed in profiles retrieved from satellite solar occultation measurements. Overall, this
validation exercise indicates that the FRM4DOAS stratospheric NO2 product is not mature enough to be
submitted on the NDACC and EVDC databases and further consolidation work is needed.

4 Technical verification
4.1 Central processing system response to various level-1 spectra file contents
Level-1 test files in netCDF format were created using spectra measured by the UV channel of the UHEID
instrument during the CINDI-2 campaign on September 14, 2016. Different versions of this input file with
different kinds of ancillary data as listed in Table 5 were created with the purpose of testing the correct
processing of these by the operational system and the consistency of the retrieved data products.
Version

Description

Purpose

fv000
fv001
fv002

No ancillary data
Default T/p profile for Cabauw
Default T/p profile for Harestua

fv003

T/p surface values for Cabauw

fv004

T/p surface values for Harestua

fv005

50% cloud coverage at 2 km height,
cloud_times = spectra times

Baseline scenario
Should yield results identical to fv000
Test sensitivity to T/p profile
Test extrapolation of surface values;
results should be similar to fv000
Test extrapolation of surface values;
results should be similar to fv001
Should not affect data products since
cloud information is not processed yet

fv006
fv007
fv008
fv009
fv010
fv011

Aerosol data at single wavelength (340 nm)
covering entire measurement period
Aerosol data at single wavelength (340 nm)
not covering first and last elevation
sequence
Aerosol data at single wavelength (340 nm)
and single time around noon
Aerosol data at two wavelengths (340 nm
and 675 nm) and single time around noon
Aerosol data at two wavelengths (675 nm
and 1020 nm) and single time around noon
Surface albedo at system default (0.06)

Test of correct temporal interpolation of
aerosol data
Test of correct temporal extrapolation
of aerosol data
Test of correct processing of aerosol
data at single time
Test of correct wavelength interpolation
of aerosol data
Test of correct wavelength
extrapolation of aerosol data
Should yield results identical to fv000
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fv012
fv013

High surface albedo (0.9)
T/p profile for Cabauw, but with NaN as time
stamp

Test sensitivity to surface albedo
Test reaction on invalid ancillary data

Table 5. Description of the ancillary data in the different input file versions.

Figure 28 illustrates the data flow within the central processor, which is as follows:
1. The group ANCILLARY in the netCDF output files contains a direct copy of the ANCILLARY group
from the input file.
2. Input ancillary data are interpolated on the time of the retrieved profiles, which is defined as the
centre time of each elevation scan. Ancillary data missing in the input file are filled with default
values by the FRM4DOAS processor. The ancillary data interpolated in time, wavelength and
altitude are stored in the following data groups of the netCDF output files:
 PROFILE/PRESSURE_TEMPERATURE: pressure and temperature profiles. If only surface
temperature is given in the input file, then the temperature decreases linearly with altitude
from the given surface value to the default value at 10 km altitude, and the temperature above
is equal to the default. The pressure profile is calculated using the barometric height formula
with the surface pressure as given in the input file.
 PROFILE/AEROSOL_DATA: aerosol single scattering albedo and asymmetry parameter
3. Pressure and temperature profiles interpolated on the vertical grid of both retrieval algorithms
(layers of 200 m thickness from the surface to 4 km) are stored in the PROFILE/MMF/ and
PROFILE/MAPA groups.

Figure 28. Data flow of ancillary data within the FRM4DOAS central processor

The following aspects were tested with respect to the processing of ancillary data:





Are ancillary data in output files equal to input data?
Are correct default values used when no ancillary input data present?
Are T/p profiles correctly interpolated on retrieval grids?
Are surface T/p values correctly merged with default profiles?
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Are aerosol properties correctly interpolated in time and wavelength?
Do profiles agree if ancillary data equals default values?

Results of this verification exercise are presented in Section 4.1.1 and Section 4.1.2 below.
4.1.1 Verification of the correct treatment of ancillary data
The ancillary data present in the output files were as expected in all cases, confirming their correct
ingestion and treatment by the FRM4DOAS central processor. The only exception are temperature and
pressure profiles, which are given on a coarser grid in the central processor if only surface values of
temperature and pressure are specified in the input file (see Figure 29).

Figure 29. Vertical profiles of pressure (left) and temperature (right). Black: default profile for Cabauw; Red and blue:
profile used by the central processor if surface temperature for Cabauw and Harestua, respectively, are given in the
input file.

4.1.2 Verification of retrieval results
The correct processing of ancillary data by the profile retrieval algorithms was tested as follows: For each
input file, an additional run of the central processor was performed using default ancillary data that match
the ancillary data of the respective input file. For example, a run named fv000_fv002 was created using T/p
profiles from Harestua as default of the central processor. This has been compared with input file fv002,
which includes T/p profiles from Harestua as ancillary data. For time-dependent aerosol properties (fv006
and fv007), this procedure includes runs with inter- and extrapolated aerosol properties as default values in
the central processor (fv0000_fv006_beginning and fv000_fv006_end).
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Table 6. Verification of MMF and MAPA-var vertical profiles for input files with different ancillary data. The upper part
shows the relative RMS difference of vertical profiles for pairs of profiles that should agree, the lower part pairs of
profiles that are expected to not agree.
1
Corresponding MAPA profiles were flagged as invalid

The upper part of Table 6 shows the RMS difference of vertical profiles relative to the total column for pairs
of runs that are expected to agree because input ancillary data matches the default of the central
processor. The lower part shows the relative RMS difference between the base run (fv000) and runs with
different ancillary data, where a disagreement between the output files is expected. The following
conclusions can be drawn:


The response of the central processor to aerosol microphysical properties is as expected, with
aerosol properties being correctly interpolated in wavelength and time.



As expected, the MAPA_var aerosol retrieval is insensitive to aerosol microphysical properties
because these are fixed parameters in the MAPA lookup tables.



