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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 0zone, 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.

Objective

The main objectives of the AC SAF are to process, archive, validate and disseminate atmospheric
composition products (O3, NO2, SO,, BrO, HCHO, H,0, OCIO, CO, NHj3), 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

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

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

¢ Near real-time absorbing aerosol height and absorbing aerosol index from polarization
measurement detectors

¢ 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.

¢ Offline trace gas columns (total and tropospheric Oz and NO., total SO», total BrO, total HCHO,
total H-O) and ozone profiles

o Offline absorbing aerosol height and absorbing aerosol index from 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 AC SAF archives.
o Data records generated in reprocessing

Lambertian-equivalent reflectivity

Total OCIO

Total CHOCHO

Tropospheric BrO

Users can access the AC SAF offline products and data records (free of charge) by registering at the AC SAF
web site.
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More information about the AC SAF project, products and services: http://acsaf.org/
AC SAF Helpdesk: helpdesk@acsaf.org
Twitter: https://twitter.com/Atmospheric_SAF



http://acsaf.org/
mailto:helpdesk@acsaf.org

EUMETSAT REFERENCE: SAF/AC/RAL/VR/L3/TC
ISSUE: 1.1/2023

Ac S AF DATE: 30.01.2023
PAGES: Page 5 of 43

CONTENTS
ACRONYMS AND ABBREVIATIONS ... .ot 6
1. INTRODUCTION AND OBJECTIVES ........oo ittt 8
2. OBSERVATIONAL DATASETS ..ottt 9
2.1 GOME-2 on MetopA, MetopB & MetopC Level-3 Data...........cccevveveeriiiniienieeieeeeeniens 9
2.2 Brewer Ozone ODSEIVALIONS .........ccoiieiiiiiieie et st s ereenae e e e 12
2.3 ZSL-DOAS and MAX-DOAS NO2 ODSEIVALIONS .......ccveveriirierieieieisesesie e seeeesesessens 13
2.4 Sun-photometer Water Vapour ODSEIVALIONS ...........ccccveviiieiiiiiiie e 13
2.5  MAX-DOAS HCHO ODSEIVALIONS.....ccuiiviiiiiiieieieiisese sttt 14
2.6 ZSL-DOAS BrO ODSEIVALIONS. ....cuiiieiiriiiieriisieaiesiesieesiesteeseessessaessesseseessesseessessesseessesseensenes 14
2.7  Pandora SO; ODSEIVALIONS .......c..cveieiiiiiieiesiesiesieeeae e ste sttt e e e se e sbe e sae s s eseeneereaneens 14
2.8  Verification and Validation Methodology .........ccccceiiiiiiiiiciinc e 14
3. RESU LT S ittt e e b e e et e e et e e b e be e e nbee e 16
3.1 SAMPIING FESOIULION ..veviiii e sttt s be et be s re e e e s teeseesreereenee s 16
3.2 CroSS-SENSOIS CONSISTENCY ....vviviiiieiiiteitiestesteeieste et e steste et e s te e e e sbesbe e besreersesbesreesaesteeneesreereenens 19
321 AVEIAge AN0 DIBS....cciiiiiieiic e et e re e e e ras 19
3.2.2  ZONAI BVETAQE ... .ctiieteeeieeieiee ettt bbb e 22
3.3 Ground-based 0bServation COMPAIISON.........ccueiiiiiriiriirie et 24
3.3.1  TOtal COIUMN OZONE.....c.eiiiieiieiiecee ettt ne e 24
K0 A o | Lo 1] 0] T N (SRS 26
3.3.3  Tropospheric COIUMN NOz ..o e 28
3.3.4  Total COlUMN WALET VAPOUL ......c.veiiiiieeie e ctrcite sttt sre st sbe st sre e be e saesbeeneesnas 30
3.3.5  TOtal COMUMN BIrO ..ottt ne e 32
3.3.6  Total column formaldenyde ... 34
3.3.7  TOtal COMUMN SOz..c.iiiiiiiiieieee ettt et ne e 35
A, SUMMARY .ottt et e e e b e e e br e e e e e e e br e e abe e e anree e 37

REFERENQCES ...ttt n e s 40



e

EUMETSAT REFERENCE: SAF/AC/RAL/VR/L3/TC

ISSUE: 1.1/2023
A‘ SA F DATE: 30.01.2023
PAGES: Page 6 of 43

ACRONYMS AND ABBREVIATIONS

AC SAF
AMF
BRDF
DLR
DOAS
ECV
ESA
EUMETSAT
FDCR
FMI
GCOS
GDP
GOME
H20
IMF
ITCZ
LOS
NIR
NO2
REMSS
RMSE
SAD
SCD
SSD
SSMIS
SZA
TCDR
TCWV
UPAS
VIS
VCD

SAF on Atmospheric Chemistry Monitoring
Air Mass Factor

Bidirectional Reflectance Distribution Function
German Aerospace Centre

Differential Optical Absorption Spectroscopy
Essential Climate Variable

European Space Agency

European Organisation for the Exploitation of Meteorological Satellites
Fundamental Climate Data Record

Finnish Meteorological Institute

Global Climate Observing System

GOME Data Processor

Global Ozone Monitoring Experiment

Water Vapour

Remote Sensing Technology Institute
Intertropical Convergence Zone

Line Of Sight

Near-infrared

Nitrogen Dioxide

Remote Sensing System

Root Mean Square Error

Scan Angle Dependency

Slant Column Density

Service Specification Document

Special Sensor Microwave Imager Sounder
Solar Zenith Angle

Thematic Climate Data Record

Total Column Water Vapour

Universal Processor for UV/VIS Atmospheric Spectrometers
Visible

Vertical Column Density
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Applicable AC SAF Documents

[ATBD_L3daily] Algorithm Theoretical Basis Document & Product User Manual for
GOME-2 NOg, H20, O3, SOz, HCHO and BrO Level 3 daily gridded
products, K. L. Chan and P. Valks, SAF/AC/DLR/ATBD/L3daily,
Issue 1/D, 2023. Download: https://acsaf.org/pums.php

[ATBD_L3monthly] Algorithm Theoretical Basis Document & Product User Manual for
GOME-2 NOg, H20, O3, SOz, HCHO and BrO Level 3 daily gridded
products, K. L. Chan and P. Valks, SAF/AC/DLR/ATBD/L3mon,
Issue 1/D, 2023. Download: https://acsaf.org/pums.php

[PUM] Product User Manual for GOME-2 Total Column Products of Ozone,
NO., BrO, SO., H.0, HCHO, OCIO and Cloud Properties (GDP 4.9
for AC SAF OTO and NTO), SAF/AC/DLR/PUM/01, 3/B Rev.1,
Valks, P., et. al., 2019.

[PRD] Product Requirements Document, Issue 1.5,
SAF/AC/FMI/RQ/PRD/001, Issue 1.5, D. Hovila, S. Hassinen, P.
Valks, J., S. Kiemle, O. Tuinder, H. Joench-Soerensen, June 2019.
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1. INTRODUCTION AND OBJECTIVES

Satellite remote sensing observations provide indispensable spatio-temporal information of
atmospheric composition on a global scale. However, these satellite data are usually provided at the
instrument resolution which is expressed in the satellite viewing geometry of reference using across-
track and along-track position. In addition, these data are not in regular latitude-longitude grid and
often multiple pixels overlap at the edges of orbit within a day. Using this kind of scientific product
requires very good knowledge of the satellite product, especially when averaging multiple
measurements to generate daily or monthly maps. The GOME-2 level 3 products are user-friendly
satellite products by re-projecting and averaging the GOME-2 level 2 data onto a regular longitude—
latitude grid. The purpose of this document is to present the validation/verification of the GOME-2
Level 3 daily and monthly gridded products. These products contain global daily and monthly mean
ozone (O3), total and tropospheric nitrogen dioxide (NO-), bromine oxide (BrO), water vapour (H20),
formaldehyde (HCHO), and sulphur dioxide (SO2).

