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1. INTRODUCTION 

1.1 Document scope 

This document applies to the BAQUNIN (Boundary-layer Air Quality-analysis Using Network of 
INstruments) project and originates thanks to the collaboration with KIT (Karlsruhe Institute of 
Technology) and the agreement between ESA (European Space Agency) and JAXA (Japan 
Aerospace Exploration Agency). 

 

1.2 Document objective 

This document aims to provide a comparison between ground measurements taken with 
EM27/SUN, operated within BAQUNIN APL (Atmospheric Physics Laboratory) and hosted in 
Sapienza University, with the satellite measurements acquired from GOSAT and GOSAT-2 and 
disseminated by NIES (National Institute for Environmental Studies) and JAXA EORC (Earth 
Observation Research Center). GHG (Greenhouse Gases) data analysed involve the column-
averaged dry-air mole fraction of H2O, CO, CO2 and CH4, named respectively XH2O, XCO, XCO2 and 
XCH4. 

 

1.3 Reference documents 

The following is a list of documents with a direct bearing on the content of this report.  Where 
referenced in the text, these are identified as RD.n, where 'n' is the number in the list 
below: 

[RD.1] EM27-SUN Technical note, BAQ2-TEC-REP-SER-027 

[RD.2] GOSAT/IBUKI Data Users Handbook, First Edition (March 2011), JAXA/NIES/MOE 

[RD.3] GOSAT-2 Product Archive User’s Manual, January 2022, NIES GOSAT-2 Project 

[RD.4] NIES GOSAT-2 Product File Format Descriptions (Product edition) Vol. 5 – GOSAT-2 
TANSO-FTS-2 SWIR L2 Column-averaged Dry-Air Mole Fraction Product, March 2025, 
NIES Gosat-2 Project 

[RD.5] NIES-GOSAT2-ALG-20191008-012-03, GOSAT-2 TANSO-FTS-2 SWIR L2 Retrieval 
Algorithm Theoretical Basis Document, February 2025, NIES GOSAT-2 Project 

[RD.6] GOSAT-2/IBUKI-2 Data Users Handbook, 1st Edition, October 2020, JAXA, NIES 

[RD.7] NIES-GOSAT-PO-006, NIES GOSAT Product Format Descriptions, Version 2.62, NIES 
GOSAT Project, September 19, 2023. 

[RD.8] NIES-GOSAT-PO-006-21, NIES GOSAT TANSO-FTS SWIR Level 2 Data Product Format 
Description (Bias-corrected FTS SWIR Level 2 Product), Version 1.50, NIES GOSAT Project, 
August 9, 2023. 

[RD.9] Release Note of Bias-corrected FTS SWIR Level 2 CO2 Product (V03.05) for General Users, 
September 13, 2023, NIES GOSAT Project 

[RD.10] Release Note of Bias-corrected FTS SWIR Level2 CH4 Product (V03.05) for General Users, 
September 13, 2023, NIES GOSAT Project 

[RD.11] Release Note of FTS SWIR Level 2 Products (V03.00) for General Users, September 13, 
2023, NIES GOSAT Project. 



 
BAQUNIN-3 Comparison between   BAQ3-TEC-TEM-SER-019 
EM27 SUN and GOSAT-GOSAT-2 datasets  Issue 1.0 

Serco Italia SpA  Page 4 of 26 
© 2026   

Serco Business 

[RD.12] L. Feld, B. Herkommer, J. Vestner, D. Dubravica, C. Alberti, F. Hase; “PROFFASTpylot: 
Running PROFFAST with Python”. Journal of Open Source Software, 9(96), 6481, 
https://doi.org/10.21105/joss.06481, 2024. 