As expected, the MAPA_var trace gas retrieval is sensitive to aerosol properties only because of the
Ångström exponent that determines the wavelength dependence of the aerosol extinction
coefficient.



There are small differences (< 2%) between baseline runs and runs where the pressure and
temperature profiles in the input files match the default. This is probably due to the interpolation
of profiles from different vertical grids on the retrieval grid of the central processor.



Differences are larger (up to 4%) if surface pressure and temperature values matching the default
are specified in the input file. This is probably because the profiles created by the central processor
based on surface values are sampled on a coarser grid than the default T/p profiles (see Figure 29).

4.2 GEOMS output files verification
A subset of 10 files, 2 for each of the products: offaxis NO2-UV, offaxis NO2-VIS, offaxis HCHO, zenith NO2,
zenith O3, was transformed to GEOMS files for verification. The files contained measurements of 2 August
2018 (offaxis) and 10 September 2018 (zenith) from Bremen and 16 August 2019 (offaxis) and 8 September
34

2018 (zenith) from Heidelberg. Aerosol profiles were not transformed to GEOMS files. The goal was to
verify that the information in the GEOMS output product is indeed an exact subset of the native output
product, and that the data and metadata is not modified in any way.
The methods and detailed results can be found in the Annex. Here we summarise the issues initially found
and subsequent action taken afterwards to resolve them (in italic, starting with ‘-->’).
The information in the GEOMS output product was (in most cases) a traceable subset of the information in
the native output product, but many variables have undergone a transformation from one file to the other,
which makes the verification difficult.
The following issues have been identified:
-

-

use of HCHO instead of H2CO --> fixed
data filtering of offaxis products was not completely according to description --> fixed
DATETIME.START and DATETIME.STOP show inconsistencies --> turned out to be confusion about
which fields from the native product were actually used in the GEOMS product; some obsolete time
fields have been removed in the native product
INTEGRATION.TIME for O3 zenith products shows inconsistencies --> is fixed by using the same
precisions in the native file and the GEOMS file.
mixing ratio AVK for NO2 zenith products is not according to description --> is fixed in the processor
uncertainty for tropospheric column is not according to description --> turned out to be an error in
the description
zenith vertical column AVK are wrongly filled --> this issue was reported, but could not be
reproduced, so probably not an issue
NO2 zenith vertical column random uncertainty is not according to description --> is fixed in the
processor

Other remarks that followed from this study are:
-

-

verification dataset contains no aerosol profiles --> this is because aerosol profiles will not yet be
distributed
one of the files contains no measurements --> for days without valid measurements no GEOMS files
will be produced.
definition of altitude of instrument is not consistent with GEOMS template --> the project team
decided to leave this as is, since the current definition is commonly used both in the FTIR and the
UV-VIS GEOMS files.
global attribute ‘DATA_SOURCE’ is currently not following the GEOMS requirement, but it is
compliant with the new proposed NDACC rules --> following the new NDACC rules
global attribute ‘DATA_FILE_VERSION’ is not consistent with the use as channel number in the
filename --> this is changed and is consistent now
no flags are set for clear-sky or cloudy (also not in the native file), only broken clouds or empty is
used --> this is intentional
measurement times in native O3 zenith file seem internally inconsistent --> turned out to be a
confusion on the definition of the many time fields; some confusing time-fields have been deleted in
the native files.

A few additional recommendations were formulated:
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-

Distribute only one offaxis NO2 product per instrument, and do not use channel number in the
filename --> this is now done
Make a document describing all transformation formulas to go from native file to GEOMS file; and
verify the formulas with each processor change --> this will be part of the documentation

Even better: make the transformations in the native file, so that the conversion to GEOMS does not
concern calculations (other than unit conversions) --> this will not be done.
After corrections and implementation of the above changes, GEOMS files produced by the CPS are found to
successfully pass the NDACC QA/QC checks.

5 CPS performance assessment
In this Section, the assessment of the CPS in terms of computing time and input/output data files storage
size is presented. This is an important task in the perspective of the future NDACC MAX-DOAS Service
upscaling as part of the Copernicus follow-up project.
Both parameters are evaluated based on the central processing of one day (20/06/2020) of level-1 spectra
files for two different instruments: the Bremen UV and VIS dual-channel and the Athens UVVIS single
channel instruments (~55 and ~330 MAX-DOAS scans per day for the selected day, respectively). Results are
presented in Table 7 and Table 8, respectively.
L1

QDOAS/
QDOAS_QAQC

TROPO
~55 scans
(~330 scans)

NO2strato

O3total

TOTAL

Channel 1 - UV

15s

30s

12 min

-

-

~13 min

Channel 2 - VIS

15s

30s

10 min

~15s

~15s

~11 min

Athens

15s

30s

70 min

~15s

~15s

70 min

Table 7. Computing times corresponding for the different steps of the central processing.

L1
/MB

QDOAS
(_QAQC)
/MB

TROPO
/MB

NO2strato
/MB

O3total
/MB

TOTAL
/MB

Channel 1 - UV

~3 (x2)

~1 (x2)

~4

-

-

~12

Channel 2 - VIS

~3 (x2)

~1 (x4)

~3

~0.3

~0.3

~14

Athens

~15 (x2)

~3 (x4)

~15

~0.3

~0.3

~60

Table 8. Storage sizes corresponding for the different steps of the central processing.

