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Disclaimer

The information provided in this document has been produced in the context of the Copernicus SermRieursor
Mission Performanc€entre(S5P MPC). The activities legglto those results have been contracted by the European
Space Agency (ESA) and coordinated by the Royal Belgian Institute for Space AeronoriSEIRMAder
supervision of the Royal Netherlands Meteorological Institute (KNsIthe prime contractorAl information in this
R20dzySyid A& LINPOARSR dla A&aé FyR y2 3dzZ NFyidESS 2N 61 NN
purpose. For the avoidance of all doubts, ESA, BASB and KNMI expressly disclaim any and all warranties, express

or implied, including without limitation warranties of merchantability and fithess for a particular purpose, |with

respect to the information. In no event shall ESA, BIR3B and KNMI be liable for any direct, indirect, incidertal,

punitive, or consequentialamages of any kind whatsoever with respect to the information. The user thereof|uses
the information at its sole risk and liability.
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Executive Summary

This document reports consolidated results of the routine operations validation service for the
Sentinel-5 Precursor (S5P) Tropospheric Monitoring Instrument (TROPOMI) [ER_TROPOMI], a
component of the European Earth Observation programme Copernicus [ER_CoperESA]. The S5P routine
operations validation service is provided by the S5P Mission Performance Centre (MPC) for Level-1
and Level-2 data products generated by both the Near Real Time (NRTI) and Offline (OFFL)
processors since the first public data release in July 2018. This Routine Operations Consolidated
Validation Report (ROCVR) integrates results from the MPC Validation Data Analysis Facility (VDAF)
consortium [ER_VDAF] with ad hoc support from S5P Validation Team (S5PVT) AO projects [ER_S5PVT].
The MPC routine operations validation service details and complements the conclusions and features
described in the Product Readme Files (PRF) delivered with the S5P products, in which users can find
practical recommendations on S5P data usage to be followed. The present report covers the period of
S5P routine operation data from April 2018 till May 2020.

Radiance and Irradiance

The validation of the wavelength assignment of the S5P L1B_UVN v01.00.00 products concludes to
an agreement of 0.02 to 0.04 nm, which is within the pre-launch calibration accuracy. Initial validation
of the L1B_RA reflectance with respect to OMI and OMPS independent satellite data indicates that
TROPOMI is within 5% for the shorter wavelengths in band 3 and improving to 2% towards the longer
wavelengths in band 4. For the short wave UV in band 1 TROPOMI L1B_RA is within 8% +/-2% of the
expected modeled reflectance. In general radiometric errors in bands 1 and 3 are large but they vary
slowly over wavelength and most L2 retrievals are insensitive to such errors. Additional validation
indicates that for bands 3 to 7 the mission requirements for the reflectance are met. The largest source
of error in the reflectance is due to the initial pre-launch irradiance calibration. This is a known issue
that will be addressed in future updates of the L1B data products.

The validation of the TROPOMI L1B_IR irradiance product shows that it is within 3 to 10% depending
on the used reference spectrum, and also that there is a radiometric mismatch between band 2 and 3.
Additional validation with other solar irradiance spectra shows that the difference exhibits smooth
wavelength dependence, most likely caused by optical setup effects during the on-ground calibration.
This anomaly affects the UV and UVIS channels, and can be corrected for in the update of the Level-
0-to-1b processor. After this correction the difference with respect to reference spectra reduces to 2%
and is within the expected radiometric accuracy.

Ozone Column

The S5P L2_0O3 NRTI and OFFL total ozone column data are in good overall agreement with
correlative ground-based measurements from the Brewer, Dobson and NDACC ZSL-DOAS/SAOZ
monitoring networks, and also with the MetOp-B GOME-2, Aura OMI, and Suomi-NPP OMPS-nadir
satellite instruments. Across the networks the mean bias of about +0.8% (NRTI) and +0.3% (OFFL)
and the standard deviation of the relative difference both comply with mission requirements, that is, a
bias lower than 3.5% and an uncertainty due to random errors (dispersion) better than £2.5%. The
instrumental switch to smaller (along-track) ground pixels on the 6" of August 2019 does not lead to
any effect on the agreement with the ground-based reference data.

The comparison of S5P TROPOMI with other satellite data sets (GOME-2B, OMI, OMPS) over cloudy
scenes highlights differences in the cloud models used in the retrieval algorithms. Large and/or
systematic differences between satellite datasets also exist at high solar zenith angles (hence at high
latitudes), and in the case of uncertain ground albedo. A very minor dependence (<1%) on scan
position was derived from analysis departures when assimilating the NRTI product in the CAMS system.

S5P MPC
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Tropospheric Ozone Column

The S5P L2 03 _TCL OFFL tropospheric ozone column data (CCD algorithm) are in good general
agreement with correlative measurements from the ozonesonde monitoring network and from the
MetOp-B GOME-2 and Aura OMI satellite instruments. Across the ground-based network the mean
bias (around +13% or +2.8 DU) and the mean dispersion of the relative difference (about 23% or
4.6 DU) both comply with mission requirements, that is, a bias lower than 25% and an uncertainty
(dispersion) less than 25%.

However, during the first year of S5P operations and at several ozonesonde stations, the bias exhibits
seasonal patterns with amplitude exceeding mission requirements. During the 2018 biomass burning
season the positive bias w.r.t. ozone soundings around the Atlantic basin reaches peak values of up to
10-15 DU (or 40-60%). The positive bias period reoccurred in 2019 at Paramaribo, but was much
shorter at other Atlantic sites. Whether or not there is a causal relationship is under investigation. The
interplay of satellite orbit and cloud coverage leads to two types of sampling error of up to 1 DU and
~5 DU, correlated in time and space (latitudinal stripes, patterns progressing along satellite orbit).
Users can reduce sampling uncertainty by lowering the sampling resolution.

Nitrogen Dioxide

The S5P L2_NO2 (NRTI, OFFL, RPRO) data products (tropospheric, stratospheric, and total column)
up to version 01.03.02 are in good overall agreement with correlative ground-based measurements
from the Pandonia Global Network (PGN), the NDACC ZSL-DOAS/SAOZ, and the MAX-DOAS
monitoring networks, and with corresponding satellite data products (OMI). This assessment covers
the period of S5P L2_NO2 data from the start of phase E2 (April 2018) until May 2020. In general, a
low bias is detected for most of the data products. The bias is influenced by the total amount of NO,.

The S5P L2_NO2 stratospheric NO, column data are compared with the NDACC ZLS-DOAS ground-
based measurements at 19 stations from pole to pole. Taking diurnal variation into account, S5P
stratospheric NO, is generally lower by approximately 0.15 Pmolec/cm?. This median bias of roughly -
7% is within the S5P mission requirements (0.2-0.4 Pmolec/cmz). Varying with latitude and season,
the bias is also dependent on the total amount of NO,, with values of -3.3% for cleaner sites and -
10.5% for polluted sites. The dispersion is within mission requirements (0.3 Pmolec/cmz), taking into
account combined random errors and co-location mismatches.

The S5P L2_NO2 tropospheric NO, columns are compared to ground-based column data at 17 MAX-
DOAS stations and 10 PGN/Pandora stations. The comparisons conclude to a negative bias of
roughly -30%. This is within the mission requirement of 50%. A dispersion of less than 3 Pmolec/cm?
exceeds the mission precision requirements of 0.7 Pmolec/cm®. Furthermore, comparisons of S5P
with OMI tropospheric NO, data show differences of about -20% or more in winter time for polluted
regions (China, Europe) and up to +20% in the clean Pacific region.

The S5P L2_NO2 total NO, column data are compared to ground-based Pandora column data at 19
sites of the PGN network. After a stricter filtering of the Pandora data, the median bias is now reduced
down to -5% with a station-to-station scatter (dispersion) of 21%. Comparison results vary with the
total amount of NO,, concluding to a positive bias of 9.7% over clean sites and to a negative bias of -
20.5% over polluted sites.

Ground-based validation show rather similar bias and uncertainty estimates for the L2_NO2 NRTI and
L2_NO2 OFFL/RPRO datasets.

S5P MPC



S5P Routine Operations Consolidated Validation Report April 2018 - May 2020 S5P-MPC-IASB-ROCVR-07.00.00-20200629
ROCVR update #07, issue 07.00.00, 2020-06-29 Page 7 of 161

Formaldehyde

The S5P L2 HCHO (OFFL, RPRO) formaldehyde tropospheric column product is in good overall
agreement to independent ground-based measurements from the NDACC FTIR and MAX-DOAS
monitoring networks and to similar satellite data products (OMI, GOME-2B).

The low bias of S5P with respect to MAX-DOAS measurements is roughly -44% for direct
comparisons, and -25% when the S5P and MAX-DOAS averaging kernels are applied mutually. Over
4 particular sites in Europe the median bias is -14.5% with a scatter of 31%. S5P also exhibits a
similarly low bias at 25 NDACC FTIR stations with high HCHO columns (-31% for HCHO > 8
Pmolec/cmz), while a positive bias is observed over clean FTIR sites (+26% for HCHO < 2.5
Pmolec/cm?). Those bias estimates are within the mission requirements (bias below 80%).

The dispersion of about 9 Pmolec/cm? with respect to MAX-DOAS data at 4 sites and of 7 Pmolec/cm?
with respect to FTIR data at only clean NDACC stations is within the uncertainty mission requirements
of 12 Pmolec/cm?® These values are based on the use of median and median absolute deviation to
reduce the influence of large outliers and vertical smoothing.

The S5P bias with respect to OMI is less than -10% (-5% for QA4AECV OMI v12) for most regions, with
some larger negative biases in Europe, North America and China (< 30%). The dispersion is below 2
Pmolec/cm?.

Ground-based validation show similar bias and uncertainty (dispersion) estimates for the L2_ HCHO
NRTI and L2_HCHO OFFL/RPRO datasets.

Sulphur Dioxide

The S5P L2_S0O2 (NRTI and OFFL) sulphur dioxide column data are found in general good agreement
with ground-based measurements and with other satellite observations. The bias and dispersion with
respect to validation data are typically below 0.2 DU. From these comparisons it can be concluded that
over polluted regions the mission requirements are fulfilled. Over volcanic plumes the requirement on
the bias is fulfilled, but the requirement on the random component of the uncertainty often is not
fulfilled. Here it should be noted that the current random requirement is very strict (0.15 7 0.3 DU). For
the often very high SO, column values in volcanic plumes it is unrealistic that the random requirement
can strictly be fulfilled and it is recommended to reconsider this random requirement.

Carbon Monoxide

The S5P L2_CO (NRTI or RPRO concatenated with OFFL) carbon monoxide total column data is in
good overall agreement with correlative measurements from the NDACC and TCCON FTIR monitoring
networks. It exhibits a positive bias of approximately +10% (NRTI, before July 2019) or +7% (OFFL
and NRTI after July 2019) on an average, which falls well within the mission requirement (bias of
maximum 15%). The standard deviation of the relative bias is on an average 5% against NDACC and
TCCON, which is also within the mission requirement for precision (better than 10%). The averaged
correlation coefficient reaches 0.9 for both NDACC and TCCON. From July 3 2019 onwards the NRTI
processor uses the same settings as the OFFL processor and both products perform similar since
then.

S5P MPC
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Methane

The S5P L2 _CH4 (OFFL concatenated with RPRO) methane total column averaged data is in good
overall agreement with correlative measurements from the NDACC and TCCON FTIR monitoring
networks. The standard and bias-corrected S5P xCH4 column data exhibit a negative bias against
TCCON of -0.68% and -0.25% respectively, which falls well within the mission requirement (bias of
maximum 1.5%). The standard deviation of the relative bias is on an average 0.6% which is also within
the mission requirement for precision (<1%). The averaged correlation coefficient 0.6 is rather low,
partly because not all outlying pixels are filtered with the ga_value above 0.5. Since March 11 2020,
the number of pixels with ga_value above 0.5 is reduced due to a change in the cloud data used in the
ga_value computation.

Clouds

The S5P L2 CLOUD (NRTI and OFFL) cloud height data and cloud top height data compare
favourably with ground-based measurements from the CLOUDNET and ARM networks. For about half
of the 17 stations the discrepancy remains within or narrowly exceeds the S5P data requirement on
the bias (20%). However, the sensitivity of the TROPOMI NIR observations to clouds differs
significantly from the sensitivity of CLOUDNET lidar/radar instruments used as a reference, and the
error associated with the reference observations is also not yet included in those comparisons.
Therefore, we consider present validation results as positive.

The bias and dispersion between S5P L2_CLOUD CRB cloud height and CLOUDNET is broadly
similar to that between S5P FRESCO and CLOUDNET, indicating that most of the discrepancy is not
specific to a particular retrieval algorithm. At low cloud fraction, there is a higher discrepancy in cloud
height between S5P CLOUD CRB, S5P CLOUD CAL and S5P FRESCO.

For S5P L2_CLOUD cloud fraction and cloud optical thickness, satellite-to-satellite intercomparisons
offer better opportunities than comparisons with ground-based observations. For now the daily mean
distribution of cloud fraction, cloud top height and optical thickness as a function of latitude is
compared with MODIS on the EOS-Aqua satellite. Furthermore, a direct comparison for multiple days
with co-located and re-gridded VIIRS cloud top height and cloud optical thickness has been
performed.

Two non-physical geographical patterns in cloud parameters were identified: increased values for
cloud top height and cloud fraction at the right edge of the swath at certain latitudes, and a North-
South gradient for cloud albedo. Tests with the prototype L2_CLOUD processor version 2.x.x (to be
operational later in 2020), indicate that in the future these patterns will be reduced.

Aerosol Index

The S5P L2_AER_AI (NRTI and OFFL) UV Aerosol Absorbing Index data is in good overall agreement
with similar satellite data products from EOS-Aura OMI and Suomi-NPP OMPS. Although compliant
with the mission requirement of 1 UVAI unit in 2018, the bias is currently slightly larger than 1 UVAI
unit as compared to OMI and OMPS. The reasons for this increasing bias are related to wavelength-
dependent degradation and will be addressed with the next update in S5P L1B data foreseen in 2020.

S5P MPC
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Aerosol Layer Height

The S5P L2_AER_LH (OFFL) data product shows a very good agreement with two other satellite
aerosol layer height estimates, from MISR (stereoscopic imagery) and CALIOP (active lidar sensing of
the aerosol vertical distribution). S5P TROPOMI AER_LH shows a systematic difference with MISR
aerosol plume height of about 600 m (lower for TROPOMI). This is mostly due to the difference in the
sensitivity of the instruments and the differences in the algorithms. A difference of about 500 m (lower
for CALIOP) is expected from simulations, TROPOMI ALH being sensitive to the centroid aerosol layer
height. For very thick plumes the difference between TROPOMI ALH and CALIOP layer height even
decreases to only 50 m. This is well within the requirements of 100 hPa for the bias.

The S5P TROPOMI ALH dispersion is large due to cloud contamination and surface effects. With
rigorous cloud screening, 50 % of the pixels are already within 1 km of the CALIOP weighted
extinction height. Accounting for the expected bias, this is within the requirements of 50 hPa. But this
preliminary conclusion needs further investigation and confirmation.

A limitation of the S5P TROPOMI ALH product has become apparent following the severe bushfires in
New South Wales during the 2019-2020 fire season, which produced very high altitude smoke plumes
(altitude > 20 km). These heights were not anticipated and ALH values are limited to about 13 km
altitude. An update to include these very high altitudes is not foreseen for the near future.