The level 3 products are generated from the GOME-2 level 2 datasets which have already been fully
validated. Therefore, the focus of this study is to investigate the consistency of level 2 and 3 products.
In addition, the spatial sampling resolution of the level 3 product is also an important issue. To verify
and validate GOME-2 level 3 products this study focuses on the following aspects:

1) To investigate if the spatial resolution of level 3 products still preserves the original spatial
features captured in the level 2 data

2) To verify the consistency between level 2 and 3 products
3) To examine the consistency among the three GOME-2 sensors
4) To validate the level 3 products by comparing to ground-based observations
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2. OBSERVATIONAL DATASETS

2.1 GOME-2 on MetopA, MetopB & MetopC Level-3 Data

The GOME-2 sensor (Munro et al., 2016) is a nadir viewing scanning spectrometer which covers
the spectral range from 240 to 790 nm, with a spectral resolution of about 0.54 nm in the visible
spectral region. Additionally, two polarization components are measured with polarization
measurement devices (PMDs) using 30 broadband channels covering the full spectral range at higher
spatial resolution. The German Aerospace Centre (DLR) plays a major role in the design,
implementation and operation of the GOME-2 ground segment for trace gas products, as well as
cloud properties in the framework of the EUMETSAT’s AC SAF project.

The first GOME-2 instrument was mounted on the Metop-A satellite (GOME-2A), which followed
a sun-synchronous orbit with a mean altitude of 817 km. The overpass local time at the equator was
09:30 Local Time (LT) with a repeat cycle of 29 days. Metop-A was launched on the 19" of October
2006 and operational GOME-2 products are available from January 2007 until November 2021. A
second GOME-2 type sensor on board of the Metop-B satellite (GOME-2B) was launched on the
17" of September 2012 and has been fully operational since December 2012. GOME-2 tandem
operations started on 15 July 2013. In the tandem mode, GOME-2A operated on a reduced swath
width of 960 km, thereby increasing its spatial resolution (40 by 40 km), while GOME-2B continues
to operate on a nominal wide swath of 1920 km. This configuration allowed the use of the higher
spatial resolution data to further study the consistency of the two products in the overlap regions of
the GOME-2A and GOME-2B orbits. Finally, the third satellite of the EUMETSAT Polar System
series, GOME-2/Metop-C, was launched on the 7" of November 2018 and provides operational data
since January 2019. The main characteristics of the three GOME-2 instruments are summarized in
Table 1.

Table 1. Summary of the GOME-2 instrument characteristics.

Sensor Satellite GOME-2 Metop-A GOME-2 Metop-B GOME-2 Metop-C
Data period 01/2007 — 11/2021 12/2012 - present 01/2019 - present
Spectral coverage 240 - 790 nm 240 - 790 nm 240 - 790 nm
Ground pixel size 80 x 40 km? — 40 x 40 km? (*) 80 x 40 km? 80 x 40 km?

Swath width 1920 km - 960 km (*) 1920 km 1920 km

Equator crossing time 9:30 am. LT 9:30 am. LT 9:30 am. LT
Global coverage 1.5 days 1.5 days 1.5 days

(*) GOME-2A tandem operation since 15 July 2013.

The creation of GOME-2 L3 daily and monthly data is described in detail in [ATBD_L3daily] and
[ATBD_L3monthly]. In summary, a latitude-longitude grid of 0.25°x0.25° was used for translating
the spatial information expressed in the GOME-2 ground pixels into a regular latitude longitude grid
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system. The binning process for the data set included taking the arithmetic mean and standard
deviation of all L2 data points falling into the grid cell in a given day or month respectively using
only forward-scan pixels. Because of the relatively large GOME-2 pixel size, a significant grid effect
would be induced by assigning each GOME-2 measurement to a single grid point based on the center
coordinates of the GOME-2 ground pixel, without taking into account the pixel geometry and
extension. Therefore, the re-gridding process considers the overlapping area of GOME-2 ground
pixel and latitude longitude grid. For a grid cell partially overlapped with the satellite pixel, the
percentage of overlap is calculated and used as weighting for the calculation of mean value. When
a satellite pixel fully covers the entire grid cell it is considered as 100% overlap.

The GOME-2 level 3 products are in two different temporal resolution, daily and monthly. Both
daily and monthly level 3 product consists of gridded trace gas columns and other auxiliary
parameters, i.e., cloud, surface and statistical parameters. The level 3 products are separated for each
species (i.e., O3, NO2, water vapour, BrO, HCHO and SO2) and each GOME-2 instrument (i.e.,
GOME-2A, B and C). All products have a spatial resolution of 0.25° x 0.25° with coordinates range
from 180° W to 180° E in longitude and from 90° S to 90° N in latitude (720 (latitude) x 1440
(longitude) grid cell). Figure 1 shows an example of the daily level 3 product for all trace gases and
all GOME-2 instruments, while example of monthly level 3 data is shown in Figure 2.
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Figure 1. Daily level 3 product of GOME-2A (1% column), GOME-2B (2" column), and GOME-2C (3™ column) for 15
January 2020. Total column O3 (1% row), total column NO; (2" row), tropospheric column NO; (3™ row), total column
water vapour (4™ row), total column BrO (5" row), total column HCHO (6™ row), and total column SO, (7™ row) are
shown.



EUMETSAT REFERENCE: SAF/AC/RAL/VR/L3/TC
ISSUE: 1.1/2023

Ac S AF DATE: 30.01.2023
PAGES: Page 12 of 43

" [(b) GOME:2B,0 = ——,

(na) 70 uwnied 1e10L.

(W3 33jow ;0T *) “ON UWNjo) €301
(= W2 33/0w ;0T *) “ON UWNO3 [el0)

01%) ‘ON uwnjo3 dosy

, Latitude
jow ,0T%) ‘ON uwnjo dasy

90w

(- un 39
w

523eM UWNED €310]

{;-w Bx) inodep

;W3 39/0W ,,0T¥) OHOH LWNIOD 0L (, s 3(0

“"[(u) GOME:2G,50. -

3 -
: wg .8
3 . g
e 23 e :3
2 @
3 : 8 3 ud
a § ° 8
S S

O AW W S ongluge™t < r o wew e e W v oo e ww e ae e e boe e Bl e oW W SOW W e e e et e

Figure 2. Monthly level 3 product of GOME-2A (1% column), GOME-2B (2" column), and GOME-2C (3" column) for
January 2020. Total column O3 (1% row), total column NO; (2" row), tropospheric column NO; (3™ row), total column
water vapour (4™ row), total column BrO (5" row), total column HCHO (6™ row), and total column SO, (7™ row) are
shown.

2.2 Brewer Ozone Observations

The Brewer data are obtained from the World Ozone and Ultraviolet Radiation Data Centre
(WOUDC, http://www.woudc.org). The WOUDC data centre is part of the Global Atmosphere
Watch (GAW) programme of the World Meteorological Organization (WMO), providing quality-
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assured Brewer and Dobson measurements. Brewer and Dobson instruments measure intensity at
several wavelength channel in the UV band. The Brewer data has long been used to validate satellite
observations of ozone (Balis et al., 2007a, b; Antdn et al., 2009; Loyola et al., 2011; Koukouli et al.,
2012, 2015; Garane et al., 2018, 2019). In this study, we only use the direct sun Brewer observations
of total column O3 for the validation of GOME-2 Level 3 product.