As can be seen from Table 7, the computing time is the largest for the TROPO retrieval step (~12 min per
channel for the Bremen instrument and 70 min for the Athens spectrometer, in comparison to ~15s for
total O3 column and stratospheric NO2 profile retrievals). Given the fact that there are less measurement
scans in winter than in summer, input/output files represent a total 10-20 GB per year per instrument.
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6 Summary and conclusions
In this validation study, all the products retrieved by the FRM4DOAS CPS have been verified through
different comparison exercises and the CPS has been assessed in terms of response to a set of level-1
spectra files with various ancillary contents and performance (computing time, input/output storage size).
Regarding the tropospheric products, vertical columns/AODs and surface concentrations/extinctions
retrieved by the MMF and MAPA VAR algorithms have been compared through correlation analyses at a
selection of stations (Athens, Uccle, Bremen, De Bilt, Heidelberg, Ny-Ålesund). Only valid MAPA and MMF
data were included in these analyses. A similar exercise has been performed based on vertical profiles
retrieved from spectra constructed from the CINDI-2 campaign median trace gases dSCDs. CINDI-2 MMF
and MAPA retrieval results were also compared to long-path DOAS surface concentrations and direct-sun
total columns. NO2 vertical columns and surface concentrations and AOD retrieved at the Bremen station
have been compared to retrieval results obtained with the IUP-Bremen optimal-estimation-based profiling
algorithm BOREAS. The main outcomes of all these comparisons are the following:






NO2 VIS and UV: a very good consistency is obtained between MAPA and MMF for both vertical
columns and surface concentrations when using valid scans from both algorithms. A good
agreement is also found between MAPA and MMF and the BOREAS algorithm, and when
comparing CINDI-2 retrieval results with ancillary observations. The direct and indirect (through
satellite NO2 AMFs derived from retrieved vertical profiles) comparisons of MAPA and MMF vertical
profiles showed that MMF has a tendency to overestimate MAPA at higher altitudes (>2km above
the stations).
HCHO: the agreement between MAPA and MMF is found to be significantly worse than for NO2,
especially during winter. This indicates that the standard a priori profile used in MMF is not the
most appropriate for the low HCHO level conditions. Further tests using station-specific timeresolved a priori profiles will be performed in order to see if a better a priori profile choice could
improve the consistency between both algorithms.
Aerosols: Significant discrepancies are found between both MMF and MAPA algorithms at some
stations. The origin(s) of those discrepancies should be further investigated.

Zenith-sky data products (total O3 columns and stratospheric NO2 columns) were verified through
comparisons with satellite observations at a selection of stations (Harestua, Bremen, Heidelberg, La
Réunion). In addition, an overall quality check of the retrieved data sets (consistency of the time-series,
check on reported errors, test of the QC flagging, etc) was performed for those stations. In the case of
stratospheric NO2, the overall consistency of the retrieved vertical profiles was also assessed. The main
outcomes of these verification exercises are:




Total O3 columns: the overall consistency between FRM4DOAS and IUP-Bremen WFDOAS GOME2-A
time series is good, except at Réunion Island where an unexpectedly large diurnal variation of the
FRM4DOAS columns is observed. This feature was found to be related to an instrumental problem
(time shift in recorded spectra) and the limitation of the SZA coverage by the NDACC O3 AMF lookup tables. After solving these issues, total O3 FRM4DOAS product showed the expected behaviour
in terms of absolute values, variability, seasonality, latitudinal variation and lack of diurnal variation
at all the inspected stations.
Stratospheric NO2 columns and profiles: column data show the expected seasonality (with a
decrease towards the tropics) and diurnal variation. The vertical profiles have a tendency to show a
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double peak structure for most stations where research-grade instruments are operated. Sensitivity
tests have indicated that this feature is related to the very low random error on the NO2 dSCD
derived with such instruments, which lead to unrealistic oscillations in the retrieved profiles. These
results appeal for a better characterisation of this error and its impact on the stratospheric NO2
profiling. In the sub-tropical region (Izaña), double peaks, also present in the a priori profiles, are
likely to be real since also observed in profiles retrieved from satellite solar occultation
measurements. The QA flagging approach has been therefore adapted accordingly.
From all these verification/validation exercises, it has been decided that only tropospheric NO 2 vertical
profiles and columns and total O3 columns have the required maturity to be submitted on the NDACC and
EVDC databases. The other products (tropospheric HCHO and aerosols and stratospheric NO2 columns and
profiles) are found to be not mature enough and cannot be released at this stage. They will be further
consolidated as part of the ESA follow-up project.
Technical verifications of the CPS have been performed and the outcomes are the following:


CPS successfully responds to level-1 spectra files with various ancillary contents. Ancillary data were
found to be correctly ingested and used by the CPS, especially in terms of
interpolation/extrapolation.



Information in the GEOMS output products has been verified in order to see if it is an exact subset
of the native netCDF output product, and that the data and metadata is not modified in any way.
The compliance with the GEOMS templates has been also successfully checked.
The typical computing times for the different processing steps have been estimated, together with
the storage sizes of the corresponding input/output files.