[RD.13] M. Frey, M. K. Sha, F. Hase, M. Kiel, T. Blumenstock, R. Harig, G. Surawicz, N. M. 
Deutscher, K. Shiomi, J. E. Franklin, H. Bösch, J. Chen, M. Grutter, H. Ohyama, Y. Sun, A. 
Butz, G. Mengistu Tsidu, D. Ene, D. Wunch, Z. Cao, O. Garcia, M. Ramonet, F. Vogel and 
J. Orphal, "Building the COllaborative Carbon Column Observing Network (COCCON): 
long-term stability and ensemble performance of the EM27/SUN Fourier transform 
spectrometer", Atmospheric Measurement Techniques, vol. 12, no. 3, pp. 1513-1530, 
2019. 

[RD.14] GHGs Trend Viewer with GOSAT Long term target observation 
https://www.eorc.jaxa.jp/GOSAT/CO2_monitor/guide_Ver.K.V3.0.html  

[RD.15] Kikuchi, N., Y. Yoshida, O. Uchino, J. Morino, and T. Yokota: An advanced retrieval 
algorithm for greenhouse gases using polarization information measured by GOSAT 
TANSO-FTS SWIR I: Simulation study, J. Geophys. Res., 121, 21, 13129-13157, 
doi:10.1002/2015JD024720, 2016. 

[RD.16] N. Kikuchi, A. Kuze, F. Kataoka, K. Shiomi ,M. Hashimoto, H. Suto, R. Knuteson, L. Iraci, E. 
Yates, W. Gore, T. Tanaka and T. Yokota.: Multi-layer Retrievals of Greenhouse Gases 
from a Combined Use of GOSAT TANSO-FTS SWIR and TIR, AGU Fall Meeting, 2016. 

[RD.17] A. Kuze, Y. Nakamura, T. Oda, J. Yoshida, N. Kikuchi, F. Kataoka, H. Suto, K. Shiomi, 
“Examining partial-column density retrieval of lower-tropospheric CO2 from GOSAT 
target observations over global megacities”. Remote Sensing of Environment, 273 
(2022), Article 112966, https://doi.org/10.1016/j.rse.2022.112966 

[RD.18] GOSAT-2 (Greenhouse gases Observing Satellite-2) / Ibuki-2, 
https://www.eoportal.org/satellite-missions/gosat-2#gosat-2-greenhouse-gases-
observing-satellite-2--ibuki-2 

[RD.19] GHGs Trend Viewer with GOSAT-2 Long term target observation, 
https://www.eorc.jaxa.jp/GOSAT/CO2_monitor/guide_Ver.K.G2.V3.0.html  

[RD.20] M. Gisi “Setup of precise camera based solar tracker systems and greenhouse gas 
measurements using a modified portable spectrometer”, Repository KITopen, 2012, 
https://doi.org/10.5445/ir/1000031248  

[RD.21] Hase, F., Frey, M., Kiel, M., Blumenstock, T., Harig, R., Keens, A., and Orphal, J., “Addition 
of a channel for XCO observations to a portable FTIR spectrometer for greenhouse gas 
measurements”, Atmos. Meas. Tech., 9, 2303–2313, https://doi.org/10.5194/amt-9-
2303-2016, 2016. 

[RD.22] A. Kuze, H. Suto, M. Nakajima, and T. Hamazaki, "Thermal and near infrared sensor for 
carbon observation Fourier-transform spectrometer on the Greenhouse Gases Observing 
Satellite for greenhouse gases monitoring," Appl. Opt. 48, 6716-6733, 2009. 

[RD.23] BAQUNIN Website, https://www.baqunin.eu/ 

[RD.24] KIT Website, https://www.kit.edu/english/  
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1.4 Acronyms 
 

Acronym Definition 

ACOS Atmospheric CO2 Observations from Space 

APL Atmospheric Physics Laboratory (at Sapienza) 

BAQUNIN Boundary-layer Air Quality-analysis Using Network of INstruments 

CAI Cloud and Aerosol Imager 

Cal/Val Calibration and Validation 

CEOS Committee on Earth Observation Satellites 

CNR-ISAC National Research Council - Institute of atmospheric sciences and climate 