S5P MPC



S5P Routine Operations Consolidated Validation Report

ROCVR update #07, issue 07.00.00, 2020-06-29

April 2018 - May 2020

S5P-MPC-IASB-ROCVR-07.00.00-20200629

Page 10 of 161

Processing Baseline Identification

This document reports consolidated validation results for the following S5P TROPOMI data products:

. In operation from In operation until
Product ID Stream  Version (orbit #, date) (orbit #, date)
L1B RA1/2/¢é I8 01.00.00 2818, 2018-04-30 current version
L1B_IR_UVN/SIR 01.00.00 2818, 2018-04-30 current version
01.00.00 2955, 2018-05-09 3943, 2018-07-18
01.01.02 4245, 2018-08-08 5930, 2018-12-05
NRTI 01.01.05 5931, 2018-12-05 7631, 2019-04-04
01.01.06 7631, 2019-04-04 7999, 2019-04-30
01.01.07 7999, 2019-04-30 12482, 2020-03-11
L2_03 01.01.08 12482, 2020-03-11 current version
OFFL 01.01.07 7907, 2019-04-23 12431, 2020-03-07
01.01.08 12431, 2020-03-07 current version
RPRO 01.01.07 2818, 2018-04-30 7906, 2019-04-23
01.01.05 2824, 2018-04-30 7421, 2019-03-20
L2 03 TCL OFFL 01.01.06 7435, 2019-03-21 7791, 2019-04-15
- = (CcD) 01.01.07 7804, 2019-04-16 12273, 2020-02-25
01.01.08 12288, 2020-02-26 current version
01.00.01 2955, 2018-05-09 3364, 2018-06-07
01.00.02 3745, 2018-07-04 3946, 2018-07-18
01.01.00 3947, 2018-07-18 5333, 2018-07-24
NRTI 01.02.00 5336, 2018-10-24 5929, 2018-12-05
01.02.02 5931, 2018-12-05 7517, 2019-03-27
01.03.00 7519, 2019-03-27 7999, 2019-03-30
01.03.01 7999, 2019-03-30 9158, 2019-07-20
L2 _NO2 01.03.02 9159, 2019-07-20 current version
01.02.00 5236, 2018-10-17 5832, 2018-11-28
01.02.02 5840, 2018-11-29 7424, 2019-03-20
OFFL 01.03.00 7425, 2019-03-20 7906, 2019-04-23
01.03.01 7907, 2019-04-23 8814, 2019-06-26
01.03.02 8815, 2019-06-26 current version
RPRO 01.02.02 2836, 2018-05-01 5235, 2018-10-17
01.00.00 2955, 2018-05-09 3943, 2018-07-18
01.01.01 3947, 2018-07-18 4244, 2018-08-08
01.01.02 4245, 2018-08-08 5929, 2018-12-05
NRTI 01.01.05 5931, 2018-12-05 7628, 2019-04-04
01.01.06 7636, 2019-04-04 7999, 2019-04-30
01.01.07 7999, 2019-04-30 12482, 2020-03-11
01.01.08 12482, 2020-03-11 current version
L2 HCHO 01.00.00 3202, 2018-05-27 3847, 2018-07-10
- 01.01.01 3848, 2018-07-10 4146, 2018-07-31
01.01.02 4147, 2018-07-31 5831, 2018-11-27
OFFL 01.01.05 5832, 2018-11-27 7545, 2019-03-29
01.01.06 7546, 2019-03-29 7906, 2019-04-23
01.01.07 7907, 2019-04-23 12482, 2020-03-11
01.01.08 12482, 2020-03-11 current version
RPRO 01.01.02 2818, 2018-04-30 4147, 2018-08-01
01.01.05 3627, 2018-06-26 5832, 2018-11-28
01.00.00 3202, 2018-05-27 3847, 2018-07-10
01.01.01 3848, 2018-07-10 4146, 2018-07-31
L2 SO2 NRTI 01.01.02 4147, 2018-07-31 5832, 2018-12-04
01.01.07 5833, 2018-12-05 12482, 2020-03-11
01.01.08 12482, 2020-03-11 current version
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. In operation from In operation until
Product ID Stream  Version (orbit #, date) (orbit #, date)
01.00.00 3202, 2018-05-27 3847, 2018-07-10
01.01.01 3848, 2018-07-10 4146, 2018-07-31
OFFL 01.01.02 4147, 2018-07-31 5932, 2018-11-28
01.01.07 5933, 2018-11-28 12482, 2020-03-11
01.01.08 12482, 2020-03-11 current version
01.02.00 5336, 2018-10-24 5929, 2018-12-05
01.02.02 5931, 2018-12-05 7517, 2019-03-27
NRTI 01.03.00 7519, 2019-03-27 7999, 2019-04-30
01.03.01 7999, 2019-04-30 8906, 2019-07-03
01.03.02 8906, 2019-07-03 current version
RPRO? 01.02.02 5236, 2018-10-17 5346, 2018-10-25
L2_CO 01.03.01 2818, 2018-04-30 5832, 2018-11-28
01.03.02 2463, 2018-04-04 2477, 2018-04-05
OFFL 01.02.00 5346, 2018-10-25 5832, 2018-11-28
01.02.02 5833, 2018-11-28 7424, 2019-03-20
01.03.00 7425, 2019-03-20 7906, 2019-04-23
01.03.01 7907, 2019-04-23 8814, 2019-06-26
01.03.02 8815, 2019-06-26 current version
RPRO’ 01.02.02 0657, 2017-11-28 5346, 2018-10-25
01.03.01 2818, 2018-04-30 5832, 2018-11-28
01.03.02 2463, 2018-04-04 2477, 2018-04-05
L2_CH4 OFFL 01.02.02 5833, 2018-11-28 7424, 2019-03-20
01.03.00 7425, 2019-03-20 7906, 2019-04-23
01.03.01 7907, 2019-04-23 8814, 2019-06-26
01.03.02 8812, 2019-06-26 current version
01.01.01 3947, 2018-07-18 4244, 2018-08-08
01.01.02 4245, 2018-08-08 5929, 2018-12-05
NRTI 01.01.05 5931, 2018-12-05 7631, 2019-04-04
01.01.06 7631, 2019-04-04 7999, 2019-04-30
01.01.07 7999, 2019-04-30 12482, 2020-03-11
01.01.08 12482, 2020-03-11 current version
L2_CLOUD 01.01.05 5833, 2018-11-28 7546, 2019-03-29
OFFL 01.01.06 7547, 2019-03-29 7906, 2019-04-23
01.01.07 7907, 2019-04-23 12431, 2020-03-07
01.01.08 12432, 2020-03-07 current version
RPRO 01.01.05 2818, 2018-04-30 5832, 2018-11-28
01.01.07 2818, 2018-04-30 7906, 2019-04-23
01.02.00 5336, 2018-10-24 5929, 2018-12-05
01.02.02 5932, 2018-12-05 7518, 2019-03-27
NRTI 01.03.00 7519, 2019-03-27 7999, 2019-04-30
01.03.01 8000, 2019-04-30 8906, 2019-07-03
01.03.02 8906, 2019-07-03 current version
L2 _AER_AI
01.02.00 5236, 2018-10-11 5832, 2018-11-28
01.02.02 5833, 2018-11-28 7424, 2019-03-20
OFFL 01.03.00 7425, 2019-03-20 7906, 2019-04-23
01.03.01 7907, 2019-04-23 8814, 2019-06-26
01.03.02 8815, 2019-06-26 current version
NRTI 01.03.02 current version
01.03.00 7425, 2019-03-20 7906, 2019-04-23
L2 AER_LH OFFL 01.03.01 7907, 2019-04-23 8814, 2019-06-26
01.03.02 8815, 2019-06-26 current version
RPRO 01.03.01 2818, 2018-04-30 7424, 2019-03-20

Table 11 S5P TROPOMI data products and processor versions (NRTI near-real-time and OFFL off-line). Note 1: the
operational phase (E2) of the S5P TROPOMI mission starts with orbit #2818. Note 2: RPRO 01.03.01 and 01.03.02
have been used to fill gaps in the 01.02.02 RPRO and therefore processor start end dates are not sequential.
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Representative Quality Indicators

Based on the validation results reported in this document, representative values of key quality
indicators (bias and dispersion) have been derived for the following S5P operational data products:

Product ID Stream Product Bias Dispersion Special features
NRTI 05 column 0.8% 250 Larger dispersion over snowllce due to
L2 O3 coarse surface albedo climatology
OFFL O3 column 0.3% 2%

OFFL 0 tropospheric Positive bias over biomass burning.

L2 03_TCL +13% 23% Geographical imprints of sampling-related
(CCD) column biases. Seasonal change of the bias.
NO, troposphere  -22% 3.6 Pmol/cmz Total NO; bias depending on total
NRTI NO stratosphere ‘90/‘:) 0.4 Pmol/cm®  colymn: +10% positive bias over low
NO; total 0£50% - pollution, -20% negative bias over high
L2_NO2 NO, troposphere ~ -23% 3.6 Pmolicm? PoOllution. _
OFFL  NOstratosphere ~ -6% 0.3 Pmolicm? Stratospheric NO bias also more -
RPRO  NOtotal, low +10% - negative over high pollution: -10% instead
NO; total, high -20% - of -3%.
NRTI o , Positive bias over clean areas (<2
L2_HCHO OFFL :g:g Ii?iwh +§f£ 12';”%00'{7?7]2 Pmol/cm?), negative bias over large
RPRO » g emissions (> 8 Pmol/cm?).
L2 SO2 NRTI SO column 0.2DU 0.2DU Lack of validation sites in areas with high
- OFFL SO, column 0.2 DU o2pu  SO2
Along orbit stripes. High pollution
0, 0,
NRTI CO column 6.5% 5% underestimated. 5% SZA dependence of
L2_CO bias. Outliers in SAA and other sporadic
OFFL CO column 6.5% 5% locations not filtered by ga_value . Since
July 2019 NRTI similar as OFFL.
Along orbit stripes. Underestimation at low
albedo. Remaining outliers with
N 550 0 ga_value >0.5. 1-4% seasonal and
L2_CH4 OFFL CH4 column 0.25% 0.6% SZA dependence of bias. Lower number
of pixels with qa_value>0.5 since March
11 2020 due to changed cloud data.
Bias towards the a priori cloud height up
- 0,
NRTI gglé %LH ggé) i ::m to and including 01.01.05.
CAL COT +79 [°_] i Snow/ice degrades retrievals.
L2 CLOUD ) Occurrence of C(T)H equal to surface
- height at low cloud fraction.
CAL CTH -25% 2 km Across track CTH and CF pattern.
OFFL CRB CH -25% 1km North-South cloud albedo pattern.
CAL COT +7.9 [] - COT positive bias vs NPP VIIRS.
NRTI aerosol index -1.1 Alunit 0.1 Alunit  Negative bias exceeding 1 Al unit after
L2_AER_AI March 2019, attributed to irradiance data
OFFL aerosol index -1.1 Alunit 0.1 Alunit  degradation.

aerosol layer 50 hPa 100 hPa Over ocean only. Larger bias and

L2 AER LH OFFL height dispersion expected over land.

Table 2 i Representative quality indicators (bias, dispersion and special features) as estimated from the
validation studies of the S5P TROPOMI operational data products identified in the Table 1. The processor version
number is not mentioned as the estimates are representative for all versions available publicly. CTH: cloud-top-
height; CH: cloud height; COT: cloud optical thickness.

S5P MPC



S5P Routine Operations Consolidated Validation Report April 2018 - May 2020 S5P-MPC-IASB-ROCVR-07.00.00-20200629
ROCVR update #07, issue 07.00.00, 2020-06-29 Page 13 of 161

Table of Contents

DOCUMENT INFOIMALION ...ttt se e e s n e e e sare e e sn e e sare e e nnneesnreeenneen 4
EXECULIVE SUIMIMAIY .....eiiiiiitiiiei ittt ettt s bt e s b et e s et bt e e e e sk et e e ek b et e e aanbe e e e e nbe e e e anbreeeennee 5
Processing Baseline 1dentifiCation .............cuiei i 10
Representative QUAlIty INAICALOIS. .......uiiiiiiiiciiiiie e e e e e s s e e e e e e s s e e e e e e e e s annnnranes 12
TaADIE OF CONLENES ....eeiiiiii ettt e e st h et e ss e e s E e e e s r e e e bn e e ssr e e s neeesnneeanneens 13
O 1o i o To 11 od T o ISR 18
11 Background information on Sentinel-5 Precursor TROPOMI..........cccoceiiiiiiiieiniiiee e 18
1.2 Mission Performance Centre i Routine Operations Validation Service...........cccccccvvvvevenen.n. 18
1.3 Purpose, scope and outline of this document ............cccccovviiii e, 19

2 S5P Data Quality REQUIFEMENTS .....ccoiiiiiiiiiiiiee ittt e et e e et e e et e e e e snbeeeeans 20
3 Validation Results: LIB_RA @nd L1B IR .....uuiiiiiiiiiiiiiiee ettt 21
3.1 0= o T 0T [Tt 21
3.2 Recommendations for data usage followed ............ccccovviviii 21
3.3 Validation APPIOACKH .......oiiiii e 22
34 V2= 1T F= o o) I 12 38 N I RSP 22
3.5 Validation Of LLIB OFFL .......oooiiiiiiiiiie et 22

Y £ 11 o F= a0 T =TT U] L= 2 0 1 23
4.1 L2_0O3 products and reqUIFEMENES ........ccoiuiiiiiiiiie ettt sbe e e 23
4.2 Validation APPIOACKH .......oiiiiii e 23
4.2.1  Ground-Dased NEIWOTKS ..........oiiiiiiiiiiiie e 23
4.2.2  SALEIIIEES ..ot 23
4.2.3 Field campaigns and modelling SUPPOIt .........uuiiiiiiiieiiiee e 23

4.3 Validation Of L2_ O3 NRTL....ciiiiiiieiiiie ettt ettt 23
4.3.1 Recommendations for data usage followed ...........c.ccccoviiiii 23
4.3.2  Status Of VAITALION ....co.eveiiiiiieiie it 24
e T T = - T S 25
e B 11~ o 1= £ (o ] o PR 26
4.3.5 Dependence on influence qUANLItIES ..........cuuveiiiiiiiiiiiii e 26
4.3.6  Short term Variability ...........cooooi e 27
4.3.7  GeographiCal PALLEINS .......coiuiiii ittt e s et e e s e e e e e anbee e e e enees 27
TR T @ g 1T g (= =S 28
4.3.9 Switch to smaller ground PIXel SIZE .......cooiiiiiiiiiiie e 28

4.4 Validation Of L2_0O3 OFFL ....ccociiiiiiiiiii ittt sttt st be e e sabeesnee e 29
4.4.1 Recommendations for data usage folloWed ..o 29
S = (0 130 Y 1o 7= 4o o R 29
o T = 1 T T E TP O PP U PP UPSTPN 30
N B 11~ o 1T 1T o TP RSP P 31
4.45 Dependence on influence qQUANLItIES .........cccvvviiiieeii i 32
4.4.6  Short term vVariability ...........ooeeeiiiiiiie e 34

S5P MPC



S5P Routine Operations Consolidated Validation Report April 2018 - May 2020 S5P-MPC-IASB-ROCVR-07.00.00-20200629

ROCVR update #07, issue 07.00.00, 2020-06-29 Page 14 of 161
447  GeographiCal PALIEINS .......coiiiiieiiiiii ettt e e e e e e s e e e e 34
4.4.8  Other fEAIUIES ... .eiiiie it e b e s e s nn e e s e e nnn e 34

5  Validation RESUIS: L2 O3 TCL .uuuuiiiiiiiiiiiiiiiiiee e e sttt e e e e s s etare e e e e e s e sabaee e e e e e e s e nnntaneeeeeessannnnnenns 35
51 L2_O3_TCL products and reqUIrEMENTS ..........ccuuieeiiiiieeiiiiee ettt 35
5.2 Validation APPIOACKH .......oiiiii e 35

5.2.1  Ground-based NEIWOTKS ........c.eeiiriiiiieriiieirie et e e nn e nnneennnees 35
5.2.2  SALEIIES ..ottt 35
5.2.3 Field campaigns and modelling SUPPOIT ........cooiiiiiiiiiiiiieiiiee e 35
5.3 Validation of L2_O3_TCL OFFL (CCD).....ueeitiiiiieeiiieiieeesiieeeiee it e sbeeesieeesibe e sbeeesbeeennee e 36
5.3.1 Recommendations for data usage followed ............ccccviiiiere i 36
5.3.2  Status Of VAlIAAION ........ccoioiiiiiiiiiii et 36
LR T T = 1T 1 PR 36
LR R S B 1] o 1=T =1 (o] o B PP PP OUPP PP 37
5.3.5 Dependence on influence qUaNntitieS .........coooeieiiie e 37
5.3.6 Seasonal cycle and shorter term variability ..., 37
5.3.7  GeographiCal PAEINS .......c.uviiiiiiiii ettt 38
LT S B O 1 01T g (=T L (1 (=R 38

6 Validation RESUIIS: L2 N2 ... ..uuuuieiiieieiiiiieieieieieieeeeeteeeiersrereeeeerererererereearereerersrererere e 41
6.1 L2 _NO2 products and reqUIrEMENES ..........cceeviiiiiieiiiiieieeeeeeeeeeee ettt 41
6.2 Validation APPIOACKH .......oiiiiii e 41

6.2.1 Ground-based MONItOrING NEIWOIKS ........cuuiiiiiiiiie ittt 41
B.2.2  SALEIIES ...eeieeiieie et e e e e 43
6.2.3 Field campaigns and modelling SUPPOIT .........uuuuieruiuieiiiiinieieinininrererernrnrerererere————. 43
6.3 Validation Of L2 NO2.....c..uiiiieiiii ettt ettt e e e e 43
6.3.1 Recommendations for dat@ USAQE..........ccuuiiiiiiiiie it 43
6.3.2  Status OF VAIALION ......coiiiiiiiiiiiiie e e e e 43
SRR TR TS = (0 1 o] 1= ol AN (@ 2 o] (U3 ] o 43
6.3.4  TroposSPheric NOgy COIUMN ...c.oiiiiiiiiiiiie ittt bbbt e et e e e sbreee e 50
6.3.5  TOtal NOy COIUMN. .. uuiuiiiititiiiiitite ittt e et e e be b e b e e b s bsbababsbebababsbsbsbsbsbsbsbesssnsssnsssnenrnnns 56
6.4 Equivalence of L2_NO2 NRTI and OFFL products .............ccooiiiiiiiiiiieiaeeiiieee e 58
6.4.1  Stratospheric NOg COIUMN .....uuiiiiiii et e e e e e eaa s 58
6.4.2  TropoSPheric NO2 COlUMIN ......uuiiiiiiiiie ettt e et e e et ee e s nnreeeeans 59
0 T o] v 1 I (@ R 001 [ o] o DS PRPPPPPPPPPPRt 60

7 Validation RESUIS: L2 HCHO .......uiiiiiiiiiiiiiiiieieiiieisieieieieis s eesbeeeesbsesbsesesesssesssssssssssssessssnsssssnsnnnnnnes 63
7.1 L2_ HCHO products and reqUIFEMENTS ..........uuuiiiieieeiiiiiie e ettt e e e e e e 63
7.2 Validation APPIOACKH .......oiuieii e 63

7.2.1  Ground-based NEIWOIKS ..........uuiiiiiieiiicir e e e s e e e e e s e e nnnarn e eeee s 63
T.2.2 SALEIIILES ...ttt e e e e e e e e e e e e bbb e e e e e e e e e aabrrreaaae s 63
7.2.3 Field campaigns and modelling SUPPOIt .........cooi ittt 64
7.3 V2= 1T F= o] o o) 02 o [ [ SO 64
7.3.1 Recommendations for data usage followed ............ccceveeeiiiiiiiiiiiie e 64
7.3.2  Status Of VAIAALION ......coiiiiiiiiieiii et a e e ee e e e s 64