Those technical verifications were needed before the launch of the NDACC MAX-DOAS Service and will be
useful in the perspective of the Service upscaling (more stations and products) expected in the Copernicus
follow-up project.
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Annex: Verification of FRM4DOAS GEOMS files in relation to the native
internal FRM4DOAS output products
Remarks are marked in yellow. Issues are marked in red.
7.1.1.1 Introduction
This study is performed as a task in EAS’s FRM4DOAS CCN2 project. The FRM4DOAS processor outputs one
file per instrument per product per day, containing four sets of profiles: 1 for MMF, and three for MAPA,
for the three different ways to deal with the O4 scaling factor α (α equals 0.8, α equals 1.0 or α is fitted).
This native internal FRM4DOAS output product also contains lots of auxiliary and intermediate data and
meta data.
From this internal output product, a GEOMS-formatted file is made, containing the most important part of
all the available information. In the current GEOMS format for atmospheric trace gas profiles, there is only
room for one profile per measurement time. The FRM4DOAS project team has decided to put in only the
MMF profile for now. In a later stage, depending on studies to be made, this might change to one of the
MAPA profiles, to a merged MMF-MAPA profile, or even to a new GEOMS format which can contain more
than one trace gas profile for the same measurement time.
Within the FRM4DOAS CCN2 project, a subset of the available data in the FRM4DOAS level1 data base is
processed with the latest processor and validated by the project team. A subset of 10 files, 2 for each of the
products: offaxis NO2-UV, offaxis NO2-VIS, offaxis-HCHO, zenith NO2, zenith O3, is transformed to GEOMS
files, and is verified in this study. It contains measurements of 2 August 2018 (offaxis) and 10 September
2018 (zenith) from Bremen and 16 August 2019 (offaxis) and 8 September 2018 (zenith) from Heidelberg.
Each file contains the measurements for one day. There were no GEOMS files for aerosol profiles in the
available data set. One of the Bremen files, offaxis NO2-UV, contained no measurements (only fill-values).
7.1.1.2 Questions
The goal of this study is to verify that the information in the GEOMS output product is indeed an exact
subset of the native output product, and that the data and metadata is not modified in any way. In order to
check this, I focused on the following questions:
1. Are the GEOMS files following the GEOMS format requirements?
2. Is the Metadata in the GEOMS files consistent with the Metadata in the native files?
3. Are the descriptions, names, units, and dimensions of all variables in the GEOMS files consistent
with those in the native files?
4. Is the data filtering consistent with the description?
5. Is there any transformation used to convert data in the native file to data in the GEOMS file, and if
yes, was this transformation well described and performed correctly?
6. Are the actual values in the variables exactly equal to those in the native files?
7.1.1.3 Methods and results
The validation dataset was accessed via the FRM4DOAS ftp server. The directory
/FRM4DOAS_project/Validation_data/Phase_1_CCN02/STATIONS/geoms_files_for_Ankie contained 10
GEOMS files from Heidelberg and Bremen, as specified in this table (for shorter notation, I stripped all
trivial parameters from the GEOMS file name):
type

species

stripped GEOMS file name
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offaxis

zenith

no2-UV

iup002_20180802t035221z_20180802t191113z_001
uheidelberg001_20190816t050031z_20190816t180814z_001

no2-VIS

iup002_20180802t035224z_20180802t191116z_002
uheidelberg001_20190816t050031z_20190816t180814z_002

hcho

iup002_20180802t035221z_20180802t191113z_001
uheidelberg001_20190816t050031z_20190816t180814z_001

no2

iup002_ 20180910t042856z_20180910t181341z_002
uheidelberg001_20180908t043321z_20180908t181301z_002

o3

iup002_20180910t044826z_20180910t175340z_002
uheidelberg001_20180908t044959z_20180908t175456z_002

There are only 8 associated native files, because the HCHO and the NO2-UV are in the same native file.
7.1.1.4 Are the GEOMS files following the GEOMS format requirements?
The GEOMS format is described in Retscher et al, 2011 (The Generic Earth Observation Metadata Standard,
https://avdc.gsfc.nasa.gov/PDF/GEOMS/geoms-1.0.pdf), and Boyd et al, 2017 (GEOMS Guidelines and
Conventions, https://evdc.esa.int/documents/2/geoms_guidelines_conventions_2.1.pdf) . For the
FRM4DOAS products the UV/Vis Differential Optical Absorption Spectroscopy (DOAS) template version 7 is
used. The relevant templates and tables with attribute values are available on the AVDC website:
https://avdc.gsfc.nasa.gov/
The online tool on the AVDC to check if a specific file follows the GEOMS requirements was not functioning
at the time of this study, so I did a manual check of one file for each of the two main product types, off axis
and zenith, whether all mandatory variables and attributes, as listed in the template tables, were in, and if
all reported variables followed the requirements on dimensions, units, and content. The following files
were checked:
- for offaxis: hcho_uheidelberg001_20190816t050031z_20190816t180814z_001
- for zenith: o3_iup002_ 20180910t044826z_20180910t175340z_002
The table below lists the mandatory fields. A *) means that the field is required because another field is
reported:
Off axis

Zenith

DATETIME
DATETIME.START
DATETIME.STOP
INTEGRATION.TIME
LATITUDE.INSTRUMENT
LONGITUDE.INSTRUMENT
ALTITUDE.INSTRUMENT
ALTITUDE
PRESSURE_INDEPENDENT

DATETIME
DATETIME.START
DATETIME.STOP
INTEGRATION.TIME
LATITUDE.INSTRUMENT
LONGITUDE.INSTRUMENT
ALTITUDE.INSTRUMENT
ALTITUDE
PRESSURE_INDEPENDENT
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PRESSURE_INDEPENDENT_SOURCE
TEMPERATURE_INDEPENDENT
TEMPERATURE_INDEPENDENT_SOURCE
COLUMN.PARTIAL_INDEPENDENT
COLUMN.PARTIAL_INDEPENDENT_SOURCE
ALTITUDE.BOUNDARIES
ANGLE.SOLAR_ZENITH.ASTRONOMICAL
ANGLE.SOLAR_AZIMUTH
ANGLE.VIEW_AZIMUTH
ANGLE.VIEW_ZENITH
CLOUD.CONDITIONS
AEROSOL.OPTICAL.DEPTH.
TROPOSPHERIC_INDEPENDENT
HCHO.MIXING.RATIO.VOLUME_SCATTER.SOLAR.
OFFAXIS_UNCERTAINTY.RANDOM.
COVARIANCE *)
HCHO.MIXING.RATIO.VOLUME_SCATTER.SOLAR.
OFFAXIS_UNCERTAINTY.SYSTEMATIC.
COVARIANCE *)
HCHO.MIXING.RATIO.VOLUME_SCATTER.SOLAR.
OFFAXIS_APRIORI *)
HCHO.COLUMN.TROPOSPHERIC_SCATTER.SOLAR.
OFFAXIS
HCHO.COLUMN.TROPOSPHERIC_SCATTER.SOLAR.
OFFAXIS_UNCERTAINTY.RANDOM.STANDARD
HCHO.COLUMN.TROPOSPHERIC_SCATTER.SOLAR.
OFFAXIS_UNCERTAINTY.SYSTEMATIC.STANDARD
HCHO.COLUMN.TROPOSPHERIC_SCATTER.SOLAR.
OFFAXIS_APRIORI *)
HCHO.COLUMN.PARTIAL_SCATTER.SOLAR.
OFFAXIS *)
HCHO.COLUMN.PARTIAL_SCATTER.SOLAR.
OFFAXIS_APRIORI *)