COCCON COllaborative Carbon Column Observing Network 

EORC Earth Observation Research Center 

ESA European Space Agency 

FOV Field Of View 

GDAS GOSAT Data Archive Service 

GHG GreenHouse Gas 

GOSAT  Greenhouse gases Observing SATellite 

IFOV Instantaneous Field Of View 

IIA Istituto sull’Inquinamento Atmosferico 

ISAC Istituto di Scienze dell’Atmosfera e del Clima 

JAXA Japan Aerospace Exploration Agency 

KIT Karlsruhe Institute of Technology 

KO Kick Off 

MOE Ministry Of Environment 

NASA National Aeronautics and Space Administration 

NIES National Institiute of Environmental Studies 

SWIR ShortWave InfraRed 

TANSO-FTS Thermal and Near-infrared Sensor for Carbon Observation-Fourier Transform Spectrometer 

TIR Thermal InfraRed 

UTC Universal Time Coordinated 

WGCV Working Group of Calibration and Validation 

wrt With Reference To 
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2. INSTRUMENTS AND PRODUCTS 

Thanks to the collaboration between BAQUNIN [RD.23] and KIT [RD.24], an EM27/SUN owned by 
KIT (SN84) has been provided to BAQUNIN team for being operated in the unique urban 
environment of Rome downtown at BAQUNIN APL. This collaboration between KIT and BAQUNIN 
and the supervision of ESA concretized in the COCCON-OPERA project. The main purpose of 
EM27/SUN measurements in the BAQUNIN project is to monitor the daily evolution of the main 
GHG species in the urban environment and to provide high quality data for satellite Cal/Val 
purposes. 

The satellite missions considered for this Cal/Val activity are GOSAT and GOSAT-2 missions. Both 
missions are joint project between the Japan Aerospace Exploration Agency (JAXA), the National 
Institute for Environmental Studies (NIES), and the Ministry of the Environment (MOE)[RD.22]. 
GOSAT was launched on 23 January 2009, GOSAT-2 in October 2018, the last one is a follow-on of 
the previous mission, taking from it benefits of the experiences gained from operation, calibration, 
and validation activities. Boths are Earth observation missions, equipped with TANSO-FTS 
instrument, dedicated to greenhouse gas monitoring, some details of these missions are 
summarised in Table 1. 

Table 1: GOSAT and GOSAT-2 mission information [RD.18]. 

Item GOSAT GOSAT-2 

Greenhouse gases CO2, CH4, H2O CO2, CH4, H2O, CO 

Instruments TANSO - FTS TANSO - FTS-2 

Local Time on Ascending 
Node 

13:00 ± 0:15 hr 13:00 ± 0:15 hr 

Orbital altitude 666 km 613 km 

IFOV 10.5 Km 9.7 Km 

Revisit time 3 days 6 days 

 

2.1 EM27 FTIR spectrometer 

EM27/SUN is a portable FTIR (Fourier Transform Infra-Red) spectrometer for retrieving vertical 
column concentrations of the main greenhouse gases; it was developed by the KIT (Karlsruhe 
Institute of Technology) in collaboration with Bruker Optics (Ettlingen, Germany) and commercially 
available since 2014. GHG species retrievable with EM27/SUN from solar absorption spectra 
[RD.20] are carbon dioxide (CO2), methane (CH4) and water vapor (H2O) and starting from 2016 
also carbon monoxide (CO) thanks to the introduction of a second channel [RD.21]. A camera-
based solar tracker is provided with the EM27/SUN and is capable of keep tracking in case of thin 
cloud coverage. 