S5P MPC



S5P Routine Operations Consolidated Validation Report April 2018 - May 2020 S5P-MPC-IASB-ROCVR-07.00.00-20200629

ROCVR update #07, issue 07.00.00, 2020-06-29 Page 15 of 161
FARC TR T = 1= 1SR UPSRPRPRP 64
4 B S I 1] 1= = (o o PSS 68
7.3.5 Dependence on inflUENCE QUANLILIES .........eviiiiiiiiiiiiiiicce e 68
7.3.6  Short term Variability ...........cooiiiiiiiiiii et 68
7.3.7  GeographiCal PAIEINS ........coiiiiiiiei it e e e e 70
7.3.8  OtNEI FRAIUIMES ...eeeii ittt ettt e st e e e s bb e e e snbb e e e e sbbeeeeatbeeaeans 70

7.4 Equivalence of L2 HCHO NRTI and OFFL products..........cceeeeiiiiiiiieieeee e siciiieeeee e 71
A T R = 1= 1P RPUPSRPUPRP 71
A A B ] o= £ T o PP PO PU P PP POPPPUPPPPRPN 71

8  Validation RESUILS: L2 SO2 .......uiiiiiiie ettt e e s e e e e e e s s st e e e e e e s s annbaaneeaeeesannnranes 72

8.1 L2_SO2 products and reqUIFEMENTS.........ccviviiiiiieieie ettt 72

8.2 Validation APPIOACKH .......oiiiii e 72
S I R €1 o 10 g o B o T= TY=To [ 1= Y] RSP 72
8.2.2  SALEIIIEES ...t e e a e e e e e e e e e e e narne e 72
8.2.3 Field campaigns and modelling SUPPOIt........coooeiiiiiiiiii e 72
8.2.4 Test of the expectation of zero SO, SCDs (within detection limit) outside volcanic plumes
and Strongly POIULE FEIONS .....coiiiiiiieiiiiie ettt e s e e e e e s annneeas 72

8.3 Validation 0f L2_SO2 NRTI ...couuuiiiiiiiiiie ittt sttt e e e e 73
8.3.1 Recommendations for data usage followed ..., 73
8.3.2  StatuS Of VALIAALION ...t e e e e et e e e e e e s eneee e 73
S T T T = T 1 S 76
R TR S B 117 o 1= =1 o] o PP 76
8.3.5 Dependence on influence qUAaNLItieS .........coooiieiiii i 77
8.3.6  Shortterm variability .........ccooiiieii i —————— 77
8.3.7  GeographiCal PAEINS .........uiiiiiiiiiie it 77
TG S T O 1 1= g =T (1 (=SS 77

8.4 Equivalence of L2_S0O2 NRTI and OFFL products ..........ccccccvevviiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee 78

LS Y £V To F= i [ g I =TS U1 ¢ I O 79

9.1 L2_CO products and reqUIFEMENTS ........coiuiiieiiiiie ettt e sttt e s sbre e e e b e e e 79

9.2 AVZ= UTo F= Vo] g =T o] o] o T=Yod o TP PT PP 79
9.2.1  Ground-based NEIWOIKS ..........uuiiiiiii e e e s 79
S S Y- 1 [ |11 = ST 79
9.2.3 Field campaigns and modelling SUPPOI ........ooiuuiiiiiiiieee it 79

9.3 Validation Of L2_CO NRT I ..uiiiiiiiiieiiiiiee sttt see e stee e e st e e e st e e e asteeeeanbaeeeennees 80
9.3.1 Recommendations for data usage followed ...............coooiiiiiiiiii 80
9.3.2  Status Of VAIIALION ......ovvieeiiiiiiiii e e e e e e e e s s r e e e e e s e areaee s 80
S TR S = 1T 1S 81
S R A B 1] o 1= £ o] TP TP 83
9.3.5 Dependence on influUENCE QUANLILIES .........cceiiiiiiiiiiiiiii e 84
9.3.6  Short term Variability ...........oooiuiiiiree e 85
9.3.7  GeographiCal PAtEINS ........cccceieiiiee e e e e s s e e e e s e s e e e e s aaaes 86
0.3.8 Ot fBALUIES ...ttt e e e ettt e e e e e e e e s bbb e e e e e e e e e e nanbreaeeaae s 87

S5P MPC



S5P Routine Operations Consolidated Validation Report April 2018 - May 2020 S5P-MPC-IASB-ROCVR-07.00.00-20200629

ROCVR update #07, issue 07.00.00, 2020-06-29 Page 16 of 161

9.4 Equivalence of L2_CO OFFL and NRTI Products ............ccceeeiiiiieenniiiee e 88
10 Validation RESUIS: L2 CHA ... ...ttt e e e e e e s e e e e e e e s s enrnaaeeeaeeeeaanns 89
10.1 L2 _CH4 products and reqUITEMENTS. ......cccceiiiiiiriieieee e e s siiieieeeee e e s s sssrereeeee e e s s snnranneeeeeessnnnnnens 89
10.2  Validation @QPPIOBCK ...ccoitiiii ettt 89
10.2.1 Ground-based NEIWOIKS ..........uuiiiiiiiii e 89
10.2.2  SALEIIES ..eveeiiee ettt r e 89
10.2.3 Field campaigns and modelling SUPPOIT ........cocviiiiiie e 89
10.3  Validation Of L2_CHZA OFFL.....c.ciiiiiiiiiieiiie ettt ettt sbe e nnee e 89
10.3.1 Recommendations for data usage followed ..o 89
10.3.2  Status Of VAlIALION ......cccviiiiiiiiiie e 90
10.3.3 27T LT OO PR PP PP PUPRPRRPRN 91
10.3.4 (D1 o 1] £ o] o TP PP PP PPPPPPPOPPPP 94
10.3.5 Dependence on influence QUANTILIES ..........ocviiiiiiiiiieiiiee et 94
10.3.6 Short term Variability ........coooieoeeecee e ————— 95
10.3.7 GEe0graphiCal PALEINS ... ——— 96
10.3.8 L@ 11 (=T (T LLH ] £ PP 96
11 Validation RESUIES: L2_CLOUD .........uiiiiiiiieee ittt ettt e e b e e e saneee e 98
11.1 L2_CLOUD products and reqUIr€MENLS ..........cceveviiiiiiiiiieieeeeeeeeeeecee ettt e e 98
11.2  Validation approach ..o 98
11.21 Ground-based NEIWOIKS ...........uiiiiiiii e e e e 98
11.2.2 S T= =] 11 =T PSR 99
11.2.3 Alternative S5P cloud algorithms..........cooovvviiiiiiii 100
11.2.4 Field campaigns and modelling SUPPOIT..........uuuieiuiiiiieieieieirieieieeeeeierernrnrrreeee... 100
11.3  Validation of L2_CLOUD OFFL ....ccuuuiiiiiiiiieiiiie ettt 101
11.31 Recommendations for data usage followed ... 101
11.3.2 Status Of VAIAALION ......coiiiiiiiiei e 101
11.3.3 Radiometric cloud fraction (L2_CLOUD CAL & L2_CLOUD CRB) .........cuvvvvvvvvvininnnnns 102
11.3.4  Cloud top height (L2_CLOUD CAL) and cloud height (L2_CLOUD CRB) .................. 106
11.3.5  Cloud optical thickness (L2_CLOUD CAL) ......coiuitiiiiiiieeiiiiee ettt 122
11.3.6  Cloud albedo (L2_CLOUD CRB).....c.coiiiiaiiieiiitesiieesiie ettt st sne e 123
11.4 Equivalence of L2_CLOUD NRTI and OFFL productS...........cccceiiiiiiiiieieeeeeiiiiiieeee e 125
12 Validation RESUIES: L2_AER Al ...ttt 126
12.1  L2_AER_AI products and reqUIrEMENTS ........cuuiieiiiiieeiiiieee sttt e e 126
12.2  Validation @pPrOaCh ......cooeieeei e a e e e 126
12.2.1 Ground-based NEIWOIKS ...........eiiiiiii e 126
12.2.2 S T= =1 11 = SRR 126
12.2.3 Field campaigns and modelling SUPPOIt ..........oveiiiiieiiiiie e 126
12.3  Validation of L2_AER_AI NRTl...ciiuiiiiiiiiie ittt 127
12.31 Recommendations for data usage followed ... 127
12.3.2  Status Of VAlIAALION ......oooiiiiiieie e s 127
12.3.3 2] L PSP T P PTRPRP 131
12.3.4 (DI o= €51 o] o PP EUTTT ORI 131

S5P MPC



S5P Routine Operations Consolidated Validation Report April 2018 - May 2020 S5P-MPC-IASB-ROCVR-07.00.00-20200629

ROCVR update #07, issue 07.00.00, 2020-06-29 Page 17 of 161
12.3.5 Dependence on influenCe QUANTILIES .........cocueiieiiiiiieiiiiie e 131
12.3.6 Short term Variability ...........occiiii e 131
12.3.7 (CT=Tolo = o] alTor= 1IN o F=Na (=] 1 1 SRR 134
12.3.8 (@1 [= T (T LN ] £ P PEPR T 134

12.4  Equivalence of L2_AER_AI NRTI and OFFL Products...........cccceiriiiieiniiiee e 135
13 Validation ReSUIS: L2 AER_LH ....ooiiiii ittt e e e e e s nnnnanan e e e 136
13.1 L2 _AER_LH products and reqUIrEMENTS.........cccuuriiiieeeeiiiiiiiiere e e e e s ssinree e e e e e s e ssnrnnneeeeeesesnnns 136
13.2  Validation QPPIOBCK .....oieiiiie ittt 136
13.2.1 Ground-based NEIWOIKS ..........uuiiiiiii e 136
13.2.2 ST (11 (= SRR 137
13.2.3 Field campaigns and modelling SUPPOIT..........uuuuuiuieimieiiieieieieieiereerierninreerrernnnn.. 137
13.3  Validation of L2_AER_LH ..o 137
13.3.1 Recommendations for data usage followed ... 137
13.3.2 Status Of VAIALION .....cooiiiiiiiiii e 138
13.3.3 2T PP 144
13.3.4 (D1 01T £ o] o L PP PO PPPPRPP 144
13.3.5 Dependence on influence qUANTILIES .........cocueiieiiiiiieiiiee e 144
13.3.6 Short term Variability ......cccoooeeee e ——————— 145
13.3.7 GEe0graphiCal PAEINS ... ——— 145
13.3.8 (@11 g 1= T (Y= L0 H ] TSR 146

14 = 1= =T Lo = S 149
14.1  ReferenCe OCUMEBNLS.........uuiiiiiiie ittt ettt e e e et e e e e e e e s anbbbreeaeaeeeanns 149
14.2  Peer-revieWed GrTICIES .........uuiiiiiieii ittt e et e e e e e e e e e e e e e e anas 149

I C T o 1= ol 1 oY 1 [o €= (=T 1= (o =L OSSR 153
15 ACKNOWIEAGEIMENES . ....ceiiitiiie ettt b bbbttt e et e e s bbbt e e s aabb e e s anneeeas 155
15.1 S5P MPC Routine Operations Validation ServiCe..........cccccccvvviviiiiiiiiiiiiiiiieeeeeeeeeeee 155
15.2  S5P validation fAaCIlitIES ..........eeiiiieiiiiieii ettt e e 156
TG T V7 [ To F= L1 o] o I = L= S RERR 156
RS o [T [0 VU o] o [o ] SRR 157
16 Terms, definitions and abbreviated termsS ... 158
16.1  Terms and definitiONS ...........ueeiiiiiiii et e e e e 158
16.2  Acronyms and abbreViatioNS .........c..eeioiiiiiieiiiie et 159

S5P MPC



S5P Routine Operations Consolidated Validation Report April 2018 - May 2020 S5P-MPC-IASB-ROCVR-07.00.00-20200629
ROCVR update #07, issue 07.00.00, 2020-06-29 Page 18 of 161

1 Introduction

1.1 Background information on Sentinel-5 Precursor TROPOMI

TROPOspheric Monitoring Instrument (TROPOMI) [ER_TROPOMI] is the unique payload of the
ESA/Copernicus Sentinel-5 Precursor mission (S5P) launched on October 13, 2017. The prime
function of TROPOMI is to monitor the global distribution of atmospheric trace gases and aerosols for a
better understanding of air quality, the ozone layer, atmospheric chemistry and transport, ultraviolet
radiation, and climate change. The instrument is a nadir-viewing hyperspectral spectrometer measuring, in
the ultraviolet-visible (270-495 nm), near-infrared (675-775 nm) and shortwave infrared (2305-2385
nm), the solar radiation scattered by the Earth6 satmosphere and reflected by the Earthé surface and
by clouds, as well as solar spectral irradiance. Daily coverage at the high horizontal resolution of 7 x 3.5
km? before and 5.5 x 3.5 km? after the operations switch to smaller ground pixel size activated on the
6" of August 2019, is accomplished thanks to a Sun-synchronous polar orbit (equator crossing time of
13:30 local solar time) and a wide swath width of 2600 km across track. From the TROPOMI radiometric
measurements of Earthos r g dri-gaoond elataaprodess@soretdeve ther r adi an
atmospheric abundance of ozone (O3), nitrogen dioxide (NO,), formaldehyde (HCHO), sulphur dioxide
(SO,), carbon monoxide (CO), methane (CH,), as well as cloud and aerosol properties.

The S5P mission is a key component of the space segment of the European Earth Observation
programme Copernicus [ER_CoperESA]. As such, it has an operational and service-oriented vocation.
With a 7-year operation lifetime, the S5P mission aims at filling in the anticipated observational gap of
key atmospheric composition data between, from one part, Envisat SCIAMACHY (operational in 2002-
2012), EOS-Aura OMI (operational since 2004) and the EUMETSAT EPS MetOp GOME-2 series
(initiated in 2006, with the latest MetOp-C launched in November 2018), and from the other part, the
upcoming series of Copernicus Sentinel-4 and Sentinel-5 missions scheduled for 2023-2044.

1.2 Mission Performance Centre i Routine Operations Validation Service

Procured by an international consortium contracted by the European Space Agency (ESA), the S5P
Mission Performance Centre (MPC) provides an operational service-based response to the S5P
mission requirements for quality control, calibration, validation and end-to-end system performance
monitoring during the Routine Operations phase of the S5P mission.

In-flight calibration and characterisation of the TROPOMI instrument, long-term monitoring of the
instrument sensor performance and ageing, and routine Quality Control (QC) of the operational Level-
1 (radiometric) and Level-2 (geophysical) data products are coordinated by the Royal Dutch
Meteorological Institute (KNMI), and documented on the TROPOMI Portal for Instrument and
Calibration [ER_MPS] and the TROPOMI Portal for Level-2 Quality Control [ER_L2QC].

Geophysical validation of the operational Level-1 and Level-2 data products is coordinated by the
Royal Belgian Institute for Space Aeronomy (BIRA-IASB), and documented on the Portal of the
TROPOMI Validation Data Analysis Facility (VDAF) [ER_VDAF]. The TROPOMI routine operations
validation service makes use of Fiducial Reference Measurements (FRM) and other correlative data of
documented quality (ground-based and satellite measurements, dedicated field campaigns), to assess
the overall quality, the compliance with mission requirements and the validity of uncertainty estimates
of the TROPOMI data products. This service monitors validation results on a cyclic basis and produces
every three months the present Routine Operations Consolidated Validation Report (ROCVR). It also
contributes quality assessment support to the evolution of data processors.
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1.3 Purpose, scope and outline of this document

The present document (DI-MPC-ROCVR) reports consolidated validation results for the S5P
TROPOMI Level-1 and Level-2 operational data products. This report has been produced by the S5P
MPC Routine Operations Validation Service. It integrates validation results from the MPC Validation
Data Analysis Facility (VDAF) consortium (Table 12) with support from other activities and dedicated
field campaigns documented on the TROPOMI website [ER_TROPOMI], as well as ad hoc contributions
from S5P Validation Team (S5PVT) AO projects [ER_S5PVT].

Updated with a trimestral frequency, S5P data quality information provided in this document
supersedes that provided in previous versions. It complements S5P data quality information provided
in the Product Readme Files (PRFs) attached to S5P data products released publicly. For details and
for recommendations for data usage, data users are encouraged to read the PRF, Product User
Manual (PUM) and Algorithm Theoretical Basis Document (ATBD) associated with the data products,
all available on the Copernicus Sentinel Portal for S5P products and algorithms [ER_CoperATBD] and
also on the TROPOMI Portal [ER_TROPOMI].