PRESSURE_INDEPENDENT_SOURCE
TEMPERATURE_INDEPENDENT
TEMPERATURE_INDEPENDENT_SOURCE
COLUMN.PARTIAL_INDEPENDENT
COLUMN.PARTIAL_INDEPENDENT_SOURCE
ALTITUDE.BOUNDARIES
ANGLE.SOLAR_ZENITH.ASTRONOMICAL
ANGLE.SOLAR_AZIMUTH
ANGLE.VIEW_AZIMUTH
ANGLE.VIEW_ZENITH
CLOUD.CONDITIONS
O3.COLUMN.STRATOSPHERIC_SCATTER.SOLAR.
ZENITH
O3.COLUMN.STRATOSPHERIC_SCATTER.SOLAR.
ZENITH_UNCERTAINTY.RANDOM.STANDARD
O3.COLUMN.STRATOSPHERIC_SCATTER.SOLAR.
ZENITH_UNCERTAINTY.SYSTEMATIC.
STANDARD
O3.COLUMN.STRATOSPHERIC_SCATTER.SOLAR.
ZENITH_APRIORI *)
O3.COLUMN.PARTIAL_SCATTER.SOLAR.
ZENITH_APRIORI *)

All the mandatory fields are indeed reported in the GEOMS files. There are some discrepancies with respect
to the GEOMS requirements:
-

-

-

ALTITUDE.INSTRUMENT in both files is defined as the “Altitude of the location of the instrument
above sea level”, while in the GEOMS template tables it is defined as “altitude of the instrument
relative to the location site”
The DATA_SOURCE global attribute of the offaxis files currently does not follow the GEOMS
requirements, since it contains two underscores. However, the new NDACC rules (currently under
consideration) would permit for this. In any case I recommend to put the processor version (also) in
the optional global attribute DATA_PROCESSOR.
The last global attribute in the filename should be the file version, while it now is the channel
number. The DATA_FILE_VERSION in the global attributes of the _002.hdf files is ‘001’. So these
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-

two are inconsistent, and could cause errors during the ingestion of the data. I recommend to
choose one channel for the offaxis NO2 file, and only distribute one offaxis no2 file per instrument.
The GEOMS notation of formaldehyde should be H2CO instead of HCHO.

Other notes:
-

The ANGLE.VIEW.ZENITH values in the offaxis file are all filled with VAR_FILL_VALUE, which makes
sense in the case of a profile retrieval, where multiple angles are used.
The AEROSOL.OPTICAL.DEPTH.TROPOSPHERIC_INDEPENDENT values in the offaxis file are all filled
with VAR_FILL_VALUE, which makes sense, because aerosol optical depth is retrieved from the
measurements, and is given in the field
AEROSOL.OPTICAL.DEPTH.TROPOSPHERIC_SCATTER.SOLAR.OFFAXIS.

All global attribute values were as specified in GEOMS Meta Data version 04R035
(https://avdc.gsfc.nasa.gov/PDF/tableattrvalue_04R035.dat).
2. Is the Metadata in the GEOMS files consistent with the Metadata in the native files?
For the same two files as used in question 1, I checked the Global Attributes in the GEOMS files one-by-one
with the corresponding value in the native files. Most of the global attributes in the GEOMS file have no
corresponding value in the native file. In the table below I list the global attributes that are the same. And
they are all consistent.
GEOMS file

native file

note

PI_NAME

pi_name

“Last;First” instead of “First Last”

PI_EMAIL

pi_email

DO_NAME

do_name

DO_EMAIL

do_email

DS_NAME

ds_name

DS_EMAIL

ds_email

DATA_LOCATION

station_name

FILE_PROJECT_ID

project_name

PI/DO/DS_AFFILIATION

institution

“Full;Short” instead of “Short”

3. Are the descriptions, names, units, and dimensions of all variables in the GEOMS files
consistent with those in the native files?
For the same files as used in question 1 and 2 above, I checked the descriptions, names and units of all
variables in the GEOMS files, and compared them to the corresponding ones in the native files.
Many of the variables in the GEOMS files, in particular the main retrieval results, are transformed from
variables in the native file. Since this is not always a trivial transformation and it is not always clear which
variables in the native files are used, the BIRA team has sent me a description of the variables and formulas
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used for the transformations. The Table below lists all GEOMS variables and the corresponding variables in
the native files, for which the values are unchanged between the two formats. Description, names, units,
and dimensions of these variables are all consistent. The other variables are dealt with in question 5.
GEOMS variable
name

native variable
name

GEOMS description/notes

native description

LATITUDE.
INSTRUMENT

latitude

latitude north (decimal degrees) of the location
of the instrument; sign convention: + for north
and - for south; deg

Latitude of the
instrument (positive
north); degree_north

LONGITUDE.
INSTRUMENT

longitude

longitude east (decimal degrees) of the location
of the instrument; sign convention: + for east
and - for west; deg

Longitude of the
instrument (positive
east); degree_east

PRESSURE_
INDEPENDENT

pressure_in_
layer

Total effective air pressures in layers for
vertical profile retrieval; The pressure values
represent the effective pressure in each layer
and are reported at the center altitude of each
layer; hPa

pressure interpolated at
retrieval grid middle
heights; hPa

TEMPERATURE_
INDEPENDENT

termperature_
in_layer

effective air temperatures in layers for vertical
profile retrieval; The temperature values
represent the effective temperature in each
layer and are reported at the center altitude of
each layer; K

temperature
interpolated at retrieval
grid middle heights; K

COLUMN.PARTIAL_
INDEPENDENT

air_column_in_
layer

Vertical profile of partial columns of dry air
number densities (for conversion between VMR
and partial column profile); molec/cm2

partial column density
of air in layer;
molec/cm2

ANGLE.SOLAR_
ZENITH.
ASTRONOMICAL

solar_zenith_
angle

astronomical zenith angle of the sun; deg

average solar zenith
angle during a scan;
degree

ANGLE.SOLAR_
AZIMUTH

solar_azimuth_
angle

azimuth angle of the sun (GEOMS convention is
0.0 for north, 90.0 for east); deg

average solar azimuth
angle from off-axis scan
measurements, 0..360,
measured towards the
east from north; degree