2.3 ZSL-DOAS and MAX-DOAS NO; Observations

Zenith-Scattered-Light Differential Optical Absorption Spectroscopy (ZSL-DOAS) data are obtained
from the framework of the Network for the Detection of Atmospheric Composition Change
(NDACC). NDACC ZSL-DOAS network provides total column NO_ observations with standardized
operating procedures and harmonized retrieval methods. ZSL-DOAS data from NDACC stations is
available on the NDACC Data Host Facility (see http://www.ndacc.org). ZSL-DOAS measurements
during twilight periods are sensitive to stratospheric absorbers due to the geometrical enhancement
of the optical path in the stratosphere. Therefore, it has long been used for the validation of satellite
total NO; observations (lonov et al. 2008, Celarier et al. 2008). The retrieval of total column NO-
from ZSL-DOAS observations is based on the Langley method, which calculate the corresponding
air mass factor according to its observation and solar geometry. In this study, ZSL-DOAS
observations of total column NOz during the morning twilight period are used to validate GOME-2
Level 3 total NO> products.

The Multi-AXis Differential Optical Absorption Spectroscopy (MAX-DOAS) is a passive remote
sensing technique which uses spectroscopic observations of scattered sunlight with different viewing
zenith angles to derive column densities of trace gas. Due to its compact experimental setup and
sensitivity to lower troposphere, it has been widely used for the validation of satellite observations of
tropospheric column NO> (Brinksma et al. 2008; Celarier et al. 2008; Irie et al. 2008; Ma et al. 2013;
Kanaya et al. 2014; Takashima et al. 2015; Drosoglou et al. 2017; Chan et al., 2018, 2019, 2020;
Compernolle et al. 2020). The ground-based MAX-DOAS instruments are operated by various
research institutes around the world, and the data is centrally managed by BIRA-IASB within the
framework of the SSPVT AO project NIDFORVAL (S5P Nltrogen Dioxide and FORmaldehyde
Validation using NDACC and complementary FTIR and UV-Vis DOAS ground-based remote
sensing data). The affiliation of MAX-DOAS instruments in the NDACC network is still under
progress, following efforts done in the NORS, QA4ECV and ESA’s FRM4DOAS project to
harmonize and automatize data processing. In this study, MAX-DOAS observations of tropospheric
column NO; are used to validate GOME-2 Level 3 tropospheric NO> products.

2.4 Sun-photometer Water Vapour Observations

The CIMEL CE-318 sun-photometers are used in the AERosol RObotic NETwork (AERONET) to
measure direct sun and sky radiance at multiple wavelengths (Holben et al., 1998). These sun-
photometer observations do not only provide information of aerosol optical properties (Holben et al.,
2001) but also of columnar water vapour content (Alexandrov et al., 2009). Water vapour columns
are retrieved from sun-photometer observations in the near infrared (NIR) at 940 nm where water
vapor absorption is rather strong. The inversion of water vapor columns is based on the attenuation
of radiation through the atmosphere. A more detailed description of the water vapor retrieval
algorithm can be found in Alexandrov et al. (2009). In total, there are over 1000 AERONET stations
around the globe providing columnar water vapor observations. The AERONET water vapour
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product has also been validated by microwave radiometry, GPS and radiosondes measurements
(Pérez-Ramirez et al., 2014). The sun-photometer measurements are in general underestimating the
columnar water vapour by 6 - 9 % (Pérez-Ramirez et al., 2014). In this study, cloud screened, and
quality assured level 2.0 data are used to validate the GOME-2 Level 3 total column water vapour
products.

2.5 MAX-DOAS HCHO Observations

Ground-based MAX-DOAS observations are used to validate GOME-2 Level 3 total column HCHO
products. MAX-DOAS observation of HCHO has long been used for satellite validation (Vigouroux
et al. 2009; Li et al. 2013; Chan et al. 2019, 2020; Kumar et al. 2020, De Smedt et al. 2021). The
retrieval of HCHO columns from MAX-DOAS observations are performed within a wavelength
range similar to the GOME-2 retrieval, i.e., 328-359nm. The ground-based MAX-DOAS instruments
are operated by various research institutes around the world, and the data is centrally managed by
BIRA-IASB.

2.6 ZSL-DOAS BrO Observations

Sea ice is a significant source of BrO which causes ozone depletion in Polar Regions. Therefore, the
ZSL-DOAS observations at Harestua (60.22°N, 10.75°E), Norway are used to validate the GOME-2
Level 3 total column BrO product. The operation of the ZSL-DOAS instrument and the retrieval of
BrO column are performed by IASB-BIRA. Detailed description of the ZSL-DOAS instrument
setup and BrO column retrieval algorithm can be found in Hendrick et al., 2007.

2.7 Pandora SO, Observations

The Pandonia Global Network is a direct-sun spectrometer network used to monitor trace gas values
worldwide. The Pandora spectrometer instrument spectroscopy is used to measure columnar amounts
of trace gases in the atmosphere. Pandora determines trace gas amounts from direct sun observations
by using the DOAS technique with theoretical solar spectrum as a reference. As the anthropogenic
SO emission has been reduced significantly in the recent decades, the background SOz level is mostly
zero around the globe and only few locations with signification anthropogenic SOz sources exists.
Considering the low background SO- level and the large measurement noise of SO data, it is more
appropriate to validate the satellite observations over location with significant variation and sources.
Mexico City is one of the few places with significant anthropogenic SOz sources. Therefore, we use
the Pandora SO> observations at Mexico City to validate GOME-2 Level 3 total column SO> products.

2.8 Verification and Validation Methodology

To investigate whether the selection of the spatial resolution of the regular latitude-longitude grid of
the level 3 products is appropriate, we are regidding the level 2 product onto different resolution and
compare to the original level 2 data. This process will also provide information on the consistency
between level 2 and 3 products.
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To examine the consistency among the three GOME-2 sensors, we are looking into the time series of
global averages and bias among the three GOME-2 sensors. In addition, we are also looking into the
time series of zonal pattern of each product to investigate the zonal consistency.

To verify and validate the absolute value of each GOME-2 level 3 product, we compare the GOME-
2 observations to co-located ground-based measurements. Total ozone product is compared to Brewer
observations, total NO, product is compared to ZSL-DOAS, and tropospheric NO2 product is
compared to MAX-DOAS observations. Total column water vapour product is compared to sun-
photometer data, total HCHO product is compared to MAX-DOAS observations, total BrO product
is compared to ZSL-DOAS observations in Norway, and total SO> product is compared to Pandora
direct sun spectrometer measurement in Mexico.

The following criteria are applied to co-locate the GOME-2 products and ground-based reference
data sets.

1) The grid cell of the Level 3 GOME-2 products covering the ground-based measurement site
is paired with the daily/monthly ground-based measurements

2) For ground-based Brewer, MAX-DOAS, sun-photometer and Pandora data, they are
temporally averaged around the GOME-2 overpass time from 8:30 to 10:30

3) For ZSL-DOAS measurements, the average of morning twilight period is used

After co-locating the GOME-2 and ground-based datasets, we compare the GOME-2 and ground-
based data sets through scatter plot, histogram of the differences, and sort the differences/bias by year,
latitude band or measurement site using box plot and time series.
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3. RESULTS

3.1 Sampling resolution

The processing of GOME-2 level 3 data requires binning of the level 2 data which is onto a regular
2-dimensional latitude-longitude grid. The selection of the resolution of the regular latitude-longitude
grid is important. On one hand, it is important to preserve the original spatial features captured in the
level 2 data with higher spatial resolution, but on the other hand, it is necessary to keep the data files
in a reasonable size and keep it user friendly.

