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ACRONYMS AND ABBREVIATIONS

AC SAF
AMF
BIRA-IASB
DLR

DOAS
Envisat

ESA
EUMETSAT
FRM4DOAS

FTIR

GDP
GEOMS
GOME
HCHO

IMF

LOS
MAXDOAS
MPC
NDACC
NIDFORVAL

O3

OCRA
OoMlI
QA4ECV
ROCINN
RRS

RTS

SCD
SCIAMACHY
SNR

SZA
TEMIS
TROPOMI
UPAS
UVvVvIS
VCD
WMO

Atmospheric Composition Monitoring Satellite Application Facility
Air Mass Factor, or optical enhancement factor

Belgian Institute for Space Aeronomy
German Aerospace Centre

Differential Optical Absorption Spectroscopy
Environmental Satellite

European Space Agency
European Organisation for the Exploitation of Meteorological Satellites

Fiducial
Observations

Reference

Measurements

for

Fourier Transform Infrared Spectroscopy

GOME Data Processor
Generic Earth Observation Metadata Standard

Global Ozone Monitoring Experiment

Formaldehyde

Remote Sensing Technology Institute

Line Of Sight

Ground-Based DOAS Air-Quality

Multi Axis Differential Optical Absorption Spectroscopy
Mission Performance Center
Network for the Detection of Atmospheric Composition Change

S5P Nltrogen Dioxide and FORmaldehyde Validation using NDACC and
complementary FTIR and UV-Vis DOAS ground-based remote sensing data

Ozone

Optical Cloud Recognition Algorithm
Ozone Monitoring Instrument
Quality Assurance for Essential Climate Variables
Retrieval of Cloud Information using Neural Networks
Rotational Raman Scattering

RT Solutions Inc.
Slant Column Density

Scanning Imaging Absorption spectroMeter for Atmospheric CHartography

Signal to Noise Ratio
Solar Zenith Angle

Tropospheric Emission Monitoring Internet Service

TROPOspheric Monitoring Instrument

Universal Processor for UV/VIS Atmospheric Spectrometers
Ultraviolet-visible spectrometry
Vertical Column Density

World Meteorological Organization
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INTRODUCTION TO EUMETSAT SATELLITE APPLICATION
FACILITY ON ATMOSPHERIC COMPOSITION MONITORING
(AC SAF)

Background

The monitoring of atmospheric chemistry is essential due to several human caused changes in the
atmosphere, like global warming, loss of stratospheric ozone, increasing UV radiation, and pollution.
Furthermore, the monitoring is used to react to the threats caused by the natural hazards as well as follow
the effects of the international protocols.

Therefore, monitoring the chemical composition and radiation of the atmosphere is a very important duty
for EUMETSAT and the target is to provide information for policy makers, scientists and general public.

Objectives

The main objectives of the AC SAF is to process, archive, validate and disseminate atmospheric
composition products (O3, NO2, SO,, BrO, HCHO, H;0, OCIO, CO, NH3), aerosol products and surface
ultraviolet radiation products utilising the satellites of EUMETSAT. The majority of the AC SAF products
are based on data from the GOME-2 and IASI instruments onboard Metop satellites.

Another important task besides the near real-time (NRT) and offline data dissemination is the provision of
long-term, high-quality atmospheric composition products resulting from reprocessing activities.

Product categories, timeliness and dissemination

NRT products are available in less than three hours after measurement. These products are disseminated via
EUMETCast, WMO GTS or internet.

o Near real-time trace gas columns (total and tropospheric Oz and NO,, total SO, total HCHO, CO)
and high-resolution ozone profiles

o Near real-time absorbing aerosol indexes from main science channels and polarization measurement
detectors

o Near real-time UV indexes, clear-sky and cloud-corrected

Offline products are available within two weeks after measurement and disseminated via dedicated web
services at EUMETSAT and AC SAF.

e Offline trace gas columns (total and tropospheric Os; and NO,, total SO, total BrO, total HCHO,
total H,O) and high-resolution ozone profiles

e Offline absorbing aerosol indexes from main science channels and polarization measurement
detectors

o Offline surface UV, daily doses and daily maximum values with several weighting functions

Data records are available after reprocessing activities from the EUMETSAT Data Centre and/or the AC
SAF archives.

e Data records generated in reprocessing
e Lambertian-equivalent reflectivity
e Total OCIO

Users can access the AC SAF offline products and data records (free of charge) by registering at the
AC SAF web site.

More information about the AC SAF project, products and services: https://acsaf.org/
AC SAF Helpdesk: helpdesk@acsaf.org
Twitter: https://twitter.com/Atmospheric_SAF
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DATA DISCLAIMER FOR THE METOP-C GOME-2 TOTAL
HCHO (OTO) DATA PRODUCTS

In the framework of EUMETSAT’s Atmospheric Composition Monitoring Satellite Application Facility (AC
SAF), GOME-2 formaldehyde (HCHO) total column data product are generated at DLR from MetOp-C
GOME-2 measurements using the UPAS environment version 1.4.0 the level-0-to-1 v6.3 processor and the
level-1-to-2 GDP v4.9 DOAS retrieval processor (see TN-DLR-ATBD and TN-DLR-PUM). BIRA-IASB
and DLR ensure detailed quality assessment of algorithm upgrades and continuous monitoring of GOME-2
HCHO data quality with a recurring geophysical validation using correlative measurements from ground-
based instruments and from other satellites, modelling support, and independent retrievals.