ANGLE.VIEW_
AZIMUTH

telescope_
azimuth_angle

pointing azimuth angle of the MAXDOAS
(GEOMS convention is 0.0 for north, 90.0 for
east); deg

telescope azimuth
angle of scan, 0..360,
measured towards the
east from north; degree

AEROSOL.OPTICAl.
DEPTH.TROPOSPHE
RIC_SCATTER.SOLA
R.OFFAXIS

aerosol_
optical_depth

tropospheric aerosol optical depth retrieved
from the measurements

Total aerosol optical
depth

NO2/HCHO.COLUM

tropospheric_

no2/hcho tropospheric column corresponding

tropospheric gas
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N.TROPOSPHERIC_
SCATTER.SOLAR.
OFFAXIS

vertical_
column_density

to retrieved profiles (off-axis); Pmolec cm-2

vertical column density;
molec/cm2

NO2/HCHO.COLUM
N.TROPOSPHERIC_
SCATTER.SOLAR.OF
FAXIS_AVK

averaging_kern
el_of_troposph
eric_vertical_col
umn_density

tropospheric vertical column averaging kernel
for no2/hcho derived from mixing ratio
averaging kernel (off-axis); tropospheric vertical
column averaging kernel for no2/hcho derived
from mixing ratio averaging kernel (off-axis)

averaging kernel of gas
retrieval in terms of
tropospheric VCD;
(molec/cm2)/(molec/c
m2)

NO2/O3.COLUMN.
STRATOSPHERIC_
SCATTER.SOLAR.
ZENITH_AVK

averaging_kern
el_of_vertical_c
olumn_density

stratospheric vertical column averaging kernel
for NO2/O3 derived from mixing ratio
averaging kernel (zenith); this averaging kernel
multiplies the partial column vector in order to
get smoothed vertical column

averaging kernel of NO2
retrieval in terms of
VCD;
(molec/cm2)/(molec/c
m2)

O3.COLUMN.
STRATOSPHERIC_
SCATTER.SOLAR.
ZENITH_AMF

air_mass_factor

air mass factor associated with the total
stratospheric vertical columns of O3 (zenith)

air mass factor
associated with the
total stratospheric
vertical columns of O3
(zenith)

4. Is the data filtering consistent with the description?
The quality flags in the native file determine whether or not a retrieval result is reported in the GEOMS file.
A not-reported measurement is still visible but contains fill-values. I checked if the criteria are used
according to this description (BIRA team, private communication):
For offaxis products, only those values that have flag_of_retrieval_consistence_for_GASNAME < 2 and
either have qa_flag for MMF (<2) or for MAPA_VAR_SF (<1) [not necessarily both], should be reported. For
zenith products, only those values with qa_flag < 2, should be reported.
I checked if all measurements fulfilling this description contain non-fill values, and if all others contain fillvalues. This is always the case for the zenith products, and mostly the case for the offaxis products, except:
-

-

The second part of the criterion is not used. This means that all results with
flag_of_retrieval_consistence_for_GASNAME <2 but with both the qa_flag for MMF >= 2 and the
qa_flag for MAPA_VAR_SF >= 1 are still reported. This happens in the files offaxis.no2_bremen_2,
offaxis.no2_heidelberg_1 and offaxis.no2_heidelberg_2. In the other offaxis files this combination
of flags does not occur.
the random and systematic uncertainties and averaging kernels for the mixing ratios are zero
instead of fill values for the non-reported measurements
all apriori values (for mixing ratio, tropsoheric column and partial column) are reported, so
no filtering is done
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5. Is there any transformation used to convert data in the native file to data in the GEOMS
file, and if yes, was this transformation well described and performed correctly?
The following variables have undergone a simple transformation from the native file to the GEOMS file. This
can be a unit conversion, a format change, or a dimension change. Yellow means there is a remark, red
means there is an issue. These remarks and issues are explained below the Tables.
GEOMS variable name

native variable name(s)

transformation

ALTITUDE

height_of_layer_center_above_sea_
level

units

ALTITUDE.BOUNDARIES

height_layer_boundaries

units and
dimension change

ALTITUDE.INSTRUMENT

altitude

units

CLOUD.CONDITIONS

broken_cloud_flag

from flag to string

DATETIME

date_of_retrieval

from day of year to
MJD2K

DATETIME.START (zenith)

fractional_day_start for O3 and
fractional_day_of_measured_slant_colu
mn_density for NO2

from day of year to
MJD2K

DATETIME.STOP (zenith)

fractional_day_stop for O3 and
fractional_day_of_measured_slant_colu
mn_density for NO2