EM27/SUN has been installed at Sapienza University, on the rooftop of “Fermi” building (41.90° N, 
12.51° E, alt: 77m) along North-South direction, facing South. When switched off it is enclosed in 
a waterproof plastic box, sheltering from weather and humidity. During nominal operations, a 
cover aimed at shielding the body of the instrument from direct Sun exposure, to prevent 
uncontrolled temperature increase inside the body of the instrument has been setup. EM27/SUN 
is controlled through a dedicated laptop set in the lab. Whenever the instrument is switched on, 
cables for laptop connection are plugged into the instrument itself. For more detailed information 
about instrument, installation at BAQUNIN APL site, adopted procedures and data analysis, please 
refer to Technical Note [RD.1]. 
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The spectrometer is operated on “best performance” effort from BAQUNIN team during nominal 
working hours. Cloud coverage affects deeply data acquisition, while rain might damage the 
instrument, so it is mandatory to establish a proper schedule. The aim is to perform at least two 
acquisitions per week, in the time-window of about two hours around 12:40 UTC (to have an 
acquisition during possible GOSAT/GOSAT-2 overpasses), but always according to weather 
conditions.  

The charts in Figure 1 illustrate the number of measurements carried out from the installation date 
up to date 31/12/2025, aggregated by year and month, and highlight a progressive increase in the 
number of acquisitions, driven by enhanced team effort. 

 

Figure 1: EM27/SUN measurements at BAQUNIN APL, monthly grouped from the operations 
start (22 June 2023). 

Acquired measurements are processed following the COCCON standards using the PROFFAST 

software (version 2.4.1, see [RD.12]). Retrieved quantities are total column amount of H2O, O2, CO, 

CO2 and CH4 (molecule/m2), as well as column-averaged dry-air mole fraction of H2O, CO, CO2 and 

CH4 (the so called XH2O, XCO, XCO2 and XCH4 in ppm), XAIR and other data (UTC, local time, Julian 

Date, latitude, longitude, altitude, sun zenith angle, azimuth, ground pressure, ground 

temperature, CH4_S5P7 and XCH4_S5P8). XAIR index is used for quantifying the quality of the 

measurements and to monitor possible instrumental drifts ([RD.13] in case of deviations larger 

than ~1% from reference there is a concrete possibility of severe problems with instruments 

and/or measurements (in those cases the instrument needs to be recalibrated by KIT). 
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2.2 GOSAT & GOSAT-2 

The GOSAT and GOSAT-2 satellites carry the same type of instrumentation, as mentioned earlier, 
with GOSAT-2 representing an evolution of its predecessor. The instrument relevant for this 
activity is the Thermal And Near-infrared Sensor for carbon Observation (TANSO), which consists 
of two subunits: the Fourier Transform Spectrometer (FTS) and the Cloud and Aerosol Imager (CAI). 

FTS operates based on optical interference. Inside the instrument, incoming light is split into two 
beams that travel along separate optical paths, creating an optical path difference. These beams 
are then recombined to produce interference. FTS measures the intensity of this interference by 
continuously varying the optical path length difference. A spectrum, representing the distribution 
of light intensity across wavelengths, is obtained by applying a mathematical operation called the 
Fourier transform to the measured data. 

CAI captures images of the atmosphere and Earth’s surface during daytime. These image data are 
used to detect the presence of clouds over an extended area that includes the FTS Instantaneous 
Field Of View (IFOV: 10.5 km for GOSAT and 9.7 km for GOSAT-2, see Table 2). When clouds and 
aerosols are detected within the FOV, their characteristics and quantities are estimated. This 
information is then used to correct the effects of clouds and aerosols on the spectra acquired by 
FTS. 

The combined data are used to calculate column abundances of greenhouse gases (GHGs) at 
observation points where cloud and aerosol interference is minimal. 

The entire NIES GOSAT and NIES GOSAT-2 data products are listed in appendix in Table 9 and Table 
10 respectively. On Table 2 Products used in this TN for GOSAT NIES dataset analysis, for full table 
provided in Appendix 4.1. In Table 2 and  

Table 3 are reported only the data used in this document. 

GOSAT and GOSAT-2 dataset have been fetched from different web sources per satellite platforms, 
the official products provided by NIES and the JAXA EORC Research products. 