To select the best spatial resolution for the level 3 product, we have analysed the results with various
resolutions, i.e., 0.1° x 0.1°, 0.25° x 0.25° and 0.5° x 0.5°. Figure 3 shows GOME-2A data of each
trace gas species gridded in different resolutions and level 2 data in the original instrument resolution
for an orbit over North China on 15 July 2014. Missing data are mainly due to filtering of cloudy
pixels and other low-quality observations. GOME-2A data is shown due to its highest spatial
resolution among all three GOME-2 instruments (GOME-2A: 40 km x 40 km, GOME-2B&C: 40 km
x 80 km). We looked into the spatial smoothing/averaging effect over North China, as this region is
expected to show some strong spatial gradient of tropospheric pollutants, i.e., NO.. Missing data are
mainly due to cloudiness. Data in all four resolutions show very similar spatial structures. The
absolute values of the level 3 data are also consistence with the level 2 product. The results show that
gridding GOME-2 data with higher spatial resolution (i.e., 0.1°) better preserve the original GOME-
2 instrument footprint. However, lower resolution of 0.25° can also preserve the spatial pattern of fast
varying tropospheric species, i.e., NO2. While a rather strong smoothing/averaging effect is observed
from data gridded with lower spatial resolution (i.e., 0.5°).

Figure 4 shows monthly averaged GOME-2A data of each trace gas species gridded in different
resolutions over North China in July 2014. Difference between data gridded with different resolutions
are also shown for reference. Data gridded in all three resolutions show very similar spatial structures.
Hotspots of anthropogenic pollutants, i.e., tropospheric NO2, can be clearly observed from the
monthly averaged data. Species with major contribution from natural sources, e.g., Oz and water
vapour, show rather smooth appearance. Despite large numbers of observations included in the
monthly averaging process, species with lower signal to noise ratio, e.g., HCHO and SOy, still show
rather high background noise. This is mainly due to the low signal to noise ratio of these species. This
effect is as expected more significant for data gridded in higher spatial resolution, i.e., 0.1°, due to
less spatial averaging. Traces of the satellite footprints can still be seen in the 0.1° resolution monthly
averaged data, while the satellite footprints are much less significant in the 0.25° and 0.5° resolution
data. The difference plots between data gridded with 0.1° and 0.25° resolution in general show only
small differences. Slightly larger discrepancies mainly appear over pollution hotspots, i.e., for
tropospheric NO». In contrast, data in 0.5° resolution show much bigger differences than the 0.1°
resolution data. Compared to 0.25° resolution data, 0.1° resolution data shows 2 to 4 times higher
underestimation of tropospheric column NOz over pollution hotspots. The comparison of GOME-2
data gridded in different resolutions indicates that 0.25° resolution is a balance to preserve the satellite
resolution (GOME-2A: 40 km x 40 km, GOME-2B&C: 40 km x 80 km) while capturing the strong
spatial variations in most of the tropospheric gases, i.e., NO., water vapour and HCHO. In addition,
the data size of level 3 products with 0.1° x 0.1° resolution is about 6 times larger than that of 0.25°
x 0.25°, while the information content does not show significant difference, especially for monthly
products. Therefore, we concluded that 0.25° x 0.25° resolution is a suitable choice for GOME-2
level 3 products.
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Figure 4. Monthly averaged GOME-2A observations of total column Oz (1% row), total column NO, (2™ row),
tropospheric column NO; (3" row), total column water (4™ row), vapour total column BrO (5% row), total column HCHO
(6" row), and total column SO, (7" row) over North China in July 2014. Gridded data with 0.1° x 0.1° resolution (1%
column from the left), 0.25° x 0.25° resolution (2" column from the left), and 0.5° x 0.5° resolution (3™ column from the
left) are shown. Differences between 0.1°, 0.25° and 0.5° are also shown for reference.
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3.2 Cross-sensors consistency
3.2.1 Average and bias

Figure 5 shows the global monthly mean time series of (a) total column Os, (b) total column NO>, (c)
tropospheric column NOg2, (d) total column water vapour, (e) total column BrO, (f) total column
HCHO and (g) total column SO, for GOME-2A, B & C. The error bars represent the 1o standard
deviation variation. All species show pronounced seasonal variation patterns. The seasonal patterns
are related to the natural variability and the variation of coverage area of the GOME-2 measurements.

The global monthly mean Os time series of GOME-2A, B & C mostly overlap with each other,
indicating the good agreement among the three sensors.

For total column NO3, observations from GOME-2A & B show very good consistency, while GOME-
2C total column NO; are about 1.2 x 10'* molec cm2 higher than that of GOME-2A & B. The
tropospheric column NO> from GOME-2A & B are also in good agreement. However, GOME-2C
observations are about 1.5 x 10'* molec cm™2 lower than GOME-2A & B observations. The reason
for the biases for GOME-2C total NO2 columns is related to the GOME-2C instrumental issues which
affects GOME-2C spectra for wavelengths < 430 nm. NO> DOAS-fit analysis by DLR, BIRA and
the Univ. of Bremen during the MetOp-C Commissioning Phase show a large (~30%) positive offset
between the NO: slant columns from GOME-2C and GOME-2A & B using the standard 425-450 nm
fitting window (EUMETSAT, 2019). Therefore, an alternative fitting-window 430.2-465 nm is used
for GOME-2C (GDP 4.9). By shifting the fitting range to longer wavelengths for GOME-2C to 430.2
465 nm which includes NO> absorption structures between 450 and 465nm, the bias in the NO- slant
columns between GOME-2C and GOME-2A & B is significantly reduced, while maintaining a high
signal-to-noise. Previous validation study shows that the NO- slant columns retrieved from GOME-
2C observations are slightly higher than that of GOME-2B (Pinardi et al., 2019), indicating the impact
of the different spectral fitting bands on the NO> retrieval. In addition, the positive bias in the GOME-
2C total column NO2 shows an impact on the tropospheric columns in the stratospheric and
tropospheric separation process (Pinardi et al., 2019). Therefore, GOME-2C observations of
tropospheric NO, column also show a bias of about -15x 10®* molec cm™2 compared to GOME-2A
& B, while GOME-2A & B show very good consistency with bias <1x 10'3 molec cm™2.

Total column water vapour measurements from all three GOME-2 sensors also show very consistency
with bias smaller than 1 kg m™2.

For BrO observations, GOME-2B measurements show a negative bias of ~1.0 - 1.5 x 10! molec
cm 2 compared to GOME-2A & C. The discrepancies are partly related to the difference in the
scanning swath width and the scan angle dependency (Merlaud et al., 2020). The impact of scan angle
dependency on BrO measurements is more significant for GOME-2C compared to GOME-2B, which
is likely linked to the polarization sensitivity of the GOME-2C instrument (Merlaud et al., 2020).

GOME-2A observations of total column HCHO are in general 1.5 - 1.9 x 10*> molec cm™2 lower than
GOME-2B & C measurements. Lower HCHO columns are observed by GOME-2A over Amazon,
Central Africa, Southeast Asia, and Australia (see Figure 2), thus results slightly lower global
averages. Similar to BrO measurements, the scan angle dependency issue is also reported to be
significant for GOME-2C HCHO observations (Pinardi et al., 2020). The scan angle dependency
effect can also be seen in the BrO and HCHO daily level 3 product.