This report presents the initial verification of MetOp-C GOME-2 HCHO column data (OTO) recorded
from February to July 2019. GDP 4.9 HCHO column data are investigated through:

(1) verification of the consistency of GDP4.9 GOME-2C column retrievals against operational GOME-2B
data sets, for the different steps contributing to the VCD;

(2) evaluation of the HCHO vertical column against ground-based observations provided MAXDOAS and
FTIR spectrometers.

The main results from the verification are summarized hereafter:

1. The current quality of the MetOp-C GOME-2 radiance and irradiance spectra in the 328.5-346 nm
spectral interval enables HCHO slant column retrievals. However, a viewing geometry dependence
is found in GOME-2C SCD and SCDcorrected, that is transferred in the VCD, leading to a large
number of negative columns for large off-nadir scan angles. This dependence might be due to
polarisation-related spectral features in the level-1 data.

2. GOME-2C HCHO fit residuals and scatter on the slant column are systematic smaller than for

GOME-2B, in a range from 20% in tropical to 50% over high latitudes, but are generally

comparable to those obtained from Metop-B spectra at beginning of operations. GOME-2C slant

columns show a slightly higher bias compared to GOME-2B.

A smaller signature of the SAA is found for GOME-2C compared to MetopB.

GOME-2C VCD are about ~71% larger than GOME-2B for the pixels between 70°S and 70°N,

with VCD values exceeding 10 molecules/cm?, and excluding the SAA regions. If only pixels

exceeding 6x10% molecules/cm? VCD are considered, the average difference is within 32%. In the
explored emissions regions, the temporal evolution of GOME-2C is similar to GOME-2B, with

GOME-2C being generally a few % larger than GOME-2B in emission regions (up to 15% in

average over Southern China), while in regions with low HCHO, GOME-2C is slightly smaller

(Pacific and Europe in winter time).

bw

In average, these differences meet the accuracy requirement of HCHO for polluted cases (50%),
and are very close to the optimal requirement (30%).

5. Gathering of preliminary HCHO columns from ground-based MAXDOAS (9 stations) and 14
FTIR stations within the NIDFORVAL project allowed a first validation of the GOME-2C and
GOME-2B vertical columns. Differences in the daily comparisons (both for MAXDOAS and FTIR
data) are found for GOME-2C compared to results with GOME-2B, with a larger daily spread in
the first case (with a larger number of large negative columns), as already pointed out in the
verification section. The impact of the large GOME-2C spread values is reduced in the monthly
mean comparisons and similar results are found for the MAXDOAS comparisons, while larger
differences are found for the FTIR case. Slope of 0.56 wrt smoothed FTIR values are found for
GOME-2C, compared to 0.94 with GOME-2B. Validation results present a relatively good
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agreement, but the FTIR comparisons over 6 months are at the limit of the 50% threshold
requirement for GOME-2C.



EUMETSAT REFERENCE: SAF/AC/IASB/VR/HCHO
& ACSAF
DATE: 19/05/2020
ATMOSPHERIC COMPOSITION

MONITORING PAGES: Page 8 of 44

A. INTRODUCTION
A.1l. Scope of this document

The present document reports on the verification and preliminary geophysical validation of GOME-
2/MetOp-C HCHO column data acquired over the February-July 2019 time period. The data are produced
by the GOME Data Processor (GDP) v4.9 operated at the DLR Remote Sensing Technology Institute
(DLR-IMF, Oberpfaffenhofen, Germany) in the framework of the EUMETSAT AC SAF. This report
concentrates on comparisons of GOME-2/Metop-C data with GOME-2/Metop-B GDP 4.8 (the current
operational version for Metop-A and B) and with correlative observations acquired by independent ground-
based spectrometers. The goal is to investigate the consistency of the GOME-2C HCHO columns and if the
product fulfil the user requirements in term of accuracy, as defined in the (threshold 100%, target 50%
(polluted) and optimal 30%) %), as stated in the ACSAF Service Specification Document
(https://acsaf.org/docs/AC_SAF_Service_Specification.pdf).

A.2. Preliminary remarks

To report on the status of the verification of the MetOp-C GOME-2 HCHO columns, in addition to
comparisons against GOME-2 on MetOp-B, the consistency of the different HCHO products is explored by
performing comparisons with available correlative data sets. As discussed in detail in Section B2, it should
be noted that this part rely on the early delivery of partners within other validation projects (e.g.
NIDFORVAL). Results relying on early-delivery data must always be considered as preliminary and more
firm conclusions on validation should be updated in the future, to be assembled when more Metop-C
measurements will be available (ideally covering at least one year of data). Moreover, several
improvements on the HCHO product itself have been suggested in the past, but these are out of the scope of
the present document.

A.3. Plan of this document

After presentation of the AC SAF introduction and the GOME-2 Data Disclaimer for HCHO column
products, this document is divided into the following sections:

Introduction

Validation Protocol

Step by step verification: METOP-C against METOP-B GOME-2 HCHO operational retrievals.

Step by step verification: Time-series above emission regions.

Validation against ground-based MAXDOAS and FTIR data

Conclusion

References

@mMmoO O WP
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B. VALIDATION PROTOCOL

B.1. GDP 4.9 data and validation method

Retrieval principles of GOME-2C HCHO data are described in the Algorithm Theoretical Basis Document
(ATBD, 2017) and the Product User Manual (PUM, 2017) available via the AC SAF web site
(https://acsaf.org). Validation method was set up for the validation of GOME-2A and GOME-2B, and we
refer to the last HCHO validation report (AC SAF VR 2015). This document is based on the same method,
but with a more specific focus on establishing the verification and validation of the GOME-2C GDP 4.9
HCHO data, by checking the consistency between the GOME-2C and GOME-2B product over the 6
months dataset available and providing preliminary validation results with correlative ground-based data.