This update #07 of the MPC ROCVR presents quality information for the S5P operational data
products obtained in nominal mode from April 2018 until May 2020. It is structured as follows:
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8  Validation RESUIS: L2 SO2 ......uuieiiiiiiieiiiiieieieusietstetetstsrersrsrersrerers e ... 72
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2 S5P Data Quality Requirements

Validation results can be interpreted to evaluate whether or not S5P Level 2 data products meet user
requirements. Targets for key quality indicators of the S5P Level 2 data products have been
formulated in the S5P Geophysical Validation Requirements document ([S5PVT-Req], Page 19) and the
S5P Cal/Val Plan for the Operational Phase ([S5P-CSCOP], Page 14). Maintenance of these requirements
is supported by the Sentinel-5p Quality Working Group (QWG), who agreed e.g. to adopt for
tropospheric ozone column data the requirements expressed by the Climate Research Group (CRG)
within ESA&6s cci _o0zone project,
Expressed in terms of measurement bias (estimate of the systematic measurement error) and
uncertainty (measurement uncertainty, that is, dispersion of the quantity values being attributed to the
measurand), these targets are reproduced hereafter in Table 3. Quality targets are typical of several
known applications; nevertheless, it always remains the uttermost responsibility of any users to check
the fitness of the S5P data for their own purpose, with respect to their own particular requirements.

a nstimatad irstead bf cangasd o p t

Product ID Level-2 Geophysical Quantity VerFt{i?:c;llJilgzr:oelTjttzion Requé::zwent: Rjr?ggrfg?ﬁp;:
L2 03 Total O3 total column 5% 1.6%-2.5%
L2_0O3_PR | O3 profile (incl. troposphere) 6 km 30% 10%
L2_O3_TCL | Ogztropospheric column tropospheric column 25% 25%
NO; tropospheric column tropospheric column 50% 0.7 Pmolec.cm™
L2 Moz NO; stratospheric column stratospheric column 10% 0.5 Pmolec.cm™
Enhanced total SO, total column 30% 0.3 (0.12) bu
L2_SO2
Total SO» total column 50% 1-3(1.2) bU
L2_HCHO | Total HCHO total column 80% 12 Pmolec.cm™
L2_CO Total CO total column 15% 10%
L2_CH4 Total CH4 total column 1.5% 1%
Cloud Fraction total column 20% 0.05
L2_CLOUD | Cloud Height (pressure) total column 20% 0.5km (P<30hPa)
Cloud albedo (optical thickness) total column 20% 0.05 (10)
L2_AER_AI [ Aerosol Absorbing Index total column 1 AAI 0.1 AAI
L2_AER_ALH [ Aerosol Layer Height total column 100 hPa 50 hPa

Table 3 1 Data quality targets for the operational Sentinel-5 Precursor TROPOMI Level 2 data products:
measurement bias and (random) measurement uncertainty (adapted by Sentinel-5p QWG from [S5PVT-Req] and
[S5P-CSCOP]).
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3 Validation Results: L1B_RA and L1B_IR

3.1 L1B products

This Section reports on the validation of the S5P TROPOMI L1B product identified in Table 4.

Table 47 Identification of the S5P TROPOMI L1B products evaluated in this Section.

Product Stream  Version In operation from In operation until
L1B_RA1/ é 01.00.00 orbit 2818, 2018-04-30 current version
L1B_IR_UVN/SIR 01.00.00 orbit 2818, 2018-04-30 current version

Note: The operational phase (E2) of the S5P TROPOMI mission starts with orbit #02818.

3.2 Recommendations for data usage followed

The product is stored as NetCDF4 file. The NetCDF4 file contains both the data and the metadata for
the product.

For OFFL and RPRO data the product is stored as a single file per satellite orbit, for NRTI data the
product is stored as multiple files per orbit.

An overview of the Sentinel-5p mission, the TROPOMI instrument and the algorithms for producing the
L1b data products can be found in the Algorithm Theoretical Basis Document. Details of the data
format are provided in the Input/Output Data Specification. The metadata contained in the L1b data
products are described in the Metadata Specification. All these documents are available on
https://sentinels.copernicus.eu/web/sentinel/technical-quides/sentinel-5p/products-algorithms.

For Level 2 processing and related validation, the following additional notices have been applied:

i The LO-1b data processor annotates the data with quality assessment data in the fields
spectral_channel_quality , measurement_quality and ground_pixel_quality . Level
2 developers are strongly encouraged to observe these quality fields in their retrievals and exclude
flagged data as needed.

1 All 8 bands are processed individually in the LO-1b data processor. In case of missing data, for
example in case of data drop-outs during downlinks, this does not necessarily impact all bands (to
the same extent). This means that a scanline can be missing for some bands, where it is not
missing for other bands. When combining data from multiple bands, Level 2 algorithms should
therefore always check and match the delta_time for these data and, in case of non-co-
registered bands, the geolocation as well.

1 For calculating reflectance from the radiance products, it is recommended to use the irradiance
product with the sensing time close to the sensing time of the radiance product.
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3.3 Validation approach

In-flight calibration and characterisation of the TROPOMI instrument, long-term monitoring of the
instrument sensor performance and ageing, and routine Quality Control (QC) of the operational L1B
data products are reported continuously on the TROPOMI Portal for Instrument and Calibration
[ER_MPS].

The S5P TROPOMI L1B data products are also compared to modelling output and to other satellite
measurements, specifically from EOS-Aura OMI and from Suomi-NPP OMPS.

34 Validation of L1B NRTI

The near-real time L1b products are not distributed to users, and they are not validated separately.
NRTI products use the same LO1b data processor algorithms, and can only differ when the Calibration
Key Data (CKD) used differs from OFFL. Currently no CKD is dynamically updated in OFFL, and
hence no difference exists between NRTI and OFFL.

35 Validation of L1B OFFL

The validation of the wavelength assignment of the L1B_UVN products shows agreement of 0.02 to
0.04 nm, which is within the pre-launch calibration accuracy.

Initial validation of the L1B_RA reflectance with respect to OMI and OMPS data indicates that
TROPOMI is within 5% for the shorter wavelengths in band 3 and improving to 2% towards the longer
wavelengths in band 4. For the short wave UV in band 1 TROPOMI is within 8% +/-2% of the expected
modeled reflectance.

In general radiometric errors in bands 1 and 3 are large but they vary slowly over wavelength and
most L2 retrievals are insensitive to such errors. Additional validation indicates that for bands 3 to 7
the mission requirements for the reflectance are met if the uncertainty of the method of 3 to 5% is
taken into account.

The largest source of error in the reflectance is due to the initial pre-launch irradiance calibration. This
is a known issue and will be addressed in future updates.

The validation of the TROPOMI L1B_IR irradiance product shows that it is within 3 to 10% depending
on the used reference spectrum and that there is a radiometric mismatch between band 2 and 3.

Additional validation with other solar irradiance spectra concludes that the difference shows a smooth
wavelength dependence, most likely caused by optical setup effects during the on-ground calibration.
This anomaly affects the UV and UVIS channels, and can be corrected for in the update of the LO1b
processor. After this correction the differences with reference spectra reduces to 2% and is within the
expected radiometric accuracy. For the NIR and SWIR channels the difference shows no wavelength
dependence but an offset that is within the radiometric accuracy budget. For these channels no
correction is foreseen.
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4 Validation Results: L2 03

4.1 L2 O3 products and requirements

This Section reports on the validation of the S5P TROPOMI L2_0O3 product identified in Table 1.
Validation results are discussed with respect to the product quality targets outlined in Table 3. The
NRTI and OFFL processors using different approaches, their respective validation is reported in
separate subsections.

4.2 Validation approach

421 Ground-based networks

S5P TROPOMI L2_03 total ozone column data are routinely compared to reference measurements

acquired by instrumentscontr i buti ng to WMO&s GI dGAV): (1) ABremear Kprhee r e Wa't c
al.,, 1981,1988) and (2) Dobson (Basher, 1982) UV spectrophotometers, and (3) NDACC Zenith

Scattered Light (ZSL) DOAS UV-Visible spectrometers (Pommereau and Goutail, 1988, Hendrick et

al.,, 2011). Co-locations between S5P TROPOMI and direct-sun (DS) measurements are defined as

Api xel contains stationo, wi t h a maxi mum -dum me di f
measurements obtained through the NDACC and WOUDC data archives are usually daily means of

the individual measurements. To reduce co-location mismatch errors due to the significant difference

in horizontal smoothing between S5P and ZSL-DOAS measurements, S5P O3 column values (from

afternoon ground pixels at high resolution) are averaged over the footprint of the larger air mass to

which the ground-based twilight zenith-sky measurement is sensitive. For more details about the

validation methodology, see Lambert et al. (1997, 1999), Balis et al. (2007), Koukouli et al. (2015),

Verhoelst et al. (2015), and Garane et al. (2019).

4.2.2 Satellites

S5P TROPOMI L2_03 total ozone column data have also been compared to MetOp-A and MetOp-B
GOME-2 ozone column data (version GDP 4.8), to Suomi-NPP OMPS-nadir ozone column data, and
to S5P ozone column data retrieved with the other S5P operational processor (NRT vs. OFFL).

4.2.3 Field campaigns and modelling support

Since December 4, 2018, S5P L2_03 NRTI total ozone data is assimilated operationally in the
Copernicus Atmosphere Monitoring Service system (CAMS), which also assimilates ozone data from a
list of other satellite instruments. See Inness et al. (2019) for further details.

4.3 Validation of L2_O3 NRTI

4.3.1 Recommendations for data usage followed

Data users are encouraged to read the Product Readme File (PRF), Product User Manual (PUM) and
Algorithm Theoretical Basis Document (ATBD) associated with this data product, all available on
https://sentinels.copernicus.eu/web/sentinel/technical-quides/sentinel-5p/products-algorithms.

In order to avoid misinterpretation of the data quality, it is recommended to use only those TROPOMI
pixels associated with a ga value above 0.5. According to validation results this criterion might be
relaxed, but nevertheless, caution remains required for ga value below 0.5. An alternative set of filter
criteria for L2_0O3 NRT]I are the following:
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4.3.2 Status of validation

This section presents a summary of the key validation results obtained by the MPC VDAF and by S5P
Validation Team (S5PVT) AO projects. This summary is based on coordinated operational validation
activities carried out using the Automated Validation Server of the S5P MPC VDAF, the Multi-TASTE
versatile multi-platform validation system operated at BIRA-IASB, and the ozone validation system
operated at AUTH. This summary takes also into consideration (updates of) the results reported at the
S5P First Public Release Validation Workshop (ESA/ESRIN, June 25-26, 2018) and at the 3rd S5PVT
workshop (ESA/ESRIN, November 11-14, 2019). Individual contributions to the workshops are
archived in  https://nikal.eventsair.com/QuickEventWebsitePortal/sentinel-5p-first-product-release-
workshop/sentinel-5p and in https://nikal.eventsair.com/QuickEventWebsitePortal/sentinel-5-precursor-
workshop-2019/sentinel-5p, while up-to-date validation results and consolidated validation reports are
available through the MPC VDAF Portal at http://mpc-vdaf.tropomi.eu. This report also includes quality
information provided by the CAMS team at ECMWF.

Current conclusions are valid for the S5P data obtained in the operational phase E2 of the mission,
from May 2018 until May 2020, and on the reference data available at the time of this report: typically,
until end of March 2020 for the Dobson and Brewer data, and up to beginning of May 2020 for the
ZSL-DOAS SAOZ data. For the current report, Brewer and Dobson measurements were obtained
through the World Ozone and UV Radiation Data Centre (WOUDC) in Toronto, the NDACC Data Host
Facility, and WMQ&sntreGrz thessalorika [f @ istation archives data both into
WOUDC and NDACC HDF, the source with the most recent data is adopted. ZSL-DOAS
measurements were collected through the SAOZ network Real-Time processing facility operated by
CNRS LATMOS (LATMOS_RT). Over the period, with respect to the reference data available at the
time of this analysis, of the order of 100 to 1400 co-locations have been identified at about 40 Brewer
and Dobson sites and at 12 ZSL-DOAS SAOZ sites, sampling many latitudes from the Arctic to the
Antarctic (Figure 1).
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Figure 1: Geographical distribution of Brewer, Dobson and ZSL-DOAS ground-based stations for which suitable
co-locations with S5P L2_0O3 NRTI ozone data have been identified (May 2018 until May 2020).
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4.3.3 Bias

The systematic difference between S5p L2_03 NRTI and reference ground-based data at individual

stations rarely exceeds 2%, as depicted in Figure 2. The median bias calculated over the entire

ground-based networks is of the order of +0.5-1%, S5P reporting higher values than the networks.

Bet ween 50eS and 50eN, t he mean agreement witth ot her
This median bias value falls well within the mission requirements (max. bias 3.5-5%).

S5p L2_03 (NRTI, processor >= 01.00.00 != 01.01.01) vs. Ground-based reference

$ Brewers (WOUDC): 1.03% +/- 1.24%

15 F T Brewers (NDACC): 1.27% +/- 2.25%

$ Dobsons (WOUDC): 0.47% +/- 1.87%

Dobsons (NDACC): 0.88% +/- 1.25%
10 4 Sunrise SAOZ: 0.56% +/- 1.82%
P Sunset SADZ 0.69% +/- 1.69%
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Figure 2: Meridian dependence of the median (the circular markers) and spread (1 sigma, the error bars) of the
percent relative difference between S5P TROPOMI L2_03 (PDGS NRTI processor v1.0.0 up to v1.1.8, 20 May
2020) and ground-based (GND) ozone column data, represented at individual stations from the Antarctic to the
Arctic and per measurement type (Brewer, Dobson, and ZSL-DOAS). The values in the legend correspond to the
median and spread of all median (per station) differences. For clarity, sunrise and sunset ZSL-DOAS results are
represented separately (offsetby-0 . 5e¢ and +0).5e¢ in | atitude
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Figure 3: Comparison of the mean percentage differences between two satellite products (S5P TROPOMI L2_0O3
NRTI and GOME-2B GDP 4.8) and ground-based total ozone data, versus latitude. The Brewer network
comparisons are shown in the left-hand panel and the Dobson network comparisons in the right-hand panel. Both
ground-based datasets are downloaded from the WOUDC. Time period: is May 2018 1 April 2020.
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4.3.4 Dispersion

The +1s dispersion of the difference (between S5P and reference ground-based network data) around
their median value rarely exceeds 3-4% for the comparisons with direct-sun instruments (cf. the error
bars depicted in Figure 2). Combining random errors in both satellite and reference measurements
with irreducible co-location mismatch effects, it is concluded that the random uncertainty on the S5P
measurements falls within the mission requirements of max.+2.5%.

4.3.5 Dependence on influence quantities

The evaluation of potential dependence of the S5P hias and dispersion on the Solar Zenith Angle
(SZA, evaluated up to 80°), surface albedo, cloud fraction (CF) and scan sub-index of the TROPOMI
measurement does not reveal any variation of the bias larger than 2-3% over the range of these
influence quantities (Figure 4).

The scatter of the difference of about 2-4% increases up to 7% at large SZAs and at latitudes beyond
50°, which is expected knowing that random errors in both satellite and reference measurements as
well as irreducible co-location mismatch effects increase at high latitudes and low sun elevation.

These results are confirmed by small analysis departures when assimilated in the CAMS system
(Inness et al., 2019), albeit with a caveat regarding the effect of surface albedo over snow/ice (e.g., at
high latitudes) and a minor systematic effect for TROPOMI ground pixels towards the edges of the
swath width (of the order of 1%). See also Section 4.3.7.
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Figure 4. Dependence of the difference between S5P NRTI and ground-based Brewer total ozone data on the
solar zenith angle (SZA), the surface albedo, the fractional cloud cover, and the scan sub-index of the satellite
measurement. Black curve: mean and standard deviation over bins of 10 degrees of SZA, 0.1 of surface albedo,
0.05 of cloud fraction, and 50 pixels over across-track scan.
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4.3.6 Short term variability

Qualitatively, at all of the 50 ground-based monitoring stations, short scale temporal variations in the
ozone column as captured by ground-based instruments are reproduced very similarly by S5P, as

illustrated in Figure 5. The overall good agreement is corroborated by Pearson correlation coefficients
always above 0.95.
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Figure 5: Time series of SS5P TROPOMI NRTI and Brewer total ozone data at the station of Manchester in the
United Kingdom (data courtesy J. Rimmer, University of Manchester).

4.3.7 Geographical patterns

The bias between S5P L2_03 and other satellite data sets exhibits patterns correlating with weather
patterns, atmospheric circulation features, and ground albedo types. When looking at satellite datasets
obtained from different satellites (e.g., TROPOMI on S5P in the early afternoon and GOME-2 on
MetOp-A in the mid-morning), patterns correlating with weather structures and atmospheric circulation
might simply reflect i at least partly i real ozone changes between the different satellite overpass
times. But patterns correlating with ground albedo types cannot. Furthermore, looking at S5P ozone
datasets retrieved from the same Level-1 data processed with different Level-1-to-2 retrieval
algorithms, those patterns subsist, as illustrated in Figure 6 where NRTI and OFFL data are
compared.

Geographical patterns in the L2_0O3 ozone data products i revealed by comparisons with other
satellite datasets i are likely to be associated with differences in the processing of the cloud
properties, in the use of either a surface albedo climatology or a fitted effective albedo, and, in the
case of a comparison of data from two different satellites, to differences in overpass times (3.5 hours
difference between S5P and GOME-2).
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Figure 6: Percent relative difference between S5PL2_0O3 total ozone data retrieved with the NRTI and OFFL
processors (period November 2017 through October 2019). Geographical patterns in this case cannot be
associated with real ozone features but reveal rather the effect of using either a surface albedo climatology (NRTI
product) or fitting an effective albedo (OFFL product) (courtesy C. Lerot, BIRA-IASB).

4.3.8 Other features

None to report.

4.3.9 Switch to smaller ground pixel size

On 6 August 2019, the nominal ground pixel resolution of the TROPOMI measurement was reduced to
5.5 x 3.5 km?, i.e. shorter by 1.5 km in the along-track direction, by reducing the integration time.
Figure 7 shows no evidence of a negative effect on the agreement between satellite and ground-based
reference data after this switch in resolution.
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Figure 7: Time series of the difference between the S5P NRTI L2_0O3 ozone column data and the SAOZ
correlative data at 11 stations from pole to pole, from August 2018 to May 2020. The moment of the switch in
TROPOMI pixel size (along track reduction from 7 to 5.5 km) is identified by the bold vertical line.
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4.4 Validation of L2_03 OFFL

44.1 Recommendations for data usage followed

Data users are encouraged to read the Product Readme File (PRF), Product User Manual (PUM) and
Algorithm Theoretical Basis Document (ATBD) associated with this data product, all available on
https://sentinels.copernicus.eu/web/sentinel/technical-quides/sentinel-5p/products-algorithms.