• NIES GOSAT Data Archive Service (GDAS): https://data2.gosat.nies.go.jp/index_en.html: 

• NIES GOSAT-2 Product Archive: https://prdct.gosat-2.nies.go.jp/index.html.en 

• JAXA/EORC GOSAT Product Archive: 
https://www.eorc.jaxa.jp/GOSAT/CO2_monitor/index_Ver.K.html) 

• JAXA/EORC GOSAT-2 Product Archive  
https://www.eorc.jaxa.jp/GOSAT/CO2_monitor/index_Ver.K.G2.html 

• According to JAXA EORC GOSAT team (see [RD.14]), GOSAT uses the multiple advantages of 
the FTS technology, enabling simultaneous measurements of solar-reflected lights and 
thermal emissions of the Earth’s atmosphere with a single instrument. Existing GOSAT Level 
2 products (e.g. ACOS) have provided the column-averaged dry-air mole fractions of CO2 and 
CH4 (XCO2 and XCH4, respectively), but only from the three SWIR-band (see [RD.15]). 

• JAXA EORC GOSAT team retrieves the difference between the partial column-averaged dry-
air mole fractions of two individual layers of lower and upper troposphere, by combining TIR 
and SWIR spectra simultaneously (see [RD.16]) at 0.76 μm, CO2 and CH4 at 1.6 μm, and CO2 
at 2.0 μm, and thermal emission from atmospheric CO2 and CH4. 

  

https://data2.gosat.nies.go.jp/index_en.html
https://prdct.gosat-2.nies.go.jp/index.html.en
https://www.eorc.jaxa.jp/GOSAT/CO2_monitor/index_Ver.K.html
https://www.eorc.jaxa.jp/GOSAT/CO2_monitor/index_Ver.K.G2.html
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Table 2 Products used in this TN for GOSAT NIES dataset analysis, for full table provided 
in Appendix 4.1. 

Processing 

Level 
Sensor / Band Product Name Description Unit 

L2 FTS SWIR 

L2 CO2 column 
amount (SWIR) 

CO2 column abundance 
data retrieved from SWIR 
radiance spectral data 

1 – multiple scans L2 CH4 column 
amount 

CH4 column abundance 
data retrieved from SWIR 
radiance spectral data 

L2 H2O column 
amount 

H2O column abundance 
data retrieved from SWIR 
radiance spectral data 

 

Table 3 Product used in this TN for GOSAT-2 NIES analysis, for full table is provided in 
Appendix 4.1. 

Processing 

Level 
Sensor Product Name Main Contents 

Stored 

File 
Unit 

L2 FTS-2 SWIR 

GOSAT-2 TANSO-
FTS-2 SWIR L2 
Column-averaged 
Dry-air Mole 
Fraction Product 

XCO2, XCH4, XCO, XH2O 
*By full-physics method 

Daily Daily 
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3. COMPARISON 

3.1 GOSAT and GOSAT-2 data 

Rome, as metropolitan site and in general the Tiber Valley, is a peculiar site for GHGs and their 
diffusion. The generation of pollutants is due to anthropogenic sources, mainly located in the 
inhabited centre of the city, while the effects of the sea breeze flowing from the Mediterranean 
Sea into the hills surrounding the Tiber River has significant impacts on the dispersion of GHGs. In 
this context takes place the ESA BAQUNIN project with a significant suite of instrument hosted in 
Sapienza university (Fermi building) in Rome downtown. The project aims at continuously 
monitoring the atmosphere status and conditions in the urban environment and implies 
knowledge and dataset for satellite products validation. 

In the framework of CEOS WGCV, Dr. Akihiko Kuze (JAXA, now retired) expressed interest in 
BAQUNIN project, mostly concerning EM27/SUN operations. These data, acquired in such urban 
and peculiar environment are of crucial importance for the validation of GHG products. Following 
an agreement between ESA, BAQUNIN project and JAXA, three different acquisition sites were 
identified around Rome, for both GOSAT and GOSAT-2. Thanks to this approach it was possible to 
perform measurements three different observation paths explicitly designed to increase the 
number of possible co-locations with BAQUNIN sites (APL, ISAC, IIA). 