The latest GOME Data Processor (GDP) for MetOp-C is called version 4.9 due to major changes in the
SO, product, but only minor changes have been implemented for the HCHO operational product (see Table
B.1). The processor is coherent with processor GDP 4.8 operational for MetOp-A/B data. Since GDP 4.8,
two inter-linked fitting intervals (332-359 nm for BrO, 328.5-346 nm for HCHO) have been implemented
to reduce the scatter on HCHO slant columns, as summarized in Table B.1. To reduce the impact of
remaining unresolved spectral artefacts, an absolute normalization is applied on a daily basis using the
reference sector method over the Pacific Ocean (Longitude: 140°-160° W), where the only source of
HCHO is CH4 oxidation. The mean HCHO slant column density in the reference sector is subtracted from
the retrieved slant columns on this day (AS = S-S0), and replaced by a HCHO background value (V™)
taken from the tropospheric 3-D chemistry transport model IMAGESv2 (Mueller and Stavrakou, 2005)
results:

V =AS/M + V™

where M is the air-mass factor calculated with a priori HCHO profiles coming from IMAGESv2 for the
year 2007, surface albedo from the combined TOMS/GOME climatology (Boersma et al, 2004), and cloud
information from OCRA-ROCINN (Lutz et al., 2016). Averaging kernels are also provided. Only slight
adaptations in the DOAS fitting have been included for GOME-2C, such as as accounting for the different
GOME-2/FM2 slit function and including a pseudo-cross section to account for changes in resolution (see
table B.1).

Table B.1: Summary of DOAS settings for GOME-2A and GOME-2B (GDP 4.8) and GOME-2C (GDP 4.9)

GOME-2A and GOME-2B (GDP 4.8)
Calibration SA02010 (Chance&Kurucz, 2010)
FM203(GOME-2A)/FM202(GOME-2B)
Slit function from GOME-2 calibration key data
(EUMETSAT, 2009)
Polynomial 5™ order
Intensity offset linearized (inversed earth-shine)
H.CO Meller&Moortgat, 2000
O3 Brion et al., 1998/Malicat et al. 1995
BrO Fleischmann et al., 2004
NO: Vandaele et al., 2002
OcCIo Bogumil et al., 2003
Rngetet | ALt e
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Polarisation Eta/Zeta GOME-2 calibration key data
vectors (EUMETSAT, 2009)

2 pseudo cross sections from Taylor expansion

Non-linear O of wavelength and optical depth (Pukite et al.,

absorption effects

2010)
Fitting interval 1 332-359 nm
H.CO(298K), NO,(220K), OCIO(293K),
Included cross 03(228K/243K), 2 pseudo cross sections
sections (0303/103), Zeta/Eta, Ringl/Ring2,
BrO(223K)
Fitting interval 2 328.5-346 nm
H.CO(298K), NO,(220K), OCIO(293K),
Included cross 03(228K/243K), 2 pseudo cross sections
sections (O303/003), Zeta/Eta, Ringl/Ring2

BrO (from fitting interval 1)

Inclusion of a resolution pseudo cross-section

Specificities for in the DOAS fit;
GOME-2C Slit function: FM201(GOME-2C) from
(GDP 4.9) GOME-2C calibration key data (EUMETSAT,
2018)

We follow a validation protocol that consists in a step-by-step verification of each sub-product:

o slant columns (SCD)

o normalized slant columns (ASCD) (see [ATBD] and De Smedt et al., 2008 for more details
about the reference sector correction)

o air mass factors without cloud correction (AMFciear)

air mass factors with independent pixel cloud correction (AMF)

o total vertical columns (VCD) (the bulk of the formaldehyde column lies in the lower
troposphere, the contribution from the stratosphere is negligible).

o

The total vertical columns are then be compared with correlative ground-based measurements, such as
MAXDOAS and FTIR data.

B.2. Reference data

The AC SAF GDP HCHO operational product is the only product providing recent data for GOME-2, as no
scientific product is continuously maintained or adapted for GOME-2B or GOME-2C to our knowledge.
GOME-2 products such as the BIRA/TEMIS data (Sc.v12, Sc.vl4, De Smedt et al., 2008; 2010; 2012;
2015, http://h2co.aeronomie.be/) or the QA4ECV dataset (De Smedt et al, 2018,
http://www.qadecv.eu/ecv/hcho-p/data) only covers up to 2016. Existing TROPOMI and OMI HCHO data
have an overpass in the early afternoon. So only satellite-to-satellite comparisons among AC SAF
operational products for the different MetOp is performed here.