In order to avoid misinterpretation of the data quality, it is recommended to use only those TROPOMI
pixels associated with a ga value above 0.5. Nevertheless, it must be noted that at this threshold all
data with solar zenith angles larger than 80° are removed, leading to a significant rejection of
measurements at high latitudes. Validation results suggest that also measurements at larger solar
zenith angles are reliable and hence that this cut-off at 80° is not necessary.

According to validation results this criterion might be relaxed, but nevertheless, caution remains
required for qa_value below 0.5. Additional filter criteria for L2_03 OFFL are the following:

A ozone total _ver trangeavithindaol045hnn shoul d
A ozone_ effecti ve rahge wmihie[18to230 shoul d

A fitted root_mean_squanO®l.should not be | arger th

4.4.2 Status of validation

This section presents a summary of the key validation results obtained by the MPC VDAF and by S5P
Validation Team (S5PVT) AO projects. This summary is based on coordinated operational validation
activities carried out using the Automated Validation Server of the S5P MPC VDAF, the Multi-TASTE
versatile multi-platform validation system operated at BIRA-IASB, and the ozone validation system
operated at AUTH. This summary takes also into consideration (updates of) the results reported at the
S5P First Public Release Validation Workshop (ESA/ESRIN, June 25-26, 2018) and at the 3rd S5PVT
Workshop (ESA/ESRIN, November 11-14, 2019). Individual contributions to the workshops are
archived in  https://nikal.eventsair.com/QuickEventWebsitePortal/sentinel-5p-first-product-release-
workshop/sentinel-5p and in https://nikal.eventsair.com/QuickEventWebsitePortal/sentinel-5-precursor-
workshop-2019/sentinel-5p, while up-to-date validation results and consolidated validation reports are
available through the MPC VDAF Portal at http://mpc-vdaf.tropomi.eu.

Current conclusions are valid for the S5P data obtained in the operational phase E2 of the mission,
from May 2018 until May 2020, and on the reference data available at the time of this report: typically,
until April 2020 for the Dobson and Brewer data, and up to beginning of May 2020 for the ZSL-DOAS
SAQOZ data. For the current report, Brewer and Dobson measurements were obtained through the
World Ozone and UV Radiation Data Centre (WOUDC) in Toronto, the NDACC Data Host Facility, and
WMO6s Ozone Mapping Centre in Thessaloniki. | f a st
NDACC HDF, the source with the most recent data is adopted. ZSL-DOAS measurements were
collected through the SAOZ network Real-Time processing facility operated by CNRS LATMOS
(LATMOS_RT). Over the period, with respect to the reference data available at the time of this
analysis, of the order of 100 to 1400 co-locations have been identified at about 40 Brewer and Dobson
sites and at 12 ZSL-DOAS SAOZ sites, sampling many latitudes from the Arctic to the Antarctic
(Figure 8).
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Figure 8: Geographical distribution of Brewer, Dobson and ZSL-DOAS ground-based stations for which suitable
co-locations with S5P L2_03 OFFL ozone data have been identified (period up to May 2020).

4.4.3 Bias

The systematic difference between S5p L2_03 OFFL and reference ground-based data at individual
stations rarely exceeds 2%, as depicted in Figure 9. The median bias calculated over the entire
ground-based networks is of the order of +0.3%. Bet ween 50eS and 50eN,
other satellite data derived with the same processor (GODFIT v4) is mostly within 1% as well (Figure
10). This median bias value falls well within the mission requirements (max. bias 3.5-5%).
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Figure 9: Meridian dependence of the median (the circular markers) and spread (+1 sigma, the error bars) of the
percent relative difference between S5P TROPOMI L2_03 (PDGS OFFL processors v1.1.7 and v1.1.8) and
ground-based (GND) ozone column data, represented at individual stations from the Antarctic to the Arctic and
per measurement type (Brewer, Dobson, and ZSL-DOAS). The values in the legend correspond to the median
and spread of all median (per station) differences. For clarity, sunrise and sunset ZSL-DOAS results are
represented separately (offsetby-0. 5¢ and +0).5e¢ in | atitude
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Figure 10: Comparison of the mean percentage differences between three satellite data products (S5P L2_03
OFFL, OMI GODFIT v4 and OMPS GODFIT v4) and ground-based total ozone data, versus latitude. The Brewer
network comparisons are shown in the left-hand panel and the Dobson network comparisons in the right-hand
panel. Both datasets are downloaded from the WOUDC. The time period of data used for these plots is May 2018
T April 2020.

444 Dispersion

The x1s dispersion of the difference (between S5P and reference ground-based network data) around
their median value rarely exceeds 3-4% for the comparisons with direct-sun instruments (cf. the error
bars depicted in Figure 9). Combining random errors in both satellite and reference measurements
with irreducible co-location mismatch effects, it is concluded that the random uncertainty on the S5P
measurements falls within the mission requirements of max. 2.5%.
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445 Dependence on influence quantities

The evaluation of potential dependence of the S5P bias and dispersion on the Solar Zenith Angle
(SZA, evaluated up to 80°), surface albedo and cloud fraction (CF) of the TROPOMI measurement
does not reveal any variation of the bias larger than 2-3% over the range of those influence quantities
(Figure 11). Minor negative mean differences are observed at the largest SZA and CF values.

The scatter of the data comparisons of about 2-3% increases up to 5% at large SZAs and at latitudes
beyond 50°, which is expected knowing that random errors in both satellite and reference
measurements as well as irreducible co-location mismatch errors increase at high latitude and low sun
elevation. Moreover, satellite-to-satellite comparisons indicate some systematic differences at the
largest SZAs, up to 5%, as illustrated in Figure 13. Also, there is a modest increase in scatter for
measurements at larger cloud fractions.
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Figure 11: Dependence of the difference between S5P OFFL and ground-based Brewer total ozone data on the
solar zenith angle (SZA), the surface albedo, the fractional cloud cover, and the scan sub-index of the satellite
measurement. Black curve: mean and standard deviation over bins of 10 degrees of SZA, 0.1 of surface albedo,
0.05 of cloud fraction, and 50 pixels over across-track scan.
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Figure 12: Latitude and time cross-section of the percent relative difference between S5P L2_03 OFFL total
ozone data and comparable total ozone data sets from other satellite: GOME-2B GDP 4.8, S-NPP OMPS,
GOME-2A GDP 4.8, and Aura OMI.
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4.4.6 Short term variability

Qualitatively, at all of the 50 ground-based reference stations, short scale temporal variations in the
ozone column as captured by ground-based instruments are reproduced very similarly by S5P, as
illustrated in Figure 13. The overall good agreement is corroborated by Pearson correlation coefficients
always above 0.95.
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Figure 13: Time series of S5P TROPOMI OFFL and Brewer total ozone data at the station of Manchester in the
United Kingdom (data courtesy J. Rimmer, University of Manchester).

4.4.7 Geographical patterns

The bias between S5P L2_03 and other satellite data sets exhibits patterns correlating with weather
patterns, atmospheric circulation features, and ground albedo types. When looking at satellite datasets
obtained from different satellites (e.g., TROPOMI on S5P in the early afternoon and GOME-2 on
MetOp-A in the mid-morning), patterns correlating with weather structures and atmospheric circulation
might simply reflect 1 at least partly 7 real ozone changes between the different satellite overpass
times. However, patterns correlating with ground albedo types cannot. Furthermore, looking at S5P
ozone datasets retrieved from the same Level-1 data processed with different Level-1-to-2 retrieval
algorithms, those patterns subsist, as illustrated in Figure 6 where NRTI and OFFL data are compared.

Geographical patterns in the L2_03 ozone column data products i revealed by comparisons with
other satellite datasets i are likely to be associated with differences in the processing of the cloud
properties, in the use of either a surface albedo climatology or a fitted effective albedo, and, in the
case of a comparison of data from two different satellites, to differences in overpass times (3.5 hours
difference between S5P and GOME-2). Moreover, Figure 12 highlights patterns associated with
differences in the dependence on SZA already discussed in Section 4.4.5.

4.4.8 Other features

None to report.
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5 Validation Results: L2_03 TCL

5.1 L2 O3 _TCL products and requirements

This Section reports on the validation of the S5P TROPOMI L2_03_TCL product identified in Table 1.
Validation results are discussed with respect to the product quality targets outlined in Table 3.

The S5P O3 _TCL data files contain tropospheric ozone columns obtained by the Convective Cloud
Differential algorithm (CCD). The CCD data are sampled daily. They represent a three-day average of
the ozone partial column between surface and 270 hPa (~10.5 km) under cloud-free conditions on a
0.5° latitude by 1° longitude grid between 20°S and 20°N. In contrast to most other S5P products in
this document, it concerns a gridded data set, and, it covers about 2/3 of the full vertical range of the
tropical troposphere.

Variables related to a second tropospheric ozone algorithm, the Cloud Slicing Algorithm (CSA), are
present in the data files but all corresponding entries are set to a fill value for the time being, until
further maturation of the algorithm and public release of the CSA product. The CSA data are not
discussed in the following.

5.2 Validation approach

Routine validation of the S5P TROPOMI L2_03_ TCL tropospheric ozone data products entails both
qualitative, visual inspections of daily maps of product variables, and quantitative comparisons of
these to independent reference measurements by ground-based and satellite instruments.

521 Ground-based networks

Reference measurements by ozonesondes launched at nine sites of the ground-based SHADOZ
network (ER_SHADOZ) are compared routinely to S5P data (see Hubert et al., 2020). The SHADOZ
data version used here is V06. The ozonesonde profile data are first quality controlled (Hubert et al.,
2016, 2020) and then integrated over the vertical range of the S5P CCD product (surface to 270 hPa)
to obtain a comparable tropospheric column value. A reference measurement is assumed to be in co-
location with a TROPOMI measurement provided that: (a) the SHADOZ station is located in the S5P
CCD grid cell, and, (b) the ozonesonde was launched in the satellite time window. Data that do not
match these criteria are not used in the calculation of the quality indicators (Figure 16 and Figure 18). If
more than one reference tropospheric ozone column falls in a co-location window, then these are
averaged prior to comparison. Such a double coincidence occurs very rarely in the considered data
sample. Finally, it is important to note that the spatial and temporal sampling properties of satellite and
reference data records are quite different, which adds mismatch uncertainties in the comparison
results on top of the combined data uncertainties.

5.2.2 Satellites

S5P TROPOMI L2_03 TCL tropospheric ozone column data are also compared to Aura OMI and
MetOp-B GOME-2 tropospheric ozone column data using the GODFIT_v4 CCI algorithm developed
within ESAd6s Climate Change Initiative (CCIl).
sampling was adapted to allow a more direct comparison to TROPOMI, i.e. 5 days averaging windows
instead of monthly data and the tropospheric top pressure set to 270 hPa instead of 200 hPa. The
horizontal resolution of the OMI and GOME-2B data products was increased from 1.25°x2.5° to 1°x2°.

5.2.3 Field campaigns and modelling support

None for this report.
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5.3 Validation of L2_0O3_TCL OFFL (CCD)

5.3.1 Recommendations for data usage followed

Data users are encouraged to read the Product Readme File (PRF), Product User Manual (PUM) and
Algorithm Theoretical Basis Document (ATBD) associated with this data product, all available on
https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-5p/products-algorithms.

In order to avoid misinterpretation of the data quality, we followed the recommendation to use only
TROPOMI grid cells associated with a ga_value strictly above 0.7. This screening removes 15.8% of
the S5P grid cells, usually between 15-20° latitude in local winter and spring.

5.3.2 Status of validation

This section presents a summary of the key validation results obtained by the MPC VDAF and by S5P
Validation Team (S5PVT) AO projects. This summary is based on coordinated operational validation
activities carried out using the Automated Validation Server of the S5P MPC VDAF and the Multi-
TASTE versatile multi-platform validation system operated at BIRA-IASB. This summary takes also into
consideration (updates of) the results reported at the S5P L2 O3 TCL and L2 _CH4 Data Release
Workshop (teleconference, February 20, 2019). Individual contributions to this workshop are archived in
https://earth.esa.int/web/sentinel/technical-guides/sentinel-5p/calibration-validation-activities/sentinel-5p-
third-products-release-workshop, while up-to-date validation results and consolidated validation reports are
available through the MPC VDAF Portal at http://mpc-vdaf.tropomi.eu.

Over the period 30 April 2018 i 15 May 2020, the ground-based validation analysis considers 743
S5P OFFL CCD data products and 507 ozonesonde flights at nine sites across the tropics (Figure 14).
S5P data averaged over the entire tropical region are also intercompared (Figure 17) to GOME-2B
data (May 2018 i January 2020) and to OMI data (May 2018 i February 2020).

median tropospheric 03 column (May 2019 - Apr 2020) (DU) 68% IP tropospheric O3 column (May 2019 - Apr 2020) [DU)
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Figure 14: Median value (left) and half-width of 68% interpercentile (right) of S5P OFFL tropospheric ozone
column data (CCD) over a full year of operations (May 2019 7 April 2020). Red markers locate the nine ground-
based ozonesonde stations used in the validation analysis. Red contours indicate surface elevation (500, 1000,
2000 m). These maps provide context to Figure 15 and Figure 16.

5.3.3 Bias

S5P tropospheric O3 column values are on average larger than the ozonesonde values at 8 out of
the nine sites (Figure 16 and Figure 18). The mean bias over the network is +13% or +2.8 DU (Figure
18, centre and bottom left). This is compliant with the mission requirement for a systematic uncertainty
of maximum 25%.
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Difference time series between S5P and comparable satellite data (OMI and GOME-2B) averaged
over the 20°N 7 20°S tropical belt are shown in Figure 17. The agreement with OMI is good, with a
mean difference of -0.1 DU or -0.3%. The larger mean difference of +2.3 DU or +13% compared to
GOME-2B might indicate a slight general overestimation of TROPOMI and may also -at least partly-
be attributed to the different overpass times of MetOp-B (9:30 descending) and S5P (13:30 ascending)
in combination with the diurnal cycle of tropospheric ozone.

5.3.4 Dispersion

The half 68% interpercentile of the difference (between S5P and ozonesonde data) ranges within 12-
34% or 3.0-7.3 DU (Figure 16 and Figure 18), and the network average is 23% or 4.6 DU (Figure 18,
centre and bottom right). Dispersion values at four sites are not compliant with the mission
requirement for the random component of the uncertainty (<25%). However, all of these sites are
located in an area with large natural percentage variability in the tropospheric O; field and there is a
considerable difference in spatio-temporal sampling between S5P and ozonesonde. In addition, the
random component of the uncertainty of the ozonesonde measurement contributes about 5-10% to the
observed dispersion in the differences. Hence, the uncertainty of the S5P data is better than the 23%
observed dispersion in the comparisons to ozonesonde and therefore overall compliant with the
mission requirement.

Satellite-to-satellite comparisons exhibit a dispersion of 2.6-2.9 DU or 14-19% when averaged over the
entire tropical belt (Figure 17), which is coherent with the average dispersion found in comparisons to
the ground-based network. This is lower than the mission requirement and the average dispersion in
comparisons to the ground-based network (most likely due to the smaller difference in spatio-temporal
sampling properties between satellite sensors). Standard deviations shown in Figure 17 (4.1-4.2 DU)
are larger since the data are first averaged horizontally before the spread is computed. This effectively
weighs the result towards regions with higher variability, e.g., the outer tropics.

5.3.5 Dependence on influence quantities

Nothing to report.

5.3.6 Seasonal cycle and shorter term variability

A seasonal cycle seems to appear in the difference between S5P and the other satellite data (Figure
17). The oscillation is clear in 2019 and it reappears in the first months of 2020. This will be monitored
in the coming months. The phase appears to vary with latitude; generally minima are seen around
September-January and maxima around March-July. Peak-to-peak amplitude of the cycle lies around
1.5-2.5 DU, depending on latitude and reference instrument (Hubert et al., 2020). The sampling of the
ground-based comparisons is too limited at this point to confirm a seasonal cycle.

S5P time series in Figure 15 show signatures of biomass burning affected air (high tropospheric O3
values) over Atlantic and African sites (Heredia, Paramaribo, Natal, Ascension Island, Nairobi), and of
intense convective activity (low tropospheric O3 values) over Pacific stations (Samoa, Suva, Sepang
Airport). During the 2018 biomass burning season the positive S5P bias w.r.t. Paramaribo, Heredia
and Nairobi is clearly larger than during the rest of the year. The temporary, additional bias amounts
to, on an average, ~25% or 5 DU. A period of larger positive biases reoccurred at Paramaribo in the
2019 season and to a lesser extent at Natal and Ascension Island as well. However, the length of the
elevated bias period for the latter two sites does not cover the entire peak of high tropospheric O;
conditions. The relation between an elevated, positive bias for S5P and biomass burning is therefore
not clear and subject of further investigation. Co-located S5P and reference measurements correlate
fairly well for sites with well-s ampl ed compari son time series. Pearsond
between 55% and 75% at individual stations, while the network average is 60% (Figure 18, top left).
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5.3.7 Geographical patterns

Annual median TROPOMI data (May 2019 i April 2020, Figure 14) capture the well-known South
Atlantic ozone maximum associated with biomass burning, lightning and ozone precursors, as well as
the well-known equatorial Pacific lows. Higher mean levels in the 15°-20° tropical belts are a result of
intrusion of ozone-rich air from higher latitudes. It shows the ability of S5P to observe the expected
large-scale geographical patterns. At smaller scales, however, two sampling-related error patterns are
noted.