Below related locations, together with BAQUNIN APL site, are represented in Figure 2 in Table 4 
the GOSAT and GOSAT-2 acquisition sites around Rome.   

 

Figure 2 GOSAT (red dots) and GOSAT-2 (blue dots) observation sites around Rome; BAQUNIN 
APL is represented with the purple icon. Image created using Google Earth Pro. 

Given the closest position, the main comparison with EM27/SUN data retrieved on BAQUNIN APL, 
has been performed with the sites GOSAT Rome and GOSAT-2 Rome2. 

The files considered for the comparison are listed in Table 5 for each satellite and archive. 
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Table 4 - Target observation sites of GOSAT and GOSAT-2 around Rome. Latitude and longitude 
reported in table are computed as the mean of all the measurements related to that specific 

location. 

Satellite  Site name Latitude Longitude 

GOSAT Rome 41.88 ± 0.03 12.49 ± 0.01 

GOSAT CNR-ISAC 41.841 ± 0.001 12.651 ± 0.003 

GOSAT CNR-IIA 42.104 ± 0.002 12.636 ± 0.004 

GOSAT-2 Rome1 42.047 ± 0.001 12.284 ± 0.001 

GOSAT-2 Rome2 41.89 ± 0.02 12.53 ± 0.05 

GOSAT-2 Rome3 41.87 ± 0.03 12.57 ± 0.06 

 

Table 5 GOSAT and GOSAT-2 Dataset used in this document with the related details (data source, 
name, and version of the dataset, analysed period of the dataset and acquisition site). 

Platform Source Name and Version Period 
Acquisition 

site 
References 

GOSAT 

NIES 

FTS SWIR L2 CO2 V03.05 
01-01-2023 – 
18-12-2025 

Full orbits NIES GOSAT Products-Algorithms [RD.2] 
Product format version [RD.7], [RD.8] 
CO2 [RD.9][RD.2] 
CH4 [RD.10] 
H2O [RD.11] 

FTS SWIR L2 CH4 V03.05 
01-01-2023 – 
18-12-2025 

Full orbits 

FTS SWIR L2 H2O V03.00 
01-01-2023 – 
18-12-2025 

Full orbits 

JAXA-EORC Rome_Ver.K.V3.0 
01-01-2023 – 
17-02-2024 

Rome Data description [RD.14] 

GOSAT-2 

NIES 

FTS2 L2 SWFP v0220 
01-01-2023 – 
29-02-2024 

Full orbits 
NIES GOSAT-2 Product [RD.3] 
Data User Handbook [RD.6] 
Product format [RD.4] 
Processing algorithms [RD.5] 

FTS L2 SWFP v0221 
01-03-2024 – 
30-09-2025 

Full orbits 

JAXA-EORC Rome2_Ver.K.V3.0 
01-01-2023 – 
17-02-2024 

Rome2 Data description [RD.18] 

 

As reported in Table 5, the different datasets provide different time series and comparison with EM27/SUN 
dataset has been performed according to the data availability.  

• EM27/SUN dataset covers from 22nd June 2023 (KO in BAQUNIN) to December 2025 

• GOSAT NIES dataset spans from January 2023 to December 2025 (last released data) 

• GOSAT JAXA-EORC dataset has been taken from January 2023 up to 17th February 2024 (last 
released data) 

• GOSAT-2 NIES dataset covers from January 2023 up to September 2025 (last released data) 

• GOSAT-2 JAXA-EORC dataset spans from January 2023 up to 17th February 2024 (last released 
data). 

  

3.1.1 Selection criteria 

The JAXA EORC datasets for both GOSAT and GOSAT‑2 were retrieved for the specific acquisition 
site, designated as “Rome” for GOSAT and “Rome2” for GOSAT‑2. Other sites around Rome (named 
“CNR-ISAC” and “CNR-IIA” for GOSAT and “Rome1” and “Rome3” for GOSAT-2) have been 
excluded from the analysis to stick the study to the urban environment only. 
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GOSAT and GOSAT-2 NIES data have been provided as daily dataset with the whole orbit file. 
Because of this they have been filtered according to the geographical position and co-located with 
reference to the BAQUNIN APL site (Latitude = 41.902 ± 0.1°, Longitude = 12.516 ± 0.1°). In this 
way, as performed for JAXA EORC datasets, data related to more peripherical sites have been 
excluded. 