GOME-2B and GOME-2C HCHO VCDs are compared to correlative ground-based observations, as done
in the previous Validation Report for GDP 4.8 (AC SAF VR 2015). Due to instrumental failures, the
number of BIRA-IASB currently operating MAXDOAS instruments is limited (for the GOME-2C received
period February to July 2019, only Uccle and Reunion-Maido instruments were measuring). The
comparisons have been extended to ground-based data collected by BIRA from different partners in the
context of the NIDFORVAL project (S5P Nltrogen Dioxide and FORmaldehyde Validation using NDACC
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and complementary FTIR and UV-Vis DOAS ground-based remote sensing data). This ESA AO project
aims at creating and collecting ground-based datasets from NDACC and complementary networks, to
be used in the validation of TROPOMI data. FTIR HCHO harmonized retrievals settings have been
defined (with uncertainty budget and averaging kernels) and generated at more than 20 FTIR stations
(Vigouroux et al., 2018). MAXDOAS data have been gathered at 9 stations from existing datasets (mostly
based on recommended settings) and preliminary processing coming from the ongoing set-up of the
FRM4DOAS centralized processing. These datasets covers a wide range of HCHO levels, from artic,
antarctic, oceanic, mountainous remote levels to polluted conditions. Most of the stations have provided
recent data, which are used for the TROPOMI HCHO product validation (e.g., Vigouroux et al., 2019), and
are used in Section E for the GOME-2 GDP products.
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C. VERIFICATION OF INDIVIDUAL COMPONENTS OF THE
METOP-C GOME-2 PROCESSING CHAIN: METOP-C AGAINST
METOP-B

C.1.

Verification of Slant Column Density

To test the quality of the DOAS HCHO slant column fit on GOME2-C spectra, GDP has been used to
retrieve HCHO slant column amounts from spectra recorded along a single orbit of GOME-2 Metop-C
(orbit #1535, February 23, 2019), and of GOME-2 Metop-B in 2019 (orbit #33378, February 23, 2019).
Current version of GDP product for GOME-2 Metop-B and -C are 4.8 and 4.9, respectively.

HCHO SCD [10'*molec./cm?2]

Normalized SCD [10'® molec./cm?]

B S : 3 : JERiE [ [ F el gAY B Yo -5 O WLV SRURS e -
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Figure C.1.1: HCHO retrievals for one orbit of GOME-2 on METOP-B (green, 23/02/2019, orbit nb. 33378) and
METOP-C (blue, 23/02/2019, orbit nb. 1535) in 2019. Dots are individual measurements; lines are averages within 5°
latitude-bands. First panel: slant columns and standard deviation of the slant columns within the 5° latitude-bands
(STD), second panel: normalized slant columns and standard deviation, third panel: residuals of the fit (RMS).

GDP4.8 G2B HCHO -- 20190223 GDP4.9 G2C HCHO -- 20190223
R T S T =3 ¥ =

HCHO SCDs [10" molec./cm?] HCHO SCDs [10 ™ molec./cm’]
0 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 30

GDP4.8 G2B HCHO -- 20190223 GDP4.9 G2C HCHO -- 20190223

HCHO corrected SCDs [10'° molec./cm®] HCHO corrected SCDs [10'° molec./cm®]
0 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 30

Figure C.1.2: Maps of slant columns (upper panel) and normalized slant columns (bottom panel) on 23" February
2019, obtained from GDP 4.8 GOME-2B (left panel) and GDP4.9 GOME-2C (right panel) products.

From inspection of Figures C.1.1 and C.1.2, we can conclude the following:

e Raw HCHO slant columns (before the reference sector correction) derived from GOME-2B GDP4.8
and GOME-2C GDP 4.9 are generally consistent, although GOME-2C slant columns show slightly
higher bias.

e After application of the reference sector correction, normalized HCHO slant columns between two
products shows generally good agreement. Map of GOME2-2C slant columns however presents a
viewing geometry dependence, with higher values in nadir and lower values at large off-nadir scan
angle, which is not present in GOME-2B.

e The scatter of the slant columns and the fitting residual for GOME-2B are systematic higher than for
GOME-2C, range from 20% in tropical to 50% over high latitudes.
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Table C.1.3: Maps of averaged normalized slant columns (with the reference sector correction), and fitting residuals from
February to July 2019, obtained from GOME-2B GDP 4.8 and GOME-2C GDP4.9 products. Note that, no cloud filter is applied
in this cases.

G2C GDP4 9 - Feb Jul 2019

_
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

Figure C.1.4: Map of averaged normalized slant column density differences between GOME-2B GDP4.8 and GOME-2C
GDP4.9, obtained from February to July 2019.

Monthly averaged maps of normalized slant columns (Figure C.1.3) derived from GOME-2B and GOME-
2C also show a high degree of consistency. However, some differences are visible in a few areas (Figure
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C.1.4). The largest different is over the South American Anomaly (SAA) region, since the spike removing
approach is not implemented in the current GDP product, and this will introduce a large error in HCHO
retrieval.

There is a positive bias between 120°E and 150°E, probably due to viewing geometric dependency issue in
GOME-2C product. In addition, a systematic negative bias is found over high latitudes.

Apart from SAA region, maps of fitting residuals (RMS) from GOME-2B varies from ~1.5x107 at tropical
region to ~2.1x10 at large SZA, and RMS is slightly larger over South Hemisphere than over North
Hemisphere. Whereas, RMS from GOME-2C is ~1.2x10° globally.

C.2 Verification of Vertical Column Density

This section concentrates on the verification of the HCHO vertical column densities. Figure C.2.1 and
C.2.2 illustrate the status of the comparisons between GDP4.8 applied to GOME-2B and GDP4.9 applied
to GOME-2C. For the verification, the pixels with intensity-weighted cloud fraction > 50% and surface
albedo > 0.3 are discarded to control the quality of the retrieved data.