from day of year to
MJD2K

NO2.MIXING.RATIO.VOLUME_SCATTER.SOLAR.
ZENITH_UNCERTAINTY.SYSTEMATIC.
COVARIANCE

calculated from
NO2.MIXING.RATIO.VOLUME_SCATTER.
SOLAR. ZENITH

scaling

NO2/HCHO.COLUMN.TROPOSPHERIC_SCATTER.
SOLAR.OFFAXIS_UNCERTAINTY.SYSTEMATIC.
STANDARD

calculated from
NO2/HCHO.COLUMN.TROPOSPHERIC_
SCATTER.SOLAR.OFFAXIS

scaling

NO2/HCHO.COLUMN.TROPOSPHERIC_SCATTER.
SOLAR.OFFAXIS

vertical_column_density

units

NO2/HCHO.MIXING.RATIO.VOLUME_SCATTER.
SOLAR.OFFAXIS_UNCERTAINTY.SYSTEMATIC.
COVARIANCE

calculated from
NO2/HCHO.MIXING.RATIO.VOLUME_
SCATTER.SOLAR. OFFAXIS

scaling

NO2/O3.COLUMN.STRATOSPHERIC_SCATTER.
SOLAR.ZENITH

no2/o3_vertical_column_density

units

NO2/O3.COLUMN.STRATOSPHERIC_SCATTER.
SOLAR.ZENITH_UNCERTAINTY.RANDOM.
STANDARD

no2_vertical_column_density_
measurement_noise_error for NO2,
vertical_column_density_random_error
for O3

units
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NO2/O3.COLUMN.STRATOSPHERIC_SCATTER.
SOLAR.ZENITH_UNCERTAINTY.SYSTEMATIC.
STANDARD

calculated from
NO2/O3.COLUMN.STRATOSPHERIC_
SCATTER.SOLAR.ZENITH

scaling

The following variables have undergone a more complex transformation, involving more than one variable in the
native file. Again yellow means there is a remark, red means there is an issue.
GEOMS variable name

native variable name(s)

transformation

DATETIME.START (offaxis)

calculated from
date_of_measurement_start and
date_of_measurement_end

averaging and
format conversion

DATETIME.STOP (offaxis)

calculated from
date_of_measurement_start and
date_of_measurement_end

averaging and
format conversion

INTEGRATION.TIME

calculated from DATETIME.START and
DATETIME.STOP

subtraction

LATITUDE

calculated from latitude, longitude,
effective_horizontal_distance_for_o4_3
60nm, telescope_azimuth_angle,
telescope_elevation_angle

geometric position
along line-of site

LONGITUDE

calculated from latitude, longitude,
effective_horizontal_distance_for_o4_3
60nm, telescope_azimuth_angle,
telescope_elevation_angle

geometric position
along line-of site

NO2.COLUMN.PARTIAL_SCATTER.SOLAR.ZENITH

calculated from concentration_profile
and thickness_of_layer

conversion of
concentration to
column

NO2.MIXING.RATIO.VOLUME_SCATTER.SOLAR.
ZENITH

calculated from
no2_concentration_profile,
air_column_in_layer and
thickness_of_layer

conversion of
concentration to
vmr

NO2.MIXING.RATIO.VOLUME_SCATTER.SOLAR.
ZENITH_AVK

calculated from
averaging_kernel_of_concentration_pro
file and air_column_in_layer and
thickness_of_layer

conversion of
concentration to
vmr

NO2.MIXING.RATIO.VOLUME_SCATTER.SOLAR.
ZENITH_UNCERTAINTY.RANDOM.COVARIANCE

calculated from
concentration_profile_noise_error and
air_column_in_layer and
thickness_of_layer

conversion of
concentration to
vmr, making a
diagonal matrix

NO2/HCHO.COLUMN.PARTIAL_SCATTER.SOLAR.

calculated from concentration_profile

conversion of
concentration to
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OFFAXIS

and thickness_of_layer

column

NO2/HCHO.COLUMN.PARTIAL_SCATTER.SOLAR.
OFFAXIS_APRIORI

calculated from
concentration_apriori_profile and
thickness_of_layer

conversion of
concentration to
column

NO2/HCHO.COLUMN.TROPOSPHERIC_SCATTER.
SOLAR. OFFAXIS_APRIORI

calculated from
concentration_apriori_profile and
thickness_of_layer

conversion of
concentration to
column

NO2/HCHO.COLUMN.TROPOSPHERIC_SCATTER.
SOLAR.OFFAXIS_UNCERTAINTY.RANDOM.
STANDARD

calculated from
concentration_profile_noise_error and
thickness_of_layer

conversion of
concentration to
column

NO2/HCHO.MIXING.RATIO.VOLUME_SCATTER.
SOLAR. OFFAXIS

calculated from concentration_profile,
air_column_in_layer and
thickness_of_layer

conversion of
concentration to
vmr

NO2/HCHO.MIXING.RATIO.VOLUME_SCATTER.
SOLAR. OFFAXIS_UNCERTAINTY.RANDOM.
COVARIANCE

calculated from
concentration_profile_noise_error and
air_column_in_layer and
thickness_of_layer

conversion of
concentration to
vmr, making a
diagonal matrix

NO2/HCHO.MIXING.RATIO.VOLUME_SCATTER.
SOLAR.OFFAXIS_APRIORI

calculated from
concentration_apriori_profile,
air_column_in_layer and
thickness_of_layer

conversion of
concentration to
vmr

NO2/HCHO.MIXING.RATIO.VOLUME_SCATTER.
SOLAR.OFFAXIS_AVK

calculated from
averaging_kernel_of_concentration_pro
file and air_column_in_layer

conversion of
concentration to
vmr

NO2/O3.COLUMN.PARTIAL_SCATTER.SOLAR.
ZENITH_APRIORI

calculated from
concentration_apriori_profile and
thickness_of_layer

conversion of
concentration to
column

NO2/O3.COLUMN.STRATOSPHERIC_SCATTER.
SOLAR.ZENITH_APRIORI

calculated from
concentration_apriori_profile and
thickness_of_layer

conversion of
concentration to
column

NO2/O3.MIXING.RATIO.VOLUME_SCATTER.
SOLAR.ZENITH_APRIORI

calculated from
concentration_apriori_profile,
air_column_in_layer and
thickness_of_layer