Total column SO observations from GOME-2C are in general 0.5 DU lower than GOME-2A & B,
resulting in a slightly negative global average. Higher global average of SO observed by GOME-2A
& B is related to the extreme values taken with high solar zenith angle thus low signal to noise ratio
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(see Figure 1 & 2), while this effect is much less significant for GOME-2C due to younger instrument
age. The overall bias and root mean square of error among the GOME-2 sensors for each product are
summarized in Table 1.
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(blue lines), GOME-2B (red lines) and GOME-2C (green lines). The error bars represent the 1o standard deviation
variation.

Table 1. Bias and root mean square error of trace gas columns among the three GOME-2 sensors.

GOME-2B - GOME-2A? GOME-2C - GOME-2A? GOME-2C - GOME-2B®

Species (unit)

Bias RMSE Bias RMSE Bias RMSE
Total Oz (DU) 022+224 513+152 336+3.68 7.41+252 229+081 4.60%1.00
Total NO2 (x10% molec cm™2) -235+6.31 1454+217 1205x756 1891+579 1270+3.84 16.33+2.83
Tropo NO> (x10% molec cm2) 069r20s 033 & I8k TI22 & A6 6705
TCWV (kg m™?) -0.14+0.36 3.15+0.34 -093x0.22 3.35+042 -0.52+0.09 2.32+0.30
Total BrO (x10*2 molec cm™2) -1.41+£125 534+103 052+145 6.22+059 1.02+040 3.37+0.30
Total HCHO (x10% molec cm™2) 154+041 824+219 189+054 11.00+2.11 -0.08+0.28 5.68+0.55
Total SOz (DU) 0.06+£0.13 1.21+046 -053+0.34 220+x051 -056+0.14 2.08+0.51

2 for period from 2013 to 2020
b for period from 2019 to 2020

3.2.2 Zonal average

Each GOME-2 monthly averaged level 3 product derived from all three sensors is sorted by latitude
and plotted in Figure 6. All three GOME-2 sensors show consistent zonal and seasonal O3 patterns.
Higher O3z columns are observed over high latitudes, and lower values are found over the tropics.
Total column O3 over the Arctic shows a peak in February to March and a minimum in August to
October, while Antarctica displays a reverted seasonal pattern.

Both total and tropospheric column NO> from all three GOME-2 sensors show good zonal and
seasonal consistency. Elevated total column NO> are observed in the Polar Regions during the warm
months. This seasonal pattern is attributed to the stratospheric variation of NO2. Compared to total
column NO., tropospheric column NO. shows a very different zonal and seasonal pattern.
Tropospheric NO2 is mostly concentrated at the mid-Ilatitudes of the northern hemisphere. It is
because most of the population is living in this part of the world. Tropospheric NO2 at mid-latitudes
also shows a seasonal pattern with higher values over winter, which is related to higher energy
consumption and longer atmospheric lifetime of NO, during the cold months. A significant increasing
trend of tropospheric NO2 can be observed by GOME-2A & B over the sub-tropics and mid-latitudes
of the southern hemisphere in the recent years (see Figure 6g & h). GOME-2C observed a much less
significant enhancement of tropospheric NO: in the southern hemisphere, which leads to lower global
average tropospheric NO2 measured by GOME-2C. This discrepancy is likely related to the difference
in retrieval wavelength and the subsequent stratosphere and troposphere separation process.
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Figure 6. Monthly zonal average of total column O (1% row), total column NO2 (2" row), tropospheric column NO; (31"
row), total column water vapour (4" row), total column BrO (5" row), (total column HCHO (6" row) and total column
SO; (7" row). Data from GOME-2A (1st column from the left), GOME-2B (2nd column from the left) and (3th column
from the left) are shown.

Total column water vapour observations from all three GOME-2 sensors show consistence zonal and
seasonal patterns, with higher values in the tropic and lower at high latitudes. Total column water
vapour is also higher during the warm months of the corresponding hemisphere.
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All three GOME-2 sensors also show very similar zonal and seasonal patterns of total column BrO.
However, GOME-2A total column BrO observations from 2014 to 2019 are slightly higher than that
of GOME-2B at all latitude bands and this results a small bias of 1.41x10'? molec cm2. However,
when we look into the data from 2020 to 2021, we find a smaller bias of 0.52x10'? molec cm2 with
GOME-2C observations.

Total column HCHO from all three GOME-2 sensors show higher values over the tropics and sub-
tropics, while lower values appear at higher latitudes. Both GOME-2A & B measurements show a
significant decreasing trend of HCHO in the southern hemisphere. However, GOME-2A
measurements are significantly lower than GOME-2B &C, resulting in a bias of -1.54 and -1.89x10%°
molec cm~2 when compared to GOME-2B and GOME-2C observations. The discrepancy is related
to the underestimation over HCHO rich regions, e.g., Amazon, Southeast Asia and Australia.

Total SO> observations from all three GOME-2 sensors show very low SO> levels (very close to 0)
around the globe as expected. However, GOME-2A & B measurements show significantly higher
noise for measurement with high solar zenith angle, while this effect is much less significant for
GOME-2C. Therefore, GOME-2C observations are in general about 0.5 DU lower than GOME-2A
& B.

3.3 Ground-based observation comparison
3.3.1 Total column ozone
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Figure 7. Comparison of daily and monthly total column O3 measured by the ground-based Brewer instruments to
(a) GOME-2A, (b) GOME-2B and (c) GOME-2C. Histograms of the difference of total column O3 between

GOME-2 and Brewer observations are shown in (d).



EUMETSAT REFERENCE: SAF/AC/RAL/VR/L3/TC
ISSUE: 1.1/2023

Ac S AF DATE: 30.01.2023
PAGES: Page 25 of 43

Daily and monthly GOME-2 level 3 total column ozone are compared to the co-located Brewer
observations. Figure 7 shows the density scatter plots for the comparison of total column ozone
between GOME-2 and ground-based Brewer observations. Comparisons of GOME-2A, B & C data
are shown in Figure 7a, b & c, respectively. Monthly data are also shown. Histograms of the
differences between GOME-2 and Brewer observations are shown in Figure 7d. Scatter plots show
that GOME-2 monthly data is well in line with the daily data. And the agreement between GOME-2
and Brewer is in general very good with Pearson correlation coefficient (R) of 0.96 for all three
GOME-2 sensors. The slopes of the total least squares fit for the comparisons of all three instruments
are very close to 1 (1.03 for GOME-2A, 1.01 for GOME-2B, and 0.99 for GOME-2C). The offsets
of the total least squares fit range between -5.1 to 4.3 DU. In general, the GOME-2 data sets show a
small positive bias of 2.3 to 3.5 DU compared to Brewer observations with standard deviation of 13.9
to 14.7 DU. The bias between all three GOME-2 sensors and ground-based Brewer observations is
below 1% which is within the uncertainty of Brewer measurements (Kerr et al. 1988) and fulfils the

product requirements.
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Figure 8. Comparison of total column O3 between ground-based Brewer instruments and GOME-2 observations. Data are
sorted by year in (a), and measurement latitude in (b).

Figure 8 shows box plots of the statistic of the differences of total column ozone between GOME-2
level 3 product and co-located Brewer measurements. GOME-2 data is sorted by the measurement
year (Figure 8a) and latitude band (Figure 8b). The box plot for the southern hemisphere is mostly
empty due to insufficient number of ground-based observations. The mean differences between
GOME-2 and Brewer observations are within 5 DU for most of the years. However, we observed that
there are years with positive bias while some years with negative bias. This is mostly related to the
availability of ground-based data at different measurement sites. As some sites are bias high/low, and
it will affect the statistic if they are not available for some years. On the other hand, the latitude
dependent analysis shows that GOME-2 observations is consistently higher than the ground-based
Brewer measurements in the Northern Hemisphere and result a positive bias of 2.3 to 3.5 DU on
average.
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3.3.2 Total column NO2
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Figure 9. Comparison of daily and monthly total column NO, measured by the ground-based ZSL-DOAS to (a) GOME-
2A, (b) GOME-2B and (c) GOME-2C. Histograms of the difference of total column NO; between GOME-2 and ZSL-
DOAS observations are shown in (d).