Good agreement between GDP 4.8 GOME-2B and GDP 4.9 GOME-2C is found for both tropospheric
vertical column and tropospheric air mass factor, even over the polluted region. The GOME-2B data over
75°S-80°S and 25°N-30°N for orbit 33378 is missing (Figure C.2.1 and Figure C.2.2) because of the cloud
coverage, and GOME-2C only have a few valid measurements as well.

Global average maps (Figure C.2.3) show similar result as the orbit data, which has a high degree of
consistency between GOME-2B and GOME-2C products. Viewing angle dependency is almost smoothed
by the average. Some differences are linked to the differences in the slant column density (Figure C.1.4).

Based on the monthly averaged maps (gridded at 0.5°x0.5°) from February to July 2019, the difference in
vertical column density between GOME-2B and GOME-2C is ~71% for the pixels with VCD values
exceed 10™ molecules/cm?, between 70°S and 70°N, and excluding the SAA regions. If only the pixels
with VCD exceed 6x10% molecules/cm? are considered, the average difference is within 32% between
GOME-2B and GOME-2C. It meets the accuracy requirement of HCHO for polluted cases (50%), very
close to the optimal requirement (30%).

The averaged AMF maps is highly consistent between GOME-2B and GOME-2C, the small bias can be
found over land region, especially over Sahara Desert, which is probably due to an issue for the
background albedo map in cloud retrieval. GOME-2B and GOME-2C uses the same 'clear-sky reflectance
composite map' dataset in OCRA cloud retrieval, since the GOME-2C background dataset is not available
right now. In addition, the scan angle dependency might also play a role in the cloud retrieval. Cloud
fraction product could clearly see the difference between GOME-2B and GOME-2C, GOME-2B map sees
more cloudy than GOME-C over this region (Figure C.2.4). Difference in the surface albedo will affect the
retrieval of cloud properties, and then affect the calculation of the HCHO AMF. In addition, the retrieved
cloud fraction will affect the data selection in the average maps.
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Figure C.2.1: HCHO retrievals for one orbit of GOME-2 on METOP-B (green, 23/02/2019, orbit nb. 33378) and
METOP-C (blue, 23/02/2019, orbit nb. 1535) in 2019. Dots are individual measurements; lines are averages within 5°
latitude-bands. First panel: slant columns and standard deviation of the slant columns within the 5° latitude-bands
(STD), second and third panel are tropospheric air mass factor. Only the valid HCHO retrieval with intensity-weighted
cloud fraction less than 50% and surface albedo less than 0.3 are used.
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Figure C.2.2: Maps of HCHO tropospheric vertical columns on 23 February 2019, obtained from GOME-2B GDP
4.8 (left panel) and GOME-2C GDP4.9 (right panel) products.
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Figure C.2.3: Maps of averaged tropospheric vertical columns and tropospheric air mass factor, obtained from GDP 4.8 GOME-
2B and GDP4.9 GOME-2C cloud- and snow-free (intensity-weighted cloud fraction < 50% and surface albedo < 0.3)
measurements from February to July 2019, and their differences.
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Figure C.2.4: Maps of intensity-weighted cloud fraction for GOME-2B (left) and GOME-2C (Right) on 1% February
2019.




G EUMETSAT

AC SAF

ATMOSPHERIC COMPOSITION

MONITORING

REFERENCE: SAF/AC/IASB/VR/HCHO

ISSUE:
DATE:
PAGES:

1/2
19/05/2020
Page 18 of 44

D. VERIFICATION OF INDIVIDUAL COMPONENTS OF
PROCESSING CHAINS: TIME-SERIES ABOVE EMISSION

REGIONS

In this section, time-series of GOME-2A, GOME-2B and GOME-2C operational HCHO data products are
presented for a selection of emission regions (listed in Table D.1), for 2019. The individual components of
the HCHO VCD processing chain are compared separately, in order to visualize possible compensating

differences.

Table D.1: List of the emissions regions considered for the comparisons.

Region Lat Min Lat Max Long Min Long Max
Northern_Australia -19 -10 123 145
Northern_China 29 37 112 121
India 15 24 75 85
South_Asia 12 22 98.5 110
Indonesia -5 5 98 118
Northern_Africa 3 14 -14 12
Equatorial_Africa -5 8 14 28
Southern_Africa -15 -5 10 30
Southeastern_US 30 40 -95 -75
Guatemala 125 17.5 -95 -85
Mexico 15 20 -103 -88
Amazonia -10 5 -75 -50

Figures D.1 to D.12 presents the time-series of monthly mean values of several HCHO-related parameters,

such as:

The tropospheric vertical column (VCD) (the DETAILED_RESULTS/HCHO/VCD_corrected
in the hdf file)
The normalized slant column (ASCD) (the DETAILED_ RESULTS/HCHO/ESCcorrected in
the hdf file)
The clear-sky air mass factor (AMFclear) and the cloud-corrected (total tropospheric) air mass
factor (AMF).
The DOAS fit RMS, which is a good indicator of the fit quality.

The standard deviation of the slant columns (sigmaSCD), as an indicator of the noise on the
slant columns

Satellite HCHO VCD means are calculated using all pixels falling within the region boundaries and

meeting the following selection criteria:

slant column densities (SCDs) larger than -4x10'® molec/cm?, RMS lower than 3x10%; solar zenith
angle (SZA) lower than 70°, and cloud fraction lower than 40%.