In Figure 3 are reported the GOSAT and GOSAT-2 measurements taken from NIES close to 
BAQUNIN APL (within the circle of 0.1° in latitude and longitude). 

 

Figure 3 BAQUNIN APL site; in the circle (of 0.1 degrees in latitude and longitude) there are the 
GOSAT (in red) and GOSAT-2 (in blue) measurements considered. 

 

3.1.2 Uncertainties management 

GOSAT NIES dataset has been provided with four different types of uncertainties affecting the 
measurements: 

• External error 𝜎𝑒𝑥𝑡  

• Interference error 𝜎𝑖𝑛𝑡 

• Retrieval noise  𝜎𝑛𝑠𝑒 

• Smoothing error 𝜎𝑠𝑚𝑡  

Each of the uncertainty types is provided with a given validity range for ensuring the validity of the 
error estimate. Uncertainty on GOSAT measurements has been retrieved from the square root of 
the sum of the second power of the four valid uncertainty components: 

𝜎𝐺 = √𝜎𝑒𝑥𝑡
2 + 𝜎𝑖𝑛𝑡

2 + 𝜎𝑛𝑠𝑒
2 + 𝜎𝑠𝑚𝑡

2  

JAXA EORC bias estimates for both GOSAT and GOSAT-2 have been taken from [RD.17] and are 
assumed to be: 10% bias for XH2O, XCO2 and XCO and 1% bias for XCH4. 

EM27/SUN errors are not provided through the PROFFAST processing chain. Bias estimation comes 
from the averaging process in which measurements taken within a given time window around 
satellite passage have been averaged (see details in Section 3.1.3). 
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3.1.3 Averaging process 

Averaging was performed on the retrieved datasets (GOSAT and GOSAT‑2 from both NIES and JAXA 
EORC, as well as BAQUNIN APL measurements) to enable a consistent comparison. This procedure 
provides, for each observation day, a single representative measurement together with the 
corresponding bias estimate. 

For NIES datasets, if GOSAT performed more than 1 measurement per daily overpass, the daily 
measurement is computed as weighted average of the measurements with the error computed at 
the step described in Section 3.1.2. The same approach has been applied to GOSAT-2 data, with 
the uncertainties provided by NIES as weights. By assuming that NIES GOSAT and GOSAT-2 
measurements are reported in the following format: 

𝑀𝑖 = 𝑣𝑖 ± 𝜎𝑖 

Where: 

• 𝑀𝑖represents the i-th measurement of a selected day; 

• 𝑣𝑖is the i-th value acquired as dry-air mole fraction of given GHG in a selected day 

• 𝜎𝑖is the uncertainty associated to the i-th GHG retrieval (for GOSAT dataset this comprises the 
four different uncertainties computed as reported in Section 3.1.2). 

The daily average value is obtained through the weighted average of measurements acquired in 
that day with the associated uncertainties as weights, as it follows: 

𝑣 =
∑

𝑣𝑖

𝜎𝑖
2

𝑁
𝑖=1

∑
1

𝜎𝑖
2

𝑁
𝑖=1

 

In the formula 𝑁 is the number of measurements considered for the selected day. 

The error associated to the weighted average is computed as it follows: 

𝜎 = √
1

∑
1

𝜎𝑖
2

𝑁
𝑖=1

 

As for NIES datasets, JAXA-EORC GOSAT (Rome site) and GOSAT-2 (Rome-2 site) daily values have 
been retrieved through the weighted average of daily measurements (if more than one) with the 
uncertainties retrieved from [RD.17] as weights. 