Daily and monthly GOME-2 level 3 total column NO- are compared to the co-located ZSL-DOAS
observations. Figure 9 shows the density scatter plots for the comparison of total column NO>
between GOME-2 and ground-based ZSL-DOAS observations. Comparisons of GOME-2A, B & C
data are shown in Figure 9a, b & c, respectively. Monthly data are also shown. Histograms of the
differences between GOME-2 and ZSL-DOAS observations are shown in Figure 9d. Scatter plots
show that GOME-2 monthly data is well in line with the daily data. GOME-2 level 3 total column
NO: is in general in good agreement with ZSL-DOAS observations with Pearson correlation
coefficient (R) of 0.85 to 0.88. However, GOME-2 observations are in general slightly lower than
ZSL-DOAS observations. The slopes of the total least squares fit for the comparisons of all three
instruments vary from 0.84 to 0.88 with offset ranging from 0.05 to 0.19x10° molec cm™. Overall,
the GOME-2 level 3 total NO2 products are biased low by 0.24 to 0.29x10® molec cm2 compared to
ground-based ZSL-DOAS measurements. Considering that the uncertainty of satellite and ground-
based measurements is about 10%, the agreement between the two datasets is very satisfactory.
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Figure 10: Time series of total column NO, measured by GOME-2A (blue), GOME-2B (green), GOME-2C (red) and
ZSL-DOAS (black). Observations over (a) Dumont d'Urville, Antarctica and (b) Sodankyl&, Finland are shown.

The scatter plots for all three instruments show a two clusters characteristic. The major cluster of total
column NO; below 4x10™ molec cm shows very good agreement between GOME-2 and ZSL-
DOAS observations. The minor cluster at ~5-6x10*> molec cm shows significant underestimation
of NO2 column by ~0.5-1.0x10*® molec cm? which is related to the measurement over Polar regions.
Figure 10 shows the time series of total column NO, measured at Dumont d'Urville, Antarctica and
Sodankyl&, Finland. We observed that the total column NO, measured by GOME-2 is significantly
lower than the ground-based ZSL-DOAS observations during summer months. This is because of the
multiple overpasses over Polar Regions during summertime. Therefore, GOME-2 level 3 data
represents the real “daily average” while ZSL-DOAS only capture the morning values. Due to the
diurnal variation of NOg, it is expected that ZSL-DOAS measurements in the morning are higher than
the daily averages. If we do not consider these two stations in the analysis, the minor cluster in the
scatter plogs would be removed. In addition, the underestimation would reduce to 0.13 to 0.21x10*°
molec cm™.
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Figure 11. Comparison of total column NO. between ground-based ZSL-DOAS and GOME-2 observations. Data are
sorted by year in (a), and measurement site in (b).

Figure 11 shows box plots of the statistic of the differences of total column NO2 between GOME-2
level 3 product and co-located ZSL-DOAS measurements. Data are sorted by the measurement year
(Figure 11a) and measurement site (Figure 11b). The mean differences between GOME-2 and ZSL-
DOAS observations are within 0.3x10'° molec cm™ for most of the years and this bias does not show
significant temporal variation. Box plots for each measurement site show significant negative bias for
some sites, i.e., Dumont d'Urville and Sodankyla. The reason of the negative bias has been explained
above.

3.3.3 Tropospheric column NO2
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Figure 12. Comparison of daily and monthly tropospheric column NO, measured by the ground-based MAX-DOAS to
(a) GOME-2A, (b) GOME-2B and (c) GOME-2C. Histograms of the difference of tropospheric column NO; between
GOME-2 and MAX-DOAS observations are shown in (d).
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Daily and monthly GOME-2 level 3 tropospheric column NO- are compared to the co-located MAX-
DOAS observations. Figure 12 shows the density scatter plots for the comparison of tropospheric
column NO; between GOME-2 and ground-based MAX-DOAS observations. Comparisons of
GOME-2A, B & C data are shown in Figure 12a, b & c, respectively. Monthly data are also shown.
Histograms of the differences between GOME-2 and MAX-DOAS observations are shown in Figure
12d. GOME-2 monthly tropospheric NO; data is consistent with the daily data, and daily data shows
satisfactory correlation with ground-based MAX-DOAS observations with Pearson correlation
coefficient (R) in a range of 0.68 to 0.75. However, GOME-2 tropospheric column NO; are in general
~30% lower than MAX-DOAS observations. The slopes of the total least squares fit for the
comparisons of all three instruments vary from 0.61 to 0.74 with offset ranging from -1.03 to
0.18x10® molec cm. GOME-2 level 3 tropospheric NO2 products on average show a negative bias
of 3.38 to 4.14x10% molec cm. Considering the sensitivity difference between satellite and ground-
based MAX-DOAS measurements and the spatial averaging effect of large satellite footprint, the
agreement between the two dataset is very satisfactory.
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Figure 13. Comparison of tropospheric column NO; between ground-based MAX-DOAS and GOME-2 observations.
Data are sorted by year in (a), and measurement site in (b).

Figure 13 shows box plots of the statistic of the differences of tropospheric column NO, between
GOME-2 level 3 product and co-located MAX-DOAS measurements. Data is sorted by the
measurement year (Figure 13a) and measurement site (Figure 13b). The mean differences between
GOME-2 and MAX-DOAS observations are ~3x10'°> molec cm for most of the years and this bias
does not show significant temporal variation. Box plots for each measurement site show significant
negative bias for some polluted sites, i.e., Beijing, China, Thessaloniki, Greece and Yokosuka, Japan.
The reason of the negative bias has been explained above. The underestimation is significantly
reduced over rural areas, e.g., Cape Hedo, Japan, Cabauw, Netherlands and Phimai, Thailand. These
results are in line with the level 2 data that GOME-2 in general underestimates tropospheric column
NO: over polluted areas.
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3.3.4 Total column water vapour
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Figure 14. Comparison of daily total column water vapour measured by the ground-based sun-photometer to (a) GOME-
2A, (b) GOME-2B and (c) GOME-2C. Histograms of the difference of total column water vapour between GOME-2 and
sun-photometer observations are shown in (d).
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Figure 15. Comparison of monthly total column water vapour measured by the ground-based sun-photometer to (a)
GOME-2A, (b) GOME-2B and (c) GOME-2C. Histograms of the difference of total column water vapour between
GOME-2 and sun-photometer observations are shown in (d).
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Daily GOME-2 level 3 total column water vapour are compared to the co-located sun-photometer
observations. Figure 14 shows the density scatter plots for the comparison of total column water
vapour column between GOME-2 and ground-based sun-photometer observations. Comparisons of
GOME-2A, B & C data are shown in Figure 14a, b & c, respectively. Histograms of the differences
between GOME-2 and MAX-DOAS observations are shown in Figure 14d. Similar plots for Monthly
comparison are shown in Figure 15. GOME-2 monthly total column water vapour data is in general
consistent with the daily data. GOME-2 daily observations are in good agreement with sun-
photometer observations, with Pearson correlation coefficient (R) of ~0.92 for all three instruments.
Monthly comparison shows higher correlation coefficient (R) of ~0.94. The slopes of least squares
regression lines of daily comparison for all three GOME-2 sensors are very close to 1, while a small
offset of 1.2 to 1.6 kg m™ is observed. Monthly comparison shows similar characteristic with the
slope of regression close to 1 and offset of 1.1-1.6 kg m>. GOME-2 level 3 total column water vapour
in general show a positive bias of 1.0-1.7 kg m. Considering that sun-photometer measurements are
generally underestimating total column water vapour by 6-9% (Pérez-Ramirez et al., 2014) the
positive bias of 1.0-1.7 kg m3 is reasonable.