The monthly mean for the regions is performed if there are at least 500 points > 500, SZA <= 60,
Cloud fractions <= 0,4
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Figure D.1: Upper panel: GOME-2C GDP-4.9 (black), GOME-2B (grey) and GOME-2A (cyan) GDP-4.8
HCHO comparison in 2019 in the Northern Australian region. The different panels present HCHO vertical
columns (VCD), the normalized slant columns (deltaSCD), the residuals of the fit (RMS), the total air mass
factors (AMF) and the clear-sky air mass factors (AMFclear) and the standard deviation of the slant columns
(sigmaSCD). Lower panel: Relative differences between the GOME-2C and GOME-2B products. Numbers
inset are the mean and median differences over the time series.
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Figure D.2: same as Figure D.1, but for the Northern China region.
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Figure D.3: same as Figure D.1, but for the India region.
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Figure D.4: same as Figure D.1, but for the Southern Asia region.
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Figure D5: same as Figure D.1, but for the Indonesia region.
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Figure D.6: same as Figure D.1, but for the Northern Africa region.
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Figure D.7: same as Figure D.1, but for the Equatorial Africa region.
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Figure D.8: same as Figure D.1, but for the Southern Africa region.
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Figure D.9: same as Figure D.1, but for the Southeastern US region.
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Figure D.10: same as Figure D.1, but for the Guatemala region.
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Figure D.11: same as Figure D.1, but for the Mexico region.
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Figure D.12: same as Figure D.1, but for the Amazonia region.

Table D.2: Mean and median VCD differences in [%] between GOME-2C and GOME-2B over the different

regions.

regions (G2C-G2B)/G2B
Mean and median
VCD differences:

Amazonia [2;3]1%

Equatorial Africa [4; 4]%

Guatemala [6; 9]1%

India [10; 91%

Indonesia [8; 8]%

Mexico [7;11]%

Northern Africa [9; 9]%

Northern Australia

[3; 11%
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Northern China [5; 4]1%
Northern India [9; 8]%
South Asia [8; 8]%
Southeastern US [3; 3]1%
Southern Africa [1;0]%
Southern China [15; 15]%
Equatorial Pacific [-5; -5]%
Pacific [-2;-2]1%
Europe [-22;-13]1%

The quality of the GOME-2C results is good, with values comparable to those of GOME-2B for the
different emission regions investigated here, with maximum mean differences of 15% in VCD, as
summarized in Table D.2. GOME-2A values are generally smaller than GOME-2B/C, probably as a results
of both degradation and smaller pixels. GOME-2C is generally a few % larger than GOME-2B in emission
regions (up to 15% in mean over Southern China), while in regions with low HCHO, GOME-2C is slightly
smaller (Pacific and Europe in winter time). RMS values for GOME-2C are comparable with values of
GOME-2A and GOME-2B at the beginning of their mission (~1e-3), and smaller than current RMS values
(effect of degradation).



EUMETSAT REFERENCE: SAF/AC/IASB/VR/HCHO

ISSUE: 172
G AC SAF DATE: 19/05/2020

ATMOSPHERIC COMPOSITION

MONITORING PAGES: Page 32 of 44

E. COMPARISON WITH GROUND-BASED MEASUREMENTS

In this section, GOME-2B and GOME-2C HCHO vertical column densities (VCDs) are compared to
correlative ground-based observations, as done in previous Validation Report and Operation Reports, but
extending the correlative ground-based dataset to MAXDOAS and FTIR datasets from the NIDFORVAL
project.

E.1. Ground-based correlative data

Figure E.1 illustrates the FTIR and MAXDOAS stations coming from the NIDFORVAL project that are
used in this study. These datasets cover a wide range of HCHO levels, with Arctic (Ny Alesund, Kiruna,
Sodankyla), oceanic (La Reunion Maido, Lauder), mountainous (Jungfraujoch) remote levels to polluted
conditions (St Petersburg, Bremen, Paris, Toronto, Xianghe, Uccle, Mainz, Thessaloniki, Madrid, Chiba,
Vallejo and Unam) and large HCHO columns (Porto Velho).
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Figure E1: Time-series of available ground-based data for the validation of GOME-2C HCHO data. The 2
figures are color-coded with their respective HCHO VCD values.

Information about the FTIR dataset can be found in Vigouroux et al. (2018).

E.2. Validation method

The validation is done as previously done for MAXDOAS in Validation Report for GDP 4.8 (AC SAF VR
2015) and for FTIR as presented in Pinardi et al. (2018).

Satellite HCHO VCD daily means are calculated using all pixels falling within a radius of 150 km around
the stations and meeting the following selection criteria:

e HCHO slant column densities (SCDs) larger than -4x10'® molec/cm?, solar zenith angle (SZA)
lower than 70°, and cloud fraction lower than 40%.

For the ground-based data, daily means are performed for FTIR (due to their sometimes limited number of
direct-sun solar measurements in one day), while MAXDOAS data are averaged for data within +/- 1h of
the satellite overpass time.