The CCD algorithm requires an ample sampling of input total O; column data to allow a robust
estimate of a reference stratospheric Oz column. This requirement is not always fulfiled and, as a
result, random errors of about 1 DU between neighbouring latitude bands are found in many S5P data
products. The interplay between cloud coverage and orbital sampling by the S5P instrument
progression imprints another random error pattern (up to 5 DU) that follows the progression of S5P
orbit. These errors are correlated in time and space and appear at small spatio-temporal scales.

Other known geophysical patterns and oscillations, such as the annual and semi-annual cycles, the
biomass burning season and the Madden-Julian Oscillation, are present in the S5P tropospheric O3
data record as well. In-depth analysis can be found in Hubert et al. (2020).

5.3.8 Other features

CCD data availability is much reduced poleward of ~15° latitude in the winter hemisphere (see e.qg.
time series at Hilo, Suva or Samoa in Figure 15) since the algorithm requires a sufficient number of
highly convective opaque clouds. Most of these are formed in or close to the Intertropical
Convergence Zone (ITCZ) located mainly in the summer hemisphere. Suitable cloud conditions
therefore occur less frequently in the winter-spring hemisphere.

Filtering on qga_value> 0.7 does not remove all data considered bad. In some S5P products the
screening procedure omits 0.5° latitude bands poleward of 15° latitude in the winter hemisphere which
should have been removed. This issue will be tackled in future version of the processor. For the time
being, a stricter threshold may solve the issue in some cases.

The change in S5P ground pixel size (on 6 August 2019) does not have a noticeable impact on the
quality of S5P tropospheric ozone products (Figure 15 and Figure 16). Estimates of bias and dispersion
before and after the change are consistent. However, precision of these quality indicators is limited by
the number of ozonesonde comparisons available in both periods.

A bug in the processor caused incorrect orbit numbers in the S5P product filename for orbits 9918-
10387. As a result, 34 L2_03 TCL products (12 Sep i 15 Oct 2019) were not disseminated to users
on the S5P pre-operations data hub. Normal dissemination operations resumed from orbit 10401
onwards (16 Oct 2019).
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Figure 15: Time series of spatially co-located tropospheric O3 column data by ozonesonde (red) and by S5P
OFFL v01.01.05-v01.01.08 (black). All data were screened following recommendations by the data providers.
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Figure 16: Time series of the absolute difference between spatially and temporally co-located S5P and
ozonesonde tropospheric Oz column data. The blue line and shaded area shows the median value and the range
between the 16% and 84% percentiles. Positive values indicate a high bias of S5P w.r.t. the reference.
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6 Validation Results: L2_NO2

6.1 L2 NO2 products and requirements

This Section reports on the validation of the following geophysical variables of the S5P TROPOMI
L2 _NO2 data products identified in Table 1: the NO, stratospheric column, the NO, tropospheric
column, and the NO, total column. Validation results are discussed with respect to the product quality
targets outlined in Table 3.

The NRTI and OFFL processors are producing very similar results. Therefore, mainly the validation of
the L2 _NO2 OFFL product is reported hereafter. The OFFL product uses ECWMF analysis
meteorological data as input for the CTM, while the NRTI uses ECWMF forecast meteorological data.
Furthermore, the OFFL product is reprocessed to version 01.02.02. Subsection 6.4 demonstrates
evidence that NRTI and OFFL data do not differ significantly and that their respective validations yield
similar conclusions.

6.2 Validation approach

6.2.1 Ground-based monitoring networks

Stratospheric NO, i ZSL-DOAS UV-Visible Spectrometers

S5P TROPOMI L2_NO2 stratospheric nitrogen dioxide column data are compared routinely to
reference measurements acquired by Zenith-Scattered Light Differential Optical Absorption
Spectroscopy (ZSL-DOAS) UV-Visible spectrometers (Pommereau and Goutail, 1988; Hendrick et al.,
2011). Those instruments perform network operation in the context of the Network for the Detection of
Atmospheric Composition Change (NDACC). ZSL-DOAS column data have a bias of less than 10%
and a dispersion better than 1%.

To account for effects of the photochemical diurnal cycle of stratospheric NO,, the ZSL-DOAS
measurements, obtained twice daily at twilight at each station, are adjusted to the S5P overpass time
using a model-based factor. This is calculated with the PSCBOX 1D stacked-box photochemical
model (Errera and Fonteyn, 2001; Hendrick et al., 2004), initiated with daily fields from the SLIMCAT
chemistry-transport model (CTM). The amplitude of the adjustment depends strongly on the effective
SZA assigned to the ZSL-DOAS measurements. It is taken here to be 89°. The uncertainty related to
this adjustment is on the order of 10%. To reduce mismatch errors due to the significant difference in
horizontal smoothing between S5P and ZSL-DOAS measurements, S5P NO, values (from ground
pixels at high resolution) are averaged over the footprint of the air mass to which the ground-based
zenith-sky measurements are sensitive.

At this stage of the S5P routine operations, most of the ZSL-DOAS validation data have been obtained
through the SAOZ near-real-time processing facility operated by the CNRS LATMOS, from 14 stations
located between 79°N and 75°S. These are highlighted in red in Figure 19. They are now
complemented with measurements from 8 other NDACC affiliated ZSL-DOAS instruments yielding co-
locations with the S5P data sets.

Tropospheric NO, 1 MAX-DOAS UV-Visible Spectrometers

S5P TROPOMI L2_NOZ2 tropospheric nitrogen dioxide column data are routinely compared to
reference measurements acquired by MAXDOAS (Multi-AXis Differential Optical Absorption
Spectroscopy) UV-Visible spectrometers. Several of those instruments perform network operation in
the context of the Network for the Detection of Atmospheric Composition Change (NDACC).
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At the present stage of S5P routine operation, six MAX-DOAS stations have contributed data (Athens
and Bremen from IUP-B, Cabauw and De Bilt from KNMI, Mainz from MPIC, and Uccle from BIRA-
IASB) and are included in the operational validation. MAX-DOAS tropospheric NO, column data have
a bias of maximum 20% and a precision better than 30% at this set of stations.

NDACC ZSL-DOAS stations with S5P and OMI co-locations
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Figure 19: Geographical distribution of the NDACC ZSL-DOAS instruments measuring routinely stratospheric
NO, and yielding co-locations with the current S5P L2_NO2 data sets. Stations marked with a red dot contribute
fast delivery data thanks to the LATMOS_RT facility. Blue and green dots depict other NDACC stations
contributing ZSL-DOAS data directly through the NDACC DHF and the AO project NIDFORVAL, respectively.

Total NO, i Pandora Direct-Sun UV-Visible Spectrometers

S5P TROPOMI L2_NO2 nitrogen dioxide summed column data (troposphere + stratosphere) are
routinely compared to reference measurements acquired by the Pandora system. Those instruments
perform network operation in the context of the Pandonia Global Network (PGN). Pandora total NO2
data have a bias of maximum 10-15% and a precision of roughly 0.28 Pmolec/cm? (about 10%).
Comparisons at 14 sites are operational on the VDAF Automated Validation Server. The comparison
criteria on the VDAF-AVS are:

1 S5P data have a ga_value> 0.5;
1 the TROPOMI ground pixel contains the Pandora station;

1 any Pandora measurement with a flag not equal to 0 or 10 is excluded, as well as negative
Pandora values;

1 the closest Pandora measurement in time is selected, with a maximum time difference of 30 min.

If the Pandora instrument operates at an elevated site above low-lying tropospheric pollution, the
Pandora measurement in absence of free troposphere NO, can also be representative of the
stratospheric NO, column.

Note that, starting with ROCVR #07 (this version), a new version of the Pandora data is used. The
most important change is a stricter quality filtering that leads to a reduction of comparison pairs by
more than 15%.
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6.2.2 Satellites

S5P TROPOMI L2_NO2 nitrogen dioxide column data are also compared to similar data from the
Ozone Monitoring Instrument (OMI) retrieved with both the QA4ECYV and the IUP-UB algorithm. OMI is
onboard the EOS-Aura satellite, launched in July 2004.

6.2.3 Field campaigns and modelling support

None for this report.

6.3 Validation of L2_NO2

6.3.1 Recommendations for data usage

In order to avoid misinterpretation of the data quality, it is recommended at the current stage to only
use those TROPOMI pixels associated with a ga_value above 0.75. This removes cloudy scenes
(cloud radiance fraction > 0.5), scenes covered by snowl/ice, several other errors, and problematic
retrievals. As clouds are less of a problem for S5P stratospheric NO2 retrievals and stratospheric data
comparisons, data with qa_value above 0.5 are nevertheless used hereafter. For further details, data
users are encouraged to read the Product Readme File (PRF), Product User Manual (PUM) and
Algorithm Theoretical Basis Document (ATBD) associated with this data product, all available on
https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-5p/products-algorithms

6.3.2 Status of validation

This section presents a summary of the key validation results obtained by the MPC VDAF and by
S5PVT AO projects. Routine operations validation activities rely on the Automated Validation Server of
the MPC VDAF, the Multi-TASTE versatile multi-platform validation system operated at BIRA-IASB,
the validation tools of IUP-UB, and the HARP toolset (version 1.6). Results summarized in this section
take into account the outcome of the third Copernicus Sentinel-5 Precursor Validation Team Workshop
held at ESA/ESRIN in Frascati (Rome, lItaly) between 11 and 14 Nov 2019, where 10 talks and 8
posters were presented during the NO, validation session. These results basically support the findings
reported by the routine validation.

The NRTI data covers the full range of versions from 01.00.01 to 01.03.02 as there is no reprocessing
necessary. The OFFL data has currently been reprocessed to version 01.02.02 from 2018-05-01 until
2018-10-17. After that, the processor version has been changed five times from 01.02.00 up to
01.03.02, which is the current version, started in 2019-06-26.

6.3.3 Stratospheric NO, column

6.3.3.1 Bias

The validation results described here are based on comparisons at 19 NDACC ZSL-DOAS stations,
sampling the latitude range from 80°N (Eureka) to -75°S (Dome C). The ZSL-DOAS stratospheric NO,
column values measured at twilight are converted to the measurement time of TROPOMI using the
aforementioned PSCBOX 1D stacked-box photochemical model initiated by SLIMCAT fields.
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TROPOMI/S5p stratospheric NO2 (NRTI) vs.
NDACC ZSL-DOAS measurements
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Figure 20: Meridian dependence of the median (the circular markers) and spread (10 error bars) of the
differences between S5P TROPOMI L2_NO2 (NRTI) stratospheric column data and ZSL-DOAS reference data
(of the SAOZ type and other UV-visible instruments), represented at individual 21 NDACC stations from the
Antarctic to the Arctic. The time frame is the phase E2 (May 2018) until May 2020. The values in the legend
correspond to the network-wide mean bias and its formal uncertainty. This graph includes results for processor
versions greater or equal to 1.1.0.

S5P L2 _NO2 NRTI stratospheric column data are generally lower than the ground-based values by
approximately -0.2 Pmolec/cm?, with a station-to-station scatter of this bias of similar magnitude
(Figure 20). This is within the mission requirement of a maximum bias of 10% (equivalent to 0.2-0.4
Pmolec/cm?, depending on latitude and season). The L2 _NO2 OFFL median bias is -5.8% (-0.18
Pmolec/cm?) with a station-to-station scatter of 10%, which is also within the mission requirement.

Three of the Pandora instruments are located at elevated mountain sites: Altzomoni (3985 m),lzafia
(2360 m), Mauna Loa (4169 m), where the measured signal corresponds more to the S5P L2_NO2
stratospheric column rather than the total column (see Figure 21). Comparison data was obtained from
the VDAF-AVS on 2019-11-25 and the negative Pandora outliers removed.

Figure 21 presents boxplots of the difference and of the relative difference between S5P L2_NO2 NO,
stratospheric column data and Pandora total column data. The median relative difference is within or
close to the 10% bias requirement. It should be noted that, although the Pandora instrument at these
sites usually are above low-lying tropospheric pollution, its measurement remains sensitive to NO, in
the free troposphere, which could introduce a small positive bias in the comparison.
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Figure 21: Boxplots of S5P RPRO+OFFL stratospheric NO, column vs. PGN Pandora total NO; column at three
mountain sites: difference (left) and relative difference (right). Data was obtained from the VDAF Automated
Validation Server on 26/05/2020. Apart from the filters in the AVS (S5P: gqa_value> 0.5, Pandora: only quality flag
values of 0 and 10 are kept), negative Pandora values were also removed. Boxplot conventions: box bounds are
at first and third quartile. Red line is the median. Whiskers are at 5% and 95% percentile. Red cross is the mean
difference.

6.3.3.2 Dispersion

The Ni1d dispersion of 5P ktetosgheric todumreand referdneetdaie sonnd S
their mean value rarely exceeds 0.3 Pmolec/cm? at sites without tropospheric pollution (cf. the error
bars in Figure 20). When combining random errors in the satellite and reference measurements with
irreducible co-location mismatch effects, it can be concluded that the random uncertainty on the S5P
stratospheric column measurements falls within mission requirements of max. 0.5 Pmolec/cm2. The
mean scatter of the OFFL L2_NO2 is 0.33+£0.18 Pmolec/cmz2,

Considering the comparison of S5P stratospheric NO, VCD vs. PGN Pandora total NO, at the three
elevated sites (see Figure 21) the standard deviation ranges from 0.5 Pmolec/cm? (Izafia) to 0.6
Pmolec/cm? (Altzomoni), while the ¥z IP68 dispersion is 0.4 Pmolec/cm®. Given that the Pandora
measurements display some scatter, we infer that the dispersion requirement of 0.5 Pmolec/cm? is
satisfied.

6.3.3.3 Dependence on influence quantities

Potential dependence of the S5P stratospheric column bias and dispersion on the Solar Zenith Angle
(SZA), cloud fraction (CF) and surface albedo of the S5P measurement is evaluated. The evaluation
does not reveal any variation of the bias much larger than 0.4 Pmolec.cm™ over the range of those
influence quantities (Figure 22).

6.3.3.4 Seasonal cycle and shorter term variability

S5P and ground-based ZSL-DOAS instruments capture similarly the short-term variability (at daily and
monthly scales) of the NO, stratospheric column, as illustrated at the NDACC station of Kerguelen
Island in Figure 23. The ground-based SAOZ data acquired at twilight were adjusted to account for the
photochemical diurnal variation between twilight and the early afternoon S5P overpass time.
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Figure 22: Difference between S5P L2_NO2 NRTI and ground-based SAOZ stratospheric NO2 column data as a
function of the satellite solar zenith angle (SZA), satellite cloud fraction and satellite surface albedo. Mean and
standard deviation calculated over bin widths of 10 degrees in SZA, 0.1 in CF, and 0.1 in surface albedo.
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Figure 23: Time series of S5P NRTI L2_NO2 stratospheric NO, column data co-located with ground-based SAOZ
twilight measurements performed by LATMOS at the NDACC southern mid-latitude station of Kerguelen Island.
Photochemical correction is deactivated in the upper plot to offset the two time series and better see the day-to-
day variability. Time frame: July 2018 to May 2020.

S5P MPC



S5P Routine Operations Consolidated Validation Report April 2018 - May 2020 S5P-MPC-IASB-ROCVR-07.00.00-20200629
ROCVR update #07, issue 07.00.00, 2020-06-29 Page 48 of 161

S5p strat NO2 - Pandora NO2

NE izana mauna_loa altzomoni
“E 'Z 20181126-20200515 4 20180623.20200313 5 20190204-20200309
- m ; 3 _/,f\i '
_ .
E 2 - [ 2 1c **M
5 1 1 1
o 0 0 0
= -1 -1 -1
C‘; -2 -2 -2
= -3 30D rolling mean S5P strat -3
o m— 30D rolling mean PGN -3 4
o —4 PGN -
::- =542 S5P strat bt -4 o -5
] i by i s i g MPC-AY OFUL'E_IJ qy M1|.:|t|-ITASITE .?nd IES_p-IHPC-A\:rS ProlaucFrJ :vly Mlultu-lTASITE .?nd IESpI-HPl.:-A\:rS
E JFMAM] ] ASOND | JFMAM])] ] ASOND ] ] FMAM]) J] ASOND |
2
& 2 20181126-20200515 20180623-20200313 3 20190204-20200309
£ .
9 2 .
g 1
E 1
o 0
[V
w
E — 30D rolling mean
e S5P strat-PGN
g -2 mm =+ 30D rolling SD -3 o
i s v e 2 a0 SSpMPC-AVS |~ |Produced by Multi-TASTE ahd 55p:MPC-AVS Proded by Multi-TASTE and 55p-MPC-AVS
J]FMAM] ] ASOND ] JFMAM] ] ASOND ] ] FMAM] ] ASOND ]
200 - 200 200
. 3:'; m"'”ng‘;"f':gN 1126-20200515 20180623-20200313 * | 20190204-20200309
T 150 " e 150 150
2
w100 100 : 100
&«
™ 50 50
w
c 0 0
<L
v 50 —50
—-100 Pto!:lucgd hly Multi-lT.ﬁsTI'E alndISSp-IHP(-A\:I'S 100 Pm!:lucled hly Multi-TA‘_?rE?nd :S,Sp-IHP(-A\:I'S 100 Pfo!:lucleﬁ hly Mlulti-TA‘_TrE?nd :SSp:HP(-A\:I'S
FMAM] ] ASOND ] FMAM] ] ASOND | FMAM)] ] ASOND |

Figure 24: Seasonal cycle plots of the S5P stratospheric NO, column and Pandora total column at three
mountain sites. Upper: S5P and PGN Pandora together; middle: their difference; lower: their percent relative
difference. Plain lines represent the 30-day rolling mean or (for relative difference) the 30-day rolling median
(cyclic boundary conditions).