~ [@r ~ T(B)
E 2 E 20
g g
- m i N . —- 10
5 | = -
= ! s ks %% . % b
- I ;| | whe HHE afT T
- i ; : ) - 14k
™~ ™~
2 2
é - E -0
9 —  LOME-ZA GOME- 28 GOME Jf.l ] | — GOME-Z& EIME-ZB COME- 20
~3 57 7ean wean 3010 3011 3017 3013 2034 2005 FAL6 FALT 3000 3016 200 a0l B e ) 20 n 20 an a0 an
Year Latitude

Figure 16. Comparison of total column water vapour between ground-based sun-photometer and GOME-2 observations.
Data are sorted by year in (a), and latitude band in (b).

Figure 16 shows box plots of the statistic of the differences of total column water vapour between
GOME-2 level 3 product and co-located sun-photometer measurements. Data is sorted by the
measurement year (Figure 16a) and latitude band (Figure 16b). The bias between GOME-2 and sun-
photometer observations is consistently at level of 1-2 kg m™ throughout the entire measurement
period. The latitude dependency analysis shows larger variations in the tropics, while the variations
are much smaller at higher latitudes. The absolute differences for measurements over Polar Regions
are slightly higher. This is mainly due to multiple overpasses over Polar Regions during summer
months and this results in temporal mismatch.
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3.3.5 Total column BrO
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Figure 17. Comparison of daily and monthly total column BrO measured by the ground-based ZSL-DOAS at Harestua,
Norway to (a) GOME-2A, (b) GOME-2B and (¢) GOME-2C. Histograms of the difference of total column BrO between
GOME-2 and MAX-DOAS observations are shown in (d).

Co-located daily and monthly GOME-2 level 3 total column BrO are compared to ZSL-DOAS
observations at Harestua, Norway. Figure 17 shows the density scatter plots for the comparison of
total column BrO between GOME-2 and ZSL-DOAS observations. Comparisons of GOME-2A, B &
C data are shown in Figure 17a, b & c, respectively. Monthly data are also shown. Histograms of the
differences between GOME-2 and ZSL-DOAS observations are shown in Figure 17d. We can see
from the scatter plots that both GOME-2 and ZSL-DOAS BrO measurements are quite noisy, which
is mainly due to the low absorption of BrO and thus low signal to noise ratio. Both daily and monthly
GOME-2 level 3 data show quite good agreement with the ZSL-DOAS observations, with Pearson
correlation coefficient (R) ranging from 0.64 to 0.74. In general, GOME-2 observations are
underestimating BrO column by 7.0-10.2x10*? molec cm™.



EUMETSAT REFERENCE: SAF/AC/RAL/VR/L3/TC

ISSUE: 1.1/2023
A‘ SA F DATE: 30.01.2023
PAGES: Page 33 of 43

T T
+  ZSL-DOAS +  GOME-2B
e GOME-2A = GOME-2C

Total BrO VCD
{x1012 molec cm ?)

N
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2012 2020 2021
Time

Figure 18: Time series of total column BrO measured by GOME-2A (blue), GOME-2B (green), GOME-2C (red) and
ZSL-DOAS (black) at Harestua, Norway.

Figure 18 shows the time series of total column BrO measured at Harestua, Norway. Measurements
from all three GOME-2 sensors show similar seasonal variations with lower BrO level during summer
and higher in winter which agrees with the ZSL-DOAS observations. However, GOME-2
observations are about 5-10x10'? molec cm lower than the ZSL-DOAS data. This underestimation
has also been reported in previous study (Theys et al. 2015). Considering that the ZSL-DOAS data
have been empirically corrected for the offset caused by instrumental effect, the agreement between
GOME-2 and ZSL-DOAS is deemed very satisfactory.
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3.3.6 Total column formaldehyde
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Figure 19. Comparison of daily and monthly total column HCHO measured by the ground-based MAX-DOAS to (a)
GOME-2A, (b) GOME-2B and (c) GOME-2C. Histograms of the difference of total column HCHO between GOME-2
and MAX-DOAS observations are shown in (d).

Daily and monthly GOME-2 level 3 total column HCHO are compared to the co-located MAX-
DOAS observations. Figure 19 shows the density scatter plots for the comparison of total column
HCHO between GOME-2 and ground-based MAX-DOAS observations. Comparisons of GOME-2A,
B & C data are shown in Figure 19a, b & c, respectively. Monthly data are also shown. Histograms
of the differences between GOME-2 and MAX-DOAS observations are shown in Figure 19d. We
can see from the scatter plots that both GOME-2 and MAX-DOAS HCHO measurements are quite
noisy, which is mainly due to the low absorption of HCHO and thus low signal to noise ratio. However,
when we look at the monthly averages, the GOME-2 level 3 data in general agrees with the ground-
based MAX-DOAS observations. The Pearson correlation coefficient (R) between monthly GOME-
2 and MAX-DOAS data ranges from 0.68 to 0.78. However, GOME-2 observations are in general
underestimating total column HCHO by 20-25%. The slope of the total least squares regression line
for the comparisons of all three instruments varies from 0.74 to 0.81 with offset ranging from -1.61
to -1.14x10 molec cm?. GOME-2 level 3 total HCHO products on average show a small bias of -
0.75 to 1.92x10%* molec cm™ with standard deviation of 8.8 up to 11.4x10%® molec cm™?. The
underestimation is partly related to the a-prior profile used in GOME-2 retrieval and different of
sensitivity between satellite and ground-based observations. The underestimation of level 3 product
is in line with the level 2 product. Previous report (Theys et al. 2015) shows that the negative bias is
significantly improved when MAX-DOAS profile is used for satellite column retrieval.
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Figure 20. Comparison of total column HCHO between ground-based MAX-DOAS and GOME-2 observations. Data are
sorted by year in (a), and measurement site in (b).

Figure 20 shows box plots of the statistic of the differences of total column HCHO between GOME-
2 level 3 product and co-located MAX-DOAS measurements. Data is sorted by the measurement year
(Figure 18a) and measurement site (Figure 18b). The mean differences between GOME-2 and MAX-
DOAS observations are 1-2x10™ molec cm™ for most of the years and do not show significant
temporal variation. Box plots for each measurement site show that GOME-2 significantly
underestimated HCHO column over polluted areas, i.e., Mexico City and Xianghe, China. The
underestimation is related to the difference in sensitivity and this effect has been reported in previous

level 2 validation studies (Pinardi et al. 2020).
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Co-located daily and monthly GOME-2 level 3 total column SO, are compared to Pandora
observations at Mexico City. Figure 21 shows the scatter plots for the comparison of total column
SO2 between GOME-2 and Pandora observations. Comparisons of GOME-2A, B & C data are shown
in Figure 21a, b & c, respectively. Monthly data are also shown. Histograms of the differences
between GOME-2 and Pandora observations are shown in Figure 20d. Due to the low absorption and
abundancy of SOz, both GOME-2 and Pandora measurements are quite noisy. Histogram shows that
GOME-2 underestimated total column SO by 0.25 to 0.48 DU.