conversion of
concentration to
vmr

The scaling and unit conversions have all been checked and are correct, with round-off errors consistent
with 32-bit float precision.
DATETIME: from YYYYMMDDThhmmssZ to MJD2K -> correct
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DATETIME.START and DATETIME.STOP:
For the offaxis products this is first an averaging of two times, then a conversion from
[YYYY,MM,DD,hh,mm,ss,ms] to MJD2K -> there is an error when averaging start and stop time of one
measurement, difference up to 1 sec, because no decimal seconds seem to be allowed, so the average of
e.g. of 4:57:15.92 and 4:57:46.07 becomes 4:57:30 instead of 4:57:30.995 (Bremen HCHO file, index 8).
For the zenith products: the times in the NO2 GEOMS products are equal to those in the native product, but
the times in the O3 GEOMS products are not equal to those in the native product; the differences are up to
1 second; the start and stop times in the O3 GEOMS product are consistent with whole seconds, while the
times in the native product contain decimal numbers behind the seconds (reported as microseconds). Note
that the times reported in date_of_measuremen_start, date_of_measurement_end, and
fractional_day_of_measured_slant_column in the DIFFERENTIAL_SLANT_COLUMN part of the O3 files are
not consistent with the times in fractional_day_start and fractional_day_stop in the RETRIEVAL part of the
same file.
CLOUD.CONDITIONS: from flag: 0/1 to string --> only ‘broken clouds’ are reported for flag=1, otherwise left
empty; empty in GEOMS file means “cloud retrieval is not successful or not possible”.
INTEGRATION.TIME: this is the difference between DATETIME.STOP and DATETIME.START --> correct for
offaxis products, and zenith NO2 products, not correct for zenith O3 products: differences are up to 0.8s.
7.1.1.5 Conversion from concentrations to volume mixing ratios
The largest relative difference found between the reported mixing ratios and those calculated by me with
the formula: vmr = concentration*layer_thickness/air_column is 7e-8 which is consistent with round-off
errors of 32-bit floats (7 significant digits).
The conversion from uncertainties in concentrations to covariance matrix in volume mixing ratios is done
by filling the diagonals of the covariance matrix for each measurement with the squares of the
uncertainties converted to vmr like above. When I do this, the largest difference found is 9e-8, which is
again consistent with round-off errors of 32-bit floats.
The conversion from the apriori concentration profile to the apriori volume mixing ratio profile is the same
as for the retrieval result. Also this conversion is done correctly.
The conversion from the averaging kernel in concentration to the averaging kernel in mixing ratio is
consistent with the formula: AK_vmr [i,j,k] = AK_conc[i,j,k] * air_column[i,j] / air_column[i,k]. Also here, the
relative diffferences are all less than 1e-7 for the offaxis product. However, for the NO2strato products, the
concentration averaging kernel in the native file is equal to the vmr averaging kernel in the GEOMS file, but
with relative round-off errors < 1e-7, so probably the conversion is not performed for the NO2strato files.
Confusing in the description from BIRA is that the AK should first be transformed (dimension-swap).
However, I get consistent result without this transformation (except for NO2strato, as mentioned). This can
have something to do with the use of python (maybe BIRA uses another language for the conversion), but it
might also be that the dimension-swap was not performed when making the GEOMS file.
7.1.1.6 Conversion from concentrations to (partial) columns
The conversion to partial columns is a multiplication with the layer thickness, this is correctly performed.
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The tropospheric vertical column random uncertainty at one particular time is, according to the information
I got from BIRA, calculated with the formula: vcd_tropo_error_rand_off(i) = Σj
concentration_profile_noise_error(i,j) x thickness_of_layer(j).
However, this gives inconsistent values in all offaxis products, up to 50%, so I guess the formula really used
is a different one, or I misunderstood the transformation. It might be that the error-covariance matrix is
used for the conversion, which would make sense, but I don’t have that information, and I didn’t succeed in
reverse-engineering the reported values.
6. Are the actual values in the variables exactly equal to those in the native files?
The values of all GEOMS variables that are directly traceable to a variable in the native file, with or without
scaling factor for unit conversion, are indeed exactly equal, or have relative differences less than 1e-7,
consistent with 32-bit floating point precision. Except for the following:
-

Zenith vertical column averaging kernels: the matrix is filled wrongly: the rows of the matrix do not
correspond to the individual profiles.
for the NO2 zenith random uncertainty of the stratospheric column the
‘no2_vertical_column_denisty_error’ is used instead of the
‘no2_vertical_column_density_measurement_noise_error’

7.1.1.7 Conclusion
The study performed shows that the information in the GEOMS output product is (in most cases) a
traceable subset of the information in the native output product, but many variables have undergone a
transformation from one file to the other, which makes the verification difficult.
A number of issues have been identified (marked red above):
-

use of HCHO instead of H2CO
data filtering of offaxis products not completely according to description
DATETIME.START and DATETIME.STOP show inconsistencies
INTEGRATION.TIME for O3 zenith products shows inconsistencies
mixing ratio AVK for NO2 zenith products is not according to description
uncertainty for tropospheric column is not according to description
zenith vertical column AVK are wrongly filled
NO2 zenith vertical column random uncertainty is not according to description

Further remarks (marked yellow above):
-

verification dataset contains no aerosol profiles
one of the files contains no measurements
definition of altitude of instrument is not consistent with GEOMS template
global attribute ‘DATA_SOURCE’ is currently not following the GEOMS requirement, but it si
compliant with the new proposed NDACC rules
global attribute ‘DATA_FILE_VERSION’ is not consistent with the use as channel number in the
filename
no flags are set for clear-sky or cloudy (also not in the native file), only broken clouds or empty is
used
measurement times in native O3 zenith file seem internally inconsistent
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And a few recommendations:
-

Distribute only one offaxis NO2 product per instrument, and do not use channel number in the
filename
Make a document describing all transformation formulas to go from native file to GEOMS file; and
verify the formulas with each processor change
Even better: make the transformations in the native file, so that the conversion to GEOMS does not
concern calculations (other than unit conversions)

Note: I have not checked the effective latitude, longitude for the offaxis measurements.
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