S5P stratospheric NO, and Pandora total NO, plotted as a function of the calendar month at 3
mountain sites follow the same seasonal cycle (Figure 24). It must be noted that the PGN Pandora
data (even after removing negative Pandora values as done here) is more scattered. The 30-day
rolling median of the relative difference is within the bias requirements, except for the months January-
March at Mauna Loa, which seems to be due to elevated Pandora values.

6.3.3.5 Geographical patterns

None to report.
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6.3.3.6  Switch to smaller ground pixel resolution

The effect of the change in TROPOMI ground pixel size on 6 August 2019 on the S5P stratospheric
NO, column data was investigated by comparing the S5P and ground-based time series at the
NDACC ZSL-DOAS stations (Figure 25) and 3 PGN Pandora mountain sites (Figure 26). The difference
between S5P and the ground-based data does not show any impact of the pixel size change.

S5p stratospheric NO, (NRTI) vs. SAOZ reference [SAT-GND]
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Figure 25: Time series i from August 2018 until May 2020 i of the difference between S5P NRTI L2_NO2 and
NDACC SAOZ NO; stratospheric column data. Solid horizontal lines are spaced by 1 Pmolec.cm™. The black line
indicates the TROPOMI switch to finer horizontal resolution.
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Figure 26: Time series from June 2018 until May 2020 of the difference (left) between S5P RPRO+OFFL
L2_NO2 stratospheric NO, column data and PGN Pandora total NO, data at three mountain sites. The
corresponding S5P and Pandora NO, column time series are on the right.
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6.3.3.7 Other features

None to report.

6.3.4 Tropospheric NO, column

To contain the global outbreak of the COVID-19 pandemic, lockdown measures affecting transport and
production were taken, with impact on tropospheric NO, concentration levels. This was also observed
world-wide by TROPOMI (e.g. Bauwens et al., 2020). Figure 28 presents the tropospheric NO, column
density at Athens as observed by S5P NO, and by the MAX-DOAS instrument operated by IUP-B.
First nation-wide measures (closure of schools and universities) started on March 10, 2020, with
further restrictions on later days (closure of business, ban on non-essential movement, see
https://www.bloomberg.com/news/articles/2020-04-17/humbled-greeks-show-the-world-how-to-handle-the-virus-
outbreak). Both MAX-DOAS and S5P observe a significant drop NO, between March 3 and March 13
(no co-locations in between these two dates). NO, column values stay consistently low for weeks after.
It can also be observed that low NO, column values are better reproduced (in absolute scale) than
high NO, column values, where S5P tends to underestimate compared to MAX-DOAS observations.
This is consistent with the validation results reported in Section 6.3.5.1.
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Figure 27: NO; tropospheric column at Athens as observed by S5P (L2_NO2 OFFL) and by the MAX-DOAS
instrument operated by IUP-B. First nation-wide measures (closure of schools and universities) to contain the
outbreak of the COVID-19 pandemic started on March 10, 2020 (dashed line), with further restrictions on later
days. Note how both S5P and MAX-DOAS capture the drop in tropospheric NO».
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6.3.4.1 Bias

S5P L2_NO2 RPRO+OFFL NO, tropospheric column data have been compared to the ground-based
MAX-DOAS column data at 6 stations in Europe using the VDAF Automated Validation Server (latest
inspection on 2020-05-25), yielding up to 456 colocations per site, and overall 1873 measurement
pairs. The mean difference at each site varies between -1.4 Pmolec/cm? and -2.7 Pmolec/cm? and the
median difference between -0.2 Pmolec/cm? and -2.2 Pmolec/cmz? (see Figure 28). The median relative
difference varies between -10% (Athens) and -30% (Cabauw, Bremen). The median relative difference
varies between -10% (Athens) and -30% (Cabauw, Bremen). The median difference calculated over
all comparison pairs is -23% (-1.4 Pmolec/cm?). Comparisons with ground-based data at 10 Pandora
and 17 MAXDOAS stations collected through the AO project NIDFORVal show similar results. Also, a
negative bias within the -50% requirement is found. This bias is reduced by several percent when
vertical averaging kernels are applied to reduce smoothing difference errors.

S5P NO2 RPRO+0OFFL >=010200 vs NDACC MAX-DOAS S5P NO2 RPRO+OFFL >=010200 vs NDACC MAX-DOAS

T T
20180501-20200131 1 1
1 a018001-2200131
; | I ) -
: ! 3 | o
z E = '
] © | |
[¥] &} | |
| |
| |
o }— x _{ o }_l | |
3, 300 I |
LiF) Q
- ko] ] |
2 I i
n ] ]
| |
| N | |
£ | —] £ T —T—
g g | |
2 & ! !
| |
| |
1 |
| |
}— x _{ |, i * |
5 5 I
: t |
g Preduced by Multi-TASTE and S5p-MPC-AVS g Produced Wy Multi-TASTE ang 55p-MPC-AVS |
-8 —6 -4 —2 0 2 =50 0 50 100
trop NO2 VCD: SAT-REF[Pmolec/cm2] (SAT-REF)/REF [%]

Figure 28: Comparison of S5P RPRO+OFFL vs. MAX-DOAS tropospheric NO, column data at six European
stations. Difference (left) and relative difference (right). Data was obtained from the VDAF Automated Validation
Server on 25/05/2020. Boxplot conventions: box bounds are at first and third quartile. Red line represents the
median difference while red crosses represent the mean difference. Whiskers are at 5 and 95 percentiles.

6.3.4.2 Dispersion

The standard deviation of S5P tropospheric column data w.r.t. MAX-DOAS varies between 3 and 5
Pmolec.cm™. This exceeds by far the mission precision target of 0.7 Pmolec.cm™. However, it must be
noted that also MAX-DOAS uncertainty sources and comparison errors contribute to the dispersion.
Moreover, systematic errors (e.g., seasonal cycle) can contribute to the dispersion. A part of the
systematic error component can be removed by calculating the spread around the OLS regression line
instead of the standard deviation between S5P and MAX-DOAS data (Schneider et al., 2006). The
residual spread at the different sites is approximately 2 Pmolec/cm?. There is a reasonably good
correlation between S5P tropospheric column and MAX-DOAS data, with the Pearson R varying
between 0.50 (Uccle) and 0.83 (Athens).

6.3.4.3 Dependence on influence quantities

None to report.
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6.3.4.4 Seasonal and shorter term variability

Figure 29 presents the seasonal cycle of the difference between S5P RPRO+OFFL and NDACC MAX-
DOAS tropospheric NO, (all comparison pairs reported on a single year). It should be noted that the
RPRO is version 01.02.02 for the period of May-October 2018. A closer look at the different years and
thus different versions do not show any impact of different versions on the validation.
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Figure 29: Seasonal cycle of the difference between S5P RPRO+OFFL and MAX-DOAS NO; tropospheric
column data at six European stations. Difference (left) and relative difference (right). Data was obtained from the
VDAF Automated Validation Server on 26/05/2020.
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S5P reports lower values than MAX-DOAS in late fall and in wintertime, when tropospheric NO,
reaches its largest abundance. Over the entire year the 30-day rolling median relative difference is
within the mission requirements for the bias.

Comparisons with OMI show seasonal differences in the tropospheric columns. Three regions are
selected: Europe (Figure 29), Eastern China (Figure 29, top), and as a reference sector the Pacific
Ocean (Figure 29, bottom). The geometric column density (GCD) panels show that the TROPOMI slant
column retrieval gives on average slightly larger NO, slant columns, with differences of a few percent.
These differences are most likely related to details of the settings of the DOAS retrieval.

For polluted areas the tropospheric column of TROPOMI is lower than OMI's, with differences varying
from a few to -40%; the largest differences occurring in winter. In the clean Pacific Ocean area,
tropospheric columns are smaller by a factor of up to 10. Here, TROPOMI is displaying higher values
by about 20% in comparison to OMI.

Even though the comparison is done on the basis of equal sized grid cells, representativeness
remains a major issue. Since OMI's ground pixels are much larger than TROPOMI's, in particular near
the edges of the swath, the ground pixel capture different amounts of NO, and of cloud cover. In
addition, OMI data suffers from the row anomaly.
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Figure 30: TROPOMI/OMI time evolution for Europe [10W,25E][35N,60N] of the tropospheric NO, column
(VCDtrop, top rows) and the total geometric column (GCD, bottom rows) in absolute numbers (left columns) and
as relative differences. TROPOMI data for pixels with ga_value > 0.75 and OMI/QA4ECYV data with cloud radiance
fraction < 0.5 (i.e. "clear-sky pixels") have been gridded to a common grid of 0.8°lon x 0.4°lat and averaged over
calendar months. The total geometric column is the total slant column divided by the geometric air-mass factor:
GCD = SCD / AMFgeo. The relative difference is defined as w.r.t. the average between the two.
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Figure 31: TROPOMI/OMI time evolution for Eastern China [110E,124E][21N,43N] and the Pacific region

[170W,130E][60S,60N].
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6.3.4.5 Geographical patterns

In general, no geographical patterns or artefacts can be detected in the latest L2_NO2 OFFL versions,
as shown in the 6-month mean over central Europe (Figure 32).

S5P OFFL NO, Trop Col. V01.03.02 (20190701, 184 days)
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Figure 32: S5P tropospheric NO, over central Europe. Processor versions OFFL 01.03.00-02 was used to bin the
data on a 0.03°x0.06° grid for a 6-month period starting July 2019. The ga_value flags larger than 0.5 and a
CF<0.6 were chosen to reduce the amount of data and exclude cloudy scenes. 1 PMC means 1 Pmolec/cm?.

6.3.4.6  Switch to smaller ground pixel resolution

No issue to report. Total column data show no effect as shown in Subsection 6.3.5.6.

6.3.4.7 Other features

Ordinary linear regression (OLS) of S5P (y) vs MAX-DOAS (x) yields fairly good correlation
coefficients (0.58-0.83, see before) but low slopes. In S5P=a*MXD+b, a varies between 0.3 (Bremen,
Uccle) to 0.5 (Athens). It is known however that this approach is correct only in the limit that all random
error is in y. OLS of MAX-DOAS vs S5P (i.e., assuming the opposite limit that all random error is in x),
one obtains slopes closer to unity: in S5P=a*MXD+hb, a varies now between 0.72 (Athens, Mainz) and
1.2 (Uccle).
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6.3.5 Total NO, column

6.3.5.1 Bias

Based on measurements from 18 Pandora stations (Figure 33) between 64.9°N and -35.3°S, the
overall median bias (5449 measurement pairs, 2020-05-25) is -5.0% with a high station-to-station
scatter of 21%. These results are now well within the accuracy requirements of 30%, which is the
average of the tropospheric and stratospheric bias maxima. Dividing the stations in low and high
polluted areas, the bias is +10% for the less polluted half of stations and -21% for the other half.

S5P NO2 RPRO+OFFL >=010200 vs Pandora S5P NO2 RPRO+OFFL >= 010200 vs Pandora
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Figure 33: Boxplots of S5P RPRO+OFFL total NO, column vs. PGN Pandora total NO; column. Difference (left)
and relative difference (right). Sites are ordered according to mean Pandora total NO» column value (highest at
top); note the three mountain sites are at the bottom. Data was obtained from the VDAF Automated Validation
Server on 2020/05/25. It covers the time frame from May 2018 to May 2020. Note that regarding Pandora data,
only data with flags 0 and 10 are kept. Furthermore, negative Pandora values were removed. Regarding S5P
data, the filter gqa_value>0.5 was applied if tropospheric NO; /stratospheric NO; ratio < 1 and ga_value>0.75 was
applied otherwise. Boxplot conventions: box bounds are at first and third quartile. Red line is median. Whiskers
are at 5 and 95 percentiles. Red cross is mean.

We highlight here 3 different comparison cases. At Alice Springs (Australia), where NO, column values
are small (mostly between 2-4 Pmoleclcmz), a small positive bias of 0.2 Pmolec/cm? is seen (+8%
median relative difference). At New York Bronx (United States), there is a wider distribution of NO,
values (2-30 Pmolec/cmz). The bias is negative (mean difference = -3 Pmolec/cm?, median relative
difference = -15%). Finally, at Sapienza (Rome, Italy), Pandonia column values can reach almost 40
Pmolec/cm?®. S5P displays a bias (mean difference) of -8 Pmolec/cm® or -48% median relative
difference here. Locally enhanced NO, probably contributes to this.

6.3.5.2 Dispersion

The dispersion of the difference between S5P and PGN Pandora measurements depends strongly on
the station. Small standard deviations are observed at Alice Springs, Izafia and Mauna Loa (0.5-0.7
Pmolec/cm?i.e., comparable to the mission precision requirement), and higher values elsewhere (e.g.,
5-6 Pmolec/cm? at New York Bronx and at Sapienza Rome, 8 Pmolec/cm?® at New York City College).
The site averaged standard deviation is 3.4+2.4 Pmolec/cm®. The Pearson-R varies from relatively low
(e.g., 0.5 at Fairbanks) to high (0.89 at New York Bronx).
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6.3.5.3 Dependence on influence quantities

None to report.

6.3.5.4 Short term variability

None to report.

6.3.5.5 Geographical patterns

None to report.

6.3.5.6  Switch to smaller ground pixel resolution

The effect of the change in TROPOMI ground pixel size on 6 August 2019 on the S5P total NO, data
was investigated by having a close look at the S5P and PGN Pandora time series at every individual
station separately. Figure 34 shows that the bias and scatter of the difference are not affected by the

pixel size change.

NO2 total VCD: S5P-PGN Pandora
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Figure 34: Time series of the difference between S5P RPRO+OFFL and ground-based PGN Pandora NO; total
column data, from June 2018 until May 2020. The black line indicates the S5P switch to finer horizontal resolution.
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6.3.5.7 Other features

None to report.

6.4 Equivalence of L2_NO2 NRTI and OFFL products

This section shows evidence that the L2_NO2 NRTI and OFFL products do not differ significantly and
that their respective validations yield similar conclusions. We show the differences between the two
datasets for the three different products (stratospheric, tropospheric, and total column).

6.4.1 Stratospheric NO, Column

The similarity of the two products can be investigated by comparing the processing of a randomly
chosen orbit. Figure 35 shows this approach for orbit 7407 on March 19, 2019. It reveals differences
mostly below the mission requirement on precision (0.5 Pmolec/cmz). The RMSD is 0.16 Pmolec/cm?,
with values up to 0.5 Pmolec/cm®. Some features are due to a different stratosphere/troposphere
division (e.g. north-east of Iceland, positive difference in stratosphere, negative in troposphere).

Since these differences, representing up to 20% of the stratospheric column, do exceed the mission
requirement on the bias (10%), and because a much more comprehensive orbit-by-orbit analysis is
needed to ensure differences remain reasonable under all conditions, the full validation analysis as
performed for the NRTI product was repeated on the OFFL product.

S5p stratospheric Noz: NRTI-OFFL for orbit 07407 on 19/03/2019
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Figure 35: Difference between S5P NRTI and OFFL stratospheric NO, column data for a single orbit (gridded to
1°x1° resolution).

The resulting OFFL pole-to-pole graph is shown in Figure 36, illustrating that in the end, OFFL
performs very similarly to NRTI with a bias of -0.2 Pmolec/cm?.
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TROPOMI/S5p stratospheric NO, (OFFL) vs.
NDACC ZS5L-DOAS measurements
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Figure 36: Mer i di an dependence of the mean (the
differences between S5p TROPOMI L2_NO2 (OFFL) stratospheric column data and ZSL-DOAS reference data,
represented at individual stations from the Antarctic to the Arctic. The values in the legend correspond to the
median and its formal uncertainty for all mean (per station) differences. Time period: April 2018 to May 2020.

6.4.2 Tropospheric NO2 Column

To demonstrate the closeness of L2_NO2 NRTI and OFFL products at the MAX-DOAS sites Athens,
Bremen, De Bilt and Cabauw, L2_NO2 NRTI (processor version 01.00.02 to 01.03.02) and L2_NO2
OFFL (RPRO processor version 01.02.02 + OFFL processor version 01.02.00 to 01.03.02), each co-
located with MAX-DOAS, were obtained from the validation server, and the subset of pixels, common
to both NRTI and OFFL, was determined. The subset of pixels common to both NRTI and OFFL were
determined and compared. Differences between NRTI, OFFL and MAX-DOAS were determined.
Statistical results for Athens and Bremen are summarized Table 5: similar conclusions on the
closeness of NRTI and OFFL are obtained for the sites Uccle, Mainz, De Bilt and Cabauw.

Table 51 Statistics on the comparison of the common subset of L2_ HCHO NRTI, L2_HCHO RPRO+OFFL and

co-located MAX-DOAS, for the sites Bremen and Athens. (*: unit of Pmolec/cmz). Numbers updated using data
from the validation server on 2020-05-25.

circul ar

Bremen 304 common co-locations Athens 285 common co-locations
Orbits range from 3364 (2018-06-07) | Orbits range from 3392 (2018-06-09) to
to 13323 (2020-05-09) 13408 (2020-05-15)
NRTI- NRTI-MXD | NRTI-OFFL | NRTI- NRTI-OFFL | NRTI-MXD
OFFL MXD
Mean(diff)* 0.10 0.10 0.10
-2.11+0.20 - -2.11+0.20
2.11+0.20
Median(diff)* | 0.07 -1.30 0.07 -1.30 0.07 -1.30
Std(diff)* 0.4 35 0.4 35 0.4 35
% IP68(diff)* | 0.3 2.5 0.3 2.5 0.3 2.5
Pearson R 0.98 0.53 0.98 0.53 0.98 0.53
Slope 1.01 0.26 1.01 0.26 1.01 0.26
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The mean difference between NRTI and OFFL is of the same order or smaller as the standard error on
the mean difference of NRTI-MAX-DOAS and OFFL-MAX-DOAS. Therefore, the bias difference
between NRTI and OFFL is not statistically significant. Also the difference dispersion between NRTI
and OFFL is small compared to the difference dispersion between either NRTI or OFFL on one hand
and MAX-DOAS on the other hand. The good match between NRTI and OFFL is also demonstrated
by the high Pearson R value and the near unity slope of the linear regression.