+  Pandora «  GOHE-zB
»  IME-TA »  GOME-FC

Taotal 50, VED (DU}
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Time

Figure 22: Time series of total column SO, measured by GOME-2A (blue), GOME-2B (green), GOME-2C (red) and
Pandora (black) at Mexico City.

Figure 22 shows the time series of total column SO, measured at Mexico City. All three GOME-2
sensors show similar SOz columns. The overall averages are very close to zero and do not show any
significant trend. Due to the low abundancy of SO, and low signal to noise ratio, there are
considerable number of negative values. On the other hand, due to better signal to noise ratio, only
very few negative values measured by Pandora. Considering the measurement noise of GOME-2, the
agreement between GOME-2 and Pandora datasets is reasonable.
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4. SUMMARY

In this report, the level 3 daily and monthly O3, NO2, water vapour, HCHO, BrO and SO products
of GOME-2A, GOME-2B and GOME-2C were verified and validated. As the GOME-2 level 3
products are produced based on the level 2 products, and the level 2 products have already been
validated on regular bases. Therefore, this report focuses on the following issues.

1) Appropriate spatial resolution of level 3 products
2) Consistency between level 2 and 3 products

3) Consistency among three GOME-2 sensors

4) Comparison to ground-based observations

The spatial resolution of the level 3 product is examined by comparing maps gridded at various
resolutions as well as the original level 2 data. The consistency among three GOME-2 sensors is
investigated through time series of global averages, zonal averages, and bias. Finally, the accuracy of
the level 3 products is validated through the comparison to ground-based observations.

We have re-sampled GOME-2 level 2 data onto various spatial resolutions, i.e., 0.1° x 0.1°, 0.25° x
0.25° and 0.5° x 0.5° and compared to the original level 2 data. All datasets show very similar spatial
structures and the absolute values are consistency with the level 2 products. As expected, level 3 data
sampled at higher spatial resolution (i.e., 0.1°) better preserve the original GOME-2 instrument
footprint. However, lower resolution of 0.25° also preserves the spatial pattern of fast varying
tropospheric species, i.e., NO2, reasonably well. While a rather strong smoothing/averaging effect is
observed from data gridded with lower spatial resolution (i.e., 0.5°). Therefore, we concluded that the
spatial resolution of 0.25° is sufficient and appropriate for GOME-2 level 3 products.

The consistency of level 3 product among three GOME-2 sensors are investigated. Global average
time series plots show that total column ozone and water vapour products from all GOME-2 sensors
are consistent, with only a small bias of up to 3 DU (<1%) for ozone, and 0.9 kg m (<5%) for water
vapour. For total and tropospheric column NO: products, GOME-2A & B measurements are
consistent with each other, while GOME-2C data show significant discrepancy compared to the other
two sensors. This is mainly due to the instrumental issue of GOME-2C and therefore the spectral
fitting band has to be changed to reduce the impact of this effect. In addition, the processer is also
updated for GOME-2C (GDP 4.8 for GOME-2A & B and GDP 4.9 for GOME-2C). BrO observations
from GOME-2B in general show a negative bias of ~1.0 - 1.5 x 10 molec cm~2 compared to GOME-
2A & C. GOME-2A HCHO columns are 1.5 - 1.9 x 10 molec cm™2 lower than GOME-2B & C
measurements. This is due to the underestimation over Amazon, Southeast Asia, and Australia. Total
column SO; observations from GOME-2C are on average 0.5 DU lower than GOME-2A & B,
resulting a slightly negative global average. Slightly higher global average of SO measured by
GOME-2A & B is related to the high values taken under extreme viewing geometry, i.e., high solar
zenith angle.

For comparison of co-located GOME-2 measurements to ground-based observations, we found in
general good agreement and the results are consistent with the level 2 validation studies.
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Total column ozone:

Compare to Brewer observations

GOME-2A: Very good correlation with R of 0.96, small positive bias of 3.5£14.7 DU.
GOME-2B: Very good correlation with R of 0.96, small positive bias of 2.6+14.5 DU.
GOME-2C: Very good correlation with R of 0.97, small positive bias of 2.3+13.9 DU.

The bias between all three GOME-2 sensors and ground-based Brewer observations is below 1%
which is within the uncertainty of Brewer measurements.

Total column NOz:

Compare to ZSL-DOAS observations

GOME-2A: Very good correlation with R of 0.85, small negative bias of -0.24+0.65x10*® molec cm’
2

GOME-2B: Very good correlation with R of 0.86, small negative bias of -0.29+0.61x10*® molec cm’
2
GOME-2C: Very good correlation with R of 0.89, small negative bias of -0.24+0.55x10*® molec cm’
2

The negative bias is in relation to temporal mismatch of measurements over Polar Regions.
Considering that the uncertainty of satellite and ground-based measurements is about 10%, the
agreement between the GOME-2 and ground-based is very satisfactory.

Tropospheric column NOz2:

Compare to MAX-DOAS observations

GOME-2A: Good correlation with R of 0.75, negative bias of -4.1+8.1x10°> molec cm™.
GOME-2B: Good correlation with R of 0.71, negative bias of -3.8+6.9x10™ molec cm™.
GOME-2C: Good correlation with R of 0.68, negative bias of -3.4+5.9x10% molec cm™.

Discrepancy is due to the difference in sensitivity between satellite and ground-based measurements
and the spatial averaging effect of large satellite footprint. Considering these factors, the agreement
between GOME-2 and ground-based dataset is very satisfactory.

Total column water vapour:

Compare to sun-photometer observations

GOME-2A: Very good correlation with R of 0.92, small positive bias of 1.5+4.7 kg m™,
GOME-2B: Very good correlation with R of 0.92, small positive bias of 1.4+4.9 kg m™.
GOME-2C: Very good correlation with R of 0.92, small positive bias of 1.0+4.9 kg m™2.

Considering that sun-photometer measurements are in general underestimating total column water
vapour by 6-9% the small positive bias is very satisfactory.
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Total column BrO:

Compare to ZSL-DOAS observations at Harestua, Norway

GOME-2A: Good correlation with R of 0.64, small bias of 7.1+12.8x10? molec cm™.
GOME-2B: Good correlation with R of 0.74, small bias of 10.2+10.4x10*2 molec cm™.
GOME-2C: Good correlation with R of 0.69, small bias of 7.2+7.7x10? molec cm™.

Considering that the ZSL-DOAS data have been empirically corrected for the offset caused by
instrumental effect, the agreement between GOME-2 and ZSL-DOAS is deemed satisfactory.

Total column HCHO:

Compare to MAX-DOAS observations

GOME-2A: Good correlation with R of 0.68, bias of 1.9+11.4x10® molec cm™.
GOME-2B: Good correlation with R of 0.78, bias of 1.6+10.9x10% molec cm™.
GOME-2C: Good correlation with R of 0.73, bias of -0.8+8.8x10® molec cm™.

Considering the low signal to noise ratio of HCHO measurements, the agreement between GOME-2
and Pandora datasets is reasonable.

Total column SOz:

Compare to Pandora observations at Mexico City

GOME-2A: Reasonable correlation with R of 0.51, small negative bias of 0.45+1.8 DU.
GOME-2B: Reasonable correlation with R of 0.56, small negative bias of 0.48+2.1 DU.
GOME-2C: Reasonable correlation with R of 0.43, small negative bias of 0.25+0.6 DU.

Considering the low signal to noise ratio of SO, measurements, the agreement between GOME-2 and
Pandora datasets is reasonable.

From the above, we conclude that the daily and monthly GOME-2 level 3 products of Oz, NO», water
vapour, BrO, HCHO and SO, for GOME-2A, GOME-2B and GOME-2C fulfil the product
requirements and are fit for public release.
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