In order to allow direct comparison between GOME-2 and ground-based observations, the difference in
vertical sensitivity between both measurement types is taken into account by applying the satellite column
averaging kernels to the ground-based HCHO profiles when available (i.e. for the FTIR dataset). Smoothed
ground-based HCHO VCDs (VCDggsmoothed) are derived for each day by averaging retrieved ground-based
profiles falling within the time-selection and convolving the mean profile (xgs) with the corresponding
satellite column averaging kernel (AKsa):
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VCDgg smoothed = AKsat * XaB

If the first altitude level of the satellite column averaging kernel is above the altitude of the station, then the

averaging kernel is extrapolated down to the altitude of the station.
E.3. Comparison with MAXDOAS

One example of comparison results (HCHO VCD time-series and corresponding scatterplots) for Uccle
MAXDOAS is shown in Figure E.2. Uccle and Reunion-Maido are the only BIRA stations measuring
during Feb-July 2019 and considering the limited time-period (6 months) results at Uccle are similar to
what obtained in the past Operation Reports (Op.Rep. 2019a) for GOME-2B and GOME-2A.
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Figure E2: Comparison between GOME-2 (left: GOME-2C, right: GOME-2B) and smoothed and unsmoothed
MAX-DOAS HCHO VCDs at Uccle. HCHO VCDs time-series appear in the upper (unsmoothed MAX-DOAS)
and mid (smoothed MAX-DOAS) plots while the lower plots correspond to the scatterplots where VCDs are
expressed in 10'® molec/cm?.

Seven additional MAXDOAS stations coming from the NIDFORVAL project have been used to assess
GOME-2 data, only focusing on the original VCDgg data, without considering the MAXDOAS profiles.
The comparisons at the nine stations are presented in Figure E.3 under the form of overview scatterplots of
daily points for GOME-2C and GOME-2B (in the period Feb to July 2019). Similar results are obtained for
both satellites with respect to the MAXDOAS data ensemble. Thessaloniki_ciri and Thessaloniki_lap
report a large number of negative VCD columns for 2019, which needs more in-depth verification
(currently on-going by the AUTH data providers), and these stations are thus excluded from the rest of the
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analysis. In addition, at Unam and Vallejo Mexican stations, ground-based data are much larger than both
GOME-2 satellites, which was also seen within the TROPOM I validation study (Vigouroux et al., 2019,
Milano conference). Only one month of data is available at those sites at the time of the analysis, and these
are not considered in the monthly comparisons of Figure E4. From Figure E3, an evident conclusion is the
larger spread (especially in the negative values) of the GOME-2C columns, compared to GOME-2B
results. This was already seen in the verification sections C.1 and C.2, where figure C.1.2 and C.2.2)
presented a viewing dependence in the GOME-2C data, leading to high HCHO values in the nadir pixels
and lower values for the large scan angles for the HCHO VCD, coming from the slant columns. This was
also seen by the Bremen team, that could not propose a better solution for the GOME-2C HCHO analysis
(Richter et al., 2019).
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Figure E3: Scatter plots between daily GOME-2 (top: GOME-2C, bottom: GOME-2B) and MAXDOAS
HCHO VCDs at 9 stations over the period February to July 2019.

On the other side, when performing monthly mean comparisons (Figure E.4), the ensemble of points lies
between 0 and 10x10*® molec/cm? around the 1-1 line, with correlation around 0.5 and slopes between 0.5
and 0.6. Slopes smaller than 1 are to be expected as the MAXDOAS does not see HCHO above the first
few km and the MAXDOAS and satellite have very different vertical sensitivity (see figure E6). expected
as Similar results for the statistical analysis are thus found for these limited GOME-2B and GOME-2C
datasets.



EUMETSAT REFERENCE: SAF/AC/IASB/VR/HCHO

ISSUE: 172
G AC SAF DATE: 19/05/2020

ATMOSPHERIC COMPOSITION

MONITORING PAGES: Page 35 of 44

HCHO comparison
MonthlyCompa

o 20
¢ ™ = = = MAXDOAS nidforval:
o~
g E 15 ® chiba (6)
o2
Y la.reunion.maido (5)
U 910
N o ® madrid (3)
w E
2 5 mainz (3)
o~
o 3 ® thessaloniki.lap (5)
|: ﬁ. 0 ® uccle (6)
g .
-5 . . . . .
-5 0 5 10 15 20

GB: MAXDOAS nidforval
[x1015 molec/cmz]

HCHO comparison
MonthlyCompa 201902-201908

-] 20 ’

< — R = 0.47 e
o~

o £ 15 S =0.53 +£0.19,°

oS 1=2.1%0.54"
[¥) L4

m 9 10

e

w £

89

uﬁo "

[ e

S R R

-5 0 5 10 15 20

GB: MAXDOAS nidforval
[x10'% molec/em?]

Figure E4: Scatter plots between monthly GOME-2 (top: GOME-2C, bottom: GOME-2B) and MAXDOAS
HCHO VCDs at 9 stations over the period February to July 2019.

E.4. Comparison with FTIR

One example of comparison results (HCHO VCD time-series and corresponding scatterplots) for Xianghe
FTIR is shown in Fig. E.5. Xianghe is an interesting site, in a suburban area, where the FTIR has been
installed in 2018 and where a BIRA MAXDOAS is also installed since 2010 (having instrumental issues
for the past year) and was used in comparisons in past validation report (AC SAF VR 2015) and Operation
Reports. As discussed for the MAXDOAS comparisons, larger negative spread is found for GOME-2C,
which is not as strongly present in GOME-2B results. As can be seen in Figure E.5, ground-based FTIR is
larger than both GOME-2 data, but taking into account the difference in sensitivity (and smoothing the
FTIR profile with GOME-2 averaging kernels), the comparison slightly improves. It should be noted that
the MAXDOAS results at the same station are much more sensitive to the impact of smoothing (cf Op.
Rep. 2018, Figure 7.20), due to the different sensitivities between MAXDOAS and FTIR column averaging
kernels (see Figure E.6 as an illustration).
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Figure E5: Comparison between GOME-2 (left: GOME-2C, right: GOME-2B) and smoothed and unsmoothed
FTIR HCHO VCDs at Xianghe. HCHO VCDs time-series appear in the upper (unsmoothed MAX-DOAS) and
mid (smoothed MAX-DOAS) plots while the lower plots correspond to the scatterplots where VCDs are

expressed in 10 molec/cm?.
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Figure E6: Example of averaging kernels typical behavior for GOME-2, FTIR and MAXDOAS HCHO in
Xianghe station.