S5p tropospheric Noz: NRTI-OFFL for orbit 07407 on 19/03/2019
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Figure 37: Difference between S5P NRTI and OFFL tropospheric NO, column data for a single orbit (gridded to
1°x1° resolution, zoom over Europe).

The tropospheric RMSD is 0.39 Pmolec/cm?, with values up to 2 Pmolec/cm? (Figure 38, zoom over
Europe). Note strong differences over UK pollution hot spots in this particular orbit (London, Liverpool,

Manchester).

6.4.3 Total NO, Column

The comparison of total NRTI vs. OFFL data show that both the overall values and the standard
deviations are very close to each other (Figure 38). The relative difference is in the range of 0.8%,
where NRTI values are slightly higher. A comparison on the single orbit previously analyzed for the
stratospheric and tropospheric columns reveals a combination of the features already seen in these

subcolumns (Figure 39).
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S5p total NO,: NRTI-OFFL for orbit 07407 on 19/03/2019
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Figure 39: Difference between S5P NRTI and OFFL total NO, column data for a single orbit (gridded to 1°x1°
resolution).
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7 Validation Results: L2 HCHO

7.1 L2 HCHO products and requirements

This section reports on the validation of the following geophysical variables of the S5P TROPOMI
L2 _HCHO product identified in Table 1: the HCHO total column. Validation results are discussed with
respect to the product quality targets outlined in Table 3. As the NRTI and OFFL processors are
producing very similar data products, only validation of the L2_ HCHO OFFL product is reported
hereafter. Subsection 7.4 demonstrates evidence that NRTI and OFFL data do not differ significantly
and that their respective validations yield similar conclusions

Notes:
1 The operational (E2) phase for the S5P TROPOMI mission starts with orbit #02818.
1 The latest L2 HCHO NRTI and OFFL products have been released in March 2020 with
version 01.01.08.
1 The L2_HCHO RPRO product 01.01.05 has been released in May 2019, covering the period
from 26 June to November 2018.

7.2 Validation approach

7.2.1 Ground-based networks

S5P L2 HCHO data are validated routinely through comparisons with respect to ground-based
measurements acquired by NDACC FTIR and MAX-DOAS UV-visible instruments performing network
operation in the framework of NDACC. For S5P validation purposes those measurements are
collected either automatically through EVDC or manually through S5PVT AO projects which offer
faster data delivery (e.g., CESAR AO ID 28596, and NIDFORVAL AO ID 208607).

7.2.1.1 Fourier Transform Infrared Spectrometers

S5P TROPOMI L2 _HCHO formaldehyde column data are compared to reference measurements
acquired at over 25 NDACC FTIR stations. FTIR measurements have a median systematic uncertainty
of 13% and a median random uncertainty of 3x10** molec/cm? (Vigouroux et al., 2018).

7.2.1.2 MAX-DOAS UV-Visible Spectrometers

S5P TROPOMI L2 HCHO formaldehyde column data are routinely compared to reference
measurements acquired by MAX-DOAS UV-Visible spectrometers. At the present stage of S5P routine
operation, four MAX-DOAS stations contribute data routinely to the VDAF Automated Validation
Server. Seven others provide data through the NIDFORVAL project. MAX-DOAS HCHO column data
have a bias of maximum 20% and a precision better than 30%.

7.2.2 Satellites

S5P TROPOMI L2_HCHO formaldehyde column data are also compared to similar data from the
MetOp-A and B GOME-2 data (version GDP 4.8) and to EOS-Aura Ozone Monitoring Instrument
(OMI). Two versions of the OMI L2 HCHO product are considered (1) the NASA L2 product
(10.5067/Aura/OMI/DATA2015), (2) the QA4ECV L2 product (http://doi.org/10.18758/71021031). The
first has the advantage of being operational and completely independent from TROPOMI retrievals.
The second offers the advantage to be produced by the same European consortium as the TROPOMI
product; the results can be directly compared because the algorithms have been made as consistent
as possible.

S5P MPC



S5P Routine Operations Consolidated Validation Report April 2018 - May 2020 S5P-MPC-IASB-ROCVR-07.00.00-20200629
ROCVR update #07, issue 07.00.00, 2020-06-29 Page 64 of 161

7.2.3 Field campaignhs and modelling support

Nothing in this report.

7.3 Validation of L2_ HCHO

7.3.1 Recommendations for data usage followed

In order to avoid misinterpretation of the data quality, as recommended, only those TROPOMI pixels
associated with a qa_value above 0.5 (no error flag, cloud radiance fraction at 340 nm<0.5,
SZA<=70°, surface albedo<=0.2, no snow/ice warning, air mass factor>0.1) have been used. For
further details, including how to apply the averaging kernel and a priori profile in comparisons, data
users are encouraged to read the Product User Manual (PUM) and Algorithm Theoretical Basis
Document (ATBD) associated with this data product, which are available on
https://sentinels.copernicus.eu/web/sentinel/technical-quides/sentinel-5p/products-algorithms.

7.3.2 Status of validation

This section presents a summary of the key validation results obtained by the Validation Data Analysis
Facility (VDAF) of the S5P Mission Performance Centre (MPC). It takes into account results obtained
by S5P Validation Team (S5PVT) AO projects CESAR and NIDFORVAL. Up-to-date validation results
and consolidated validation reports are available through the MPC VDAF Portal at http://mpc-
vdaf.tropomi.eu. Up-to-date validation results and consolidated validation reports are available through
the MPC VDAF Portal at http://mpc-vdaf.tropomi.eu.

The Copernicus Sentinel-5 Precursor Validation Team Workshop was held at ESA/ESRIN in Frascati
(Rome, ltaly) between 11 and 14 Nov 2019. 4 talks and 1 poster were presented during the HCHO
validation session. These results basically support the findings reported here.

7.3.3 Bias

The following results, using ground-based FTIR and MAX-DOAS, and OMI satellite data sets, show
that the S5P L2_HCHO bias usually is within 40%, and always within the upper limit of 80% of the
mission requirements.

7.3.3.1 Fourier Transform Infrared Spectrometers

With respect to correlative data at 25 NDACC FTIR stations, S5P L2_HCHO shows a negative bias for
high emission sites (-31% for HCHO >8x10"° moleclcmz) and a positive bias for clean sites (+26% for
HCHO <2.5x10"™ molec/cm?). This is illustrated in Figure 40. More details are described in Vigouroux et
al. (2020).
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Figure 40: Percent difference between S5P L2_HCHO and FTIR HCHO column data at each station as a function
of the mean FTIR total column value (molec/cm?2). The gray bars are the systematic uncertainty on the difference,
and the colored error bars are the 2- error on the bias.

This results point to the presence of both a constant positive bias of TROPMI (1.10+0.05 x10™
molec/cm?), and a proportional one of 0.64+0.03, as obtained using the scatter plot and the robust
Theil-Sen estimator to derive the slope and intercept of TROPOMI vs FTIR (see Fig.4 in Vigouroux et
al., 2020).

7.3.3.2 MAX-DOAS UV-visible Spectrometers

For direct comparisons of the column data as done in the Automated Validation Server at the time
being, the bias of S5P L2 _HCHO with respect to MAX-DOAS total HCHO data is -45% (median
relative difference) at Cabauw, De Bilt and Mainz, and 0% at Uccle. The median station averaged bias
is -14.3% with a larger scatter of 31% using 1591 collocations. This result is within the mission
requirement of 80% for the bias.

Further investigation with MAX-DOAS data at 7 other stations collected through the NIDFORVAL AO
project shows that, after mutual application of the averaging kernels of the S5P and MAX-DOAS
retrievals, vertical smoothing difference errors reduce and the negative bias of -44% improves to -
25%. Figure 41 illustrates the difference in vertical sensitivity to the HCHO column, by showing typical
vertical averaging kernels for TROPOMI, FTIR and MAX-DOAS retrievals.

7.3.3.3 OMI QA4ECV Data Record

The S5P TROPOMI L2_HCHO OFFL data (RPRO processor version 01.01.05 + OFFL processor
version 01.01.05 to 01.01.07, covering one full year from the phase E2 and the operational phase) are
compared with the OMI QA4ECV HCHO product (Nov.2004 - Dec.2018). The latter offers 15 years of
afternoon observations with consistent algorithms, sharing the same auxiliary datasets (except for the
cloud products).
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Figure 41: Typical total column averaging kernels for SSP TROPOMI and the two ground-based instrument types:

FTIR (blue), MAX-DOAS (green), and TROPOMI (red). This illustrates the problem of the vertical smoothing
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Table 6 summarizes the correlation and slope of the QA4ECV OMI-TROPOMI comparison for a
selection of regions. Two main effects are likely to cause remaining differences between the QA4ECV OMI
and TROPOMI datasets. (1) The cloud products are from different algorithms, impacting the AMF mainly
through cloud pressure differences. (2) For the background correction, different polynomial orders are used
to compute the latitudinal dependency, causing a zonal dependency in the differences. Therefore, 3
comparisons are provided in order to quantify the 2 effects: VCD from OMI v1.1 and TROPOMI (different
cloud products, different polynomials), clear VCD from OMI v1.1 and TROPOMI (no cloud correction,
different polynomials), clear VCD from OMI v1.2 and TROPOMI (no cloud correction, same polynomials).

As can be seen in Table 6, the final bias between OMI and TROPOMI is below 15% in all 25 regions
and below 10% in 21 regions. In mid-latitude regions, differences from 10% to 30% to could be
attributed to the background correction polynomial. They have been reduced by aligning the OMI
algorithm on TROPOMI (OMI v12). Differences due to the cloud correction can be observed in Tropical
regions (up to 25%) and to a lesser extent in China. It is advised to use clear VCD when comparing
satellite dataset using different cloud products.
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Table 6 i Summary of the OMI-TROPOMI comparison statistics (correlation, slope) for a selection of regions.
Numbers are given from phase E2 and forward. 3 Comparisons are provided: VCD from OMIv1.1 and TROPOMI,
clear VCD from OMIv1.1 and TROPOMI, clear VCD from OMI v1.2 and TROPOMI, reflecting the effect of the
cloud correction (VCD or clear VCD) and of the background correction (OMI v1.1 or OMI v1.2).

. . Dispersion
Region 'Egzgizz]s L‘[);S;rl;i']as VCD VCD clear ngﬁgeziuor:]d of the
difference
limits limits Correl. Slope Correl. Slope Correl. Slope | [Pmolec.cm?
Northern -20.0 | -12.5 | 125.0 | 145 0.79 1.08 0.72 0.97 0.69 0.97 1.38
Australia
AmazoniaBB | -16.0 | -6.0 -65.0 | -45.0 0.86 1.18 0.87 0.99 0.92 0.94 1.30
Amazonia -14.0 | -7.0 -66.0 | -60.0 0.69 1.15 0.66 0.96 0.88 0.96 2.44
Bolivia
Southern -15.0 | -5.0 10.0 30.0 0.52 1.20 0.70 1.01 0.91 0.97 1.10
Africa
Equatorial -15.0 | 15.0 -180 | -120 0 0.99 0 1.00 0.28 0.98 0.20
Pacific
Amazonia -10.0 | 5.0 -75.0 | -50.0 0.85 1.19 0.84 0.98 0.92 0.94 0.91
Western -10.0 | 2.0 -75.0 | -65.0 0.82 1.23 0.84 1.01 0.85 0.96 1.56
Amazonia
Equatorial -5.0 5.0 14.0 28.0 0.56 1.25 0.59 1.01 0.74 0.94 1.52
Africa
Indonesia -5.0 5.0 98.0 118.0 | 0.31 1.08 0.35 1.03 0.52 0.97 0.67
Northern 5.0 12.0 -14.0 | 12.0 0.57 1.10 0.55 0.94 0.84 0.91 1.00
Africa
South Asia 12.0 20.0 98.5 1075 | 0.43 1.14 0.60 0.96 0.73 0.99 1.75
Guatemala 12.5 17.5 -95.0 | -85.0 0.20 1.06 0.11 0.94 0.26 0.97 1.94
India 15.0 24.0 75.0 85.0 0.68 1.09 0.72 0.98 0.74 0.98 1.81
Mexico 15.0 20.0 -103 | -88.0 0.41 1.09 0.42 0.97 0.55 0.96 1.58
Northern India | 20.0 28.0 77.0 92.0 0.64 1.14 0.75 1.03 0.83 0.99 1.62
Southern 24.0 33.0 108.0 | 121.0 | 0.56 1.26 0.60 1.08 0.62 1.00 2.67
China
Northern 29.0 37.0 112.0 | 121.0 | 0.47 1.24 0.59 1.10 0.71 1.03 2.87
China
Southeastern 30.0 40.0 -95.0 | -75.0 0.86 1.30 0.91 1.12 0.92 1.05 1.74
us
Central US 30.0 | 44.0 -110 | -95.0 0.80 1.33 0.80 1.19 0.84 1.10 1.79
Western US 340 | 44.0 -125 | -110 0.76 1.23 0.72 1.17 0.84 1.10 1.78
Europe 35.00 | 50.00 0.0 40.0 0.69 1.32 0.68 1.26 0.89 1.13 1.01
Southeastern | 45.00 | 55.00 | -90.0 | -70.0 0.84 1.44 0.83 1.27 0.85 1.14 1.77
Canada
Northwestern 60.00 | 70.00 | -130 | -95.0 0.37 0.63 0.33 0.54 0.51 0.99 1.71
Canada
Central 60.00 | 70.00 | 50.0 80.0 0.48 0.71 0.47 0.65 0.56 0.92 1.93
Siberia
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7.3.4 Dispersion

7.3.4.1 Fourier Transform Infrared Spectrometers

Using correlative measurements at the 25 NDACC FTIR stations, the median absolute deviation
(MAD) is close to the mission requirement of 12 Pmolec/cm®. While the MPC Automated Validation
Server performs comparisons using single TROPOMI pixels, further investigation in the NIDFORVAL
AO project use an average of about 30 TROPOMI pixels (20 km around the station). The MAD for all
stations is of 2.4 Pmolec/cm? while the requirements is 12/sqrt(n pixels)= 2.1 Pmolec/cm?®. However, it
is more relevant to compare the MAD obtained at the clean sites only to evaluate the TROPOMI
precision because MAD is less sensitive to additional co-location mismatch errors in regions far from
emissions. In clean conditions, the TROPOMI precision is found to be much better that the pre-launch
mission requirements: 1.3 Pmolec/cm?, corresponding to a single pixel precision of 7 Pmolec/cm?.
Details can be found in Vigouroux et al. (2020).

7.3.4.2 MAX-DOAS UV-visible Spectrometers

The dispersion (standard deviation) of the difference of S5P with respect to MAX-DOAS ranges from 7
Pmolec/cm? at Uccle to 10 Pmolec/cm? at De Bilt and Mainz. This is within the mission requirement of
precision of 12 Pmolec/cm?.

7.3.4.3 OMI QA4ECV Data Record

As reported in Table 6 the dispersion of the daily difference between OMI and TROPOMI is generally
ranging from 1 to 2 Pmolec/cm?, with the exception of Northern China (4 Pmolec/cmz). Low dispersion
is related to the large number of observations included in the averages. The standard deviation of
individual OMI and TROPOMI observations is respectively about 7 and 4 Pmolec/cm? in remote
regions with no local emissions. The frequent occurrence of extreme outliers advocates the use of the
median difference as a quality indicator instead of the mean difference.

7.35 Dependence on influence quantities

None to report.

7.3.6 Short term variability

Day to day correlation between OMI and TROPOMI is very high above emission regions. Overall, the
short term variability seen in the MAXDOAS measurements is nicely reproduced by S5P TROPOMI.
Figure 42 presents seasonal cycle plots of S5P HCHO and MAXDOAS tropospheric VCD. In some
time periods, MAX-DOAS is clearly higher than S5P HCHO (De Bilt: July-August, Cabauw: July-Sep,
Mainz: May-June. The seasonal variability captured by TROPOMI is similar to the one reported by the
FTIR and MAX-DOAS instruments, with correlations of 0.92 and 0.83, respectively.

S5P MPC
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S5p trop HCHO VCD

MAXDOAS trop HCHO VCD [Pmolec/cm2]
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Figure 42: Seasonal cycle plots of S5P HCHO tropospheric column and MAXDOAS measurements at Mainz, De
Bilt, Cabauw and Uccle. The 30-day rolling mean (cyclic boundary condition) is also indicated.
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7.3.7 Geographical patterns

The S5P_L2 HCHO data are seasonally averaged for spring (March-May 2018) and summer (June-
August 2018) and compared to OMI (Gonzalez Abad et al., 2015, 2016) and GOME-2. The
comparison results are shown in Figure 43 and Figure 44. The results show similar spatial patterns of
HCHO columns for the three satellites. Compared to OMI, TROPOMI observations show higher HCHO
columns over India and the Sahara Desert. GOME-2 reports similar HCHO column values as
TROPOMI in the same regions.
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Figure 43: Seasonal average of HCHO total column data for SSP TROPOMI (left) and for OMI (right).

Figure 44: Seasonal average of HCHO total column data for S5P TROPOMI (left) and MetOp-B GOME 2 (right).

7.3.8 Other features

None to report.
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