When grouping the results of the 14 FTIR stations in one overview scatter plot for the daily comparisons
(Figure E7), the large spread in the GOME-2C (negative) values is clear. This is strongly reduced in the
monthly mean comparisons (Figure E8), but the differences with the GOME-2B results are clear: for
similar correlations (around 0.65 and 0.7 for the original and the smoothed comparisons), the slopes of
GOME-2C are much smaller than those for GOME-2B: about 0.47 and 0.56 (original and smoothed FTIR)
compared to 0.8 and 0.94. It should however be mentioned that the statistical regression analysis is strongly
sensitive to the large HCHO columns, as coming from the Xianghe FTIR data.
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Figure E7: Scatter plots between GOME-2 and FTIR HCHO VCDs at 14 stations.
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Figure E7: Scatter plots between GOME-2 and FTIR HCHO VCDs at 14 stations.
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E.5. Conclusion on ground-based comparisons

Although the reported comparisons only covers 6 months of data, and more investigation should
be performed with 1 year of data, including an assessment of the impact of vertical sensitivity for
MAXDOAS stations, including ground-based data coming from the side project NIDFORVAL
allowed to perform a first analysis of GOME-2C (and GOME-2B) HCHO VCD values. Clear
differences in the daily comparisons (both for MAXDOAS and FTIR data) are found for GOME-
2C compared to results with GOME-2B. The large daily spread in the GOME-2C (with a larger
number of more negative columns) pointed out in the verification Section C, is also seen in the
validation exercise. The impact of the large GOME-2C spread is reduced in the monthly mean
comparisons but differences in the monthly comparisons is found for the FTIR exercise. Slope of
0.56 wrt smoothed FTIR values are found for GOME-2C, compared to 0.94 with GOME-2B.
Validation results with FTIR are thus at the limit of the 50% threshold requirement for GOME-2C.
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F. CONCLUSIONS AND PERSPECTIVES

This document reports on the interim verification of AC-SAF GOME-2C HCHO column data products
retrieved at DLR with versions 4.9 of the GOME Data Processor (GDP), using level-1B-R1 data based on
level-0-to-1B processor version 6.3. HCHO column data are compared to Metop-B GOME-2 HCHO
results and to correlative MAXDOAS and FTIR ground-based data.

The following main conclusions can be drawn:

1.

w

The current quality of the MetOp-C GOME-2 radiance and irradiance spectra in the 328.5-346 nm
spectral interval enables HCHO slant column retrievals. However, a viewing geometry dependence
is found in GOME-2C SCD and SCDcorrected, that is transferred in the VCD, leading to a large
number of negative columns for large off-nadir scan angles. This dependence might be due to
polarisation-related spectral features in the level-1 data.

GOME-2C HCHO fit residuals and scatter on the slant column are systematic smaller than for
GOME-2B, in a range from 20% in tropical to 50% over high latitudes, but are generally
comparable to those obtained from Metop-B spectra at beginning of operations. GOME-2C slant
columns show a slightly higher bias compared to GOME-2B.

A smaller signature of the SAA is found for GOME-2C compared to MetopB.

GOME-2C VCD are about ~71% larger than GOME-2B for the pixels between 70°S and 70°N,
with VCD values exceeding 10*® molecules/cm?, and excluding the SAA regions. If only pixels
exceeding 6x10'° molecules/cm?VCD are considered, the average difference is within 32%. In the
explored emissions regions, the temporal evolution of GOME-2C is similar to GOME-2B, with
GOME-2C being generally a few % larger than GOME-2B in emission regions (up to 15% in
average over Southern China), while in regions with low HCHO, GOME-2C is slightly smaller
(Pacific and Europe in winter time).

In average, these differences meets the accuracy requirement of HCHO for polluted cases (50%),
and are very close to the optimal requirement (30%).

Gathering of preliminary HCHO columns from ground-based MAXDOAS (9 stations) and 14
FTIR stations within the NIDFORVAL project allowed a first validation of the GOME-2C and
GOME-2B vertical columns. Differences in the daily comparisons (both for MAXDOAS and FTIR
data) are found for GOME-2C compared to results with GOME-2B, with a larger daily spread in
the first case (with a larger number of large negative columns), as already pointed out in the
verification section. The impact of the large GOME-2C spread values is reduced in the monthly
mean comparisons and similar results are found for the MAXDOAS comparisons, while larger
differences are found for the FTIR case. Slope of 0.56 wrt smoothed FTIR values are found for
GOME-2C, compared to 0.94 with GOME-2B. Validation results present a relatively good
agreement, but the FTIR comparisons over 6 months are at the limit of the 50% threshold
requirement for GOME-2C.

Future improvement of the operational product could be obtained on all GOME-2 instruments by
implementing outcomes of the latest scientific GOME-2 algorithm versions (QA4ECV product and S5p
prototype) into the UPAS operational processor. This would include an improved reference sector
correction (to account for the east/west dependency), Earthshine as reference and a spike removal
algorithm.
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