Ground-based EM27/SUN measurements have been averaged within ±15 minutes with reference 

to the satellite daily overpass time (for both GOSAT and GOSAT-2, thus implementing two different 

comparisons). In case no passage occurred, it is taken as a reference the mean overpass time for 

GOSAT (12:44.39.768 UTC) and GOSAT-2 (12:41:15.653 UTC) and then EM27/SUN data have been 

averaged within ±15 minutes with reference to the mean overpass time. The associated 

uncertainty is computed from the standard deviation of EM27/SUN data considered for each 

observation day. Daily datasets where EM27/SUN measurements resulted in fewer than 17 points 

have been discarded to ensure a sufficiently representative dataset. Figure 4 shows an example of 

the data manipulation applied to EM27/SUN for both GOSAT and GOSAT-2 on the daily XH2O 

dataset of 12 January 2024. 
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Figure 4 Example of daily data screening (XH2O dataset of 12/01/2024): red square is NIES GOSAT 
measurement, purple triangle is EORC GOSAT measurement; blue square is GOSAT-2 
measurement, green triangle is EORC GOSAT-2 measurement; dark gray series reports BAQUNIN 
APL EM27/SUN data. EM27/SUN measurements falling inside a 30-minutes window around the 
daily overpass time of GOSAT (left panel), and GOSAT-2 (right panel) have been averaged, 
producing the black square. 

 

3.1.4 Results 

EM27/SUN data have been compared with GOSAT and GOSAT-2 retrievals. EM27/SUN - GOSAT 
analysis involved column-averaged dry-air mole fraction for water vapor (XH2O), carbon dioxide 
(XCO2) and methane (XCH4), while on the analysis with GOSAT-2 dataset it was possible to also 
include the column-averaged dry-air mole fraction of carbon monoxide (XCO).  

Datasets considered consist of a different number of measurements, because of the geolocation 
filtering criteria (see Section 3.1.1), the satellite observation availability and the dataset 
provisioning. The number of measurements co-located with BAQUNIN APL ones (taken 
simultaneously in the same location) is much smaller because of the ground measurement 
constraints as the weather and the operators' availability. Datasets information on the 
measurement days considered in this study and those co-located with EM27/SUN ground 
acquisitions is reported in Table 6. 

 

Table 6 In table there is the information on number of measurement days per each dataset and 
the number of measurement days in which it occurred also a measurement on BAQUNIN APL. 

Satellite Dataset 
Number of days with 
satellite observations 

Number of days with 
ground-based and 
satellite observations 

GOSAT 
NIES 70 23 

JAXA EORC 35 9 

GOSAT-2 
NIES 65 21 

JAXA EORC 22 10 
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Plots in Figure 5 and Figure 6 show the different data series trends for each considered GHG 
species: on Figure 5 is reported the comparison with measurements taken by GOSAT and on Figure 
6 with those acquired by GOSAT-2. The black series corresponds to the BAQUNIN APL EM27/SUN 
acquisitions; the dots are the NIES dataset (in red for GOSAT and in blue for GOSAT-2), the crosses 
represent JAXA-EORC dataset (in grey for GOSAT and in purple for GOSAT-2). 

In general, it can be observed a better agreement between BAQUNIN APL and JAXA-EORC dataset 
than between BAQUNIN APL and NIES dataset, despite the smaller dimension of the comparison 
sample (JAXA EORC data have been provided up to February 2024, while NIES GOSAT-2 spans up 
to September 2025 and NIES GOSAT up to December 2025). 

 

 

Figure 5 EM27/SUN measurements (black line) compared with GOSAT datasets taken from NIES 
(red dots) and JAXA-EORC (grey crosses). Analysed quantities are XH2O (top panel), XCO2 (medium 
panel), XCH4 (bottom panel).  
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Figure 6 EM27/SUN (black line) compared with GOSAT-2 datasets taken from NIES (blue dots) and 
from JAXA-EORC (purple crosses); analysed quantities are column-averaged dry-air mole fractions 
of (from top to bottom panel) XH2O, XCO, XCO2, XCH4. 

 

Focusing on the comparison with EM27/SUN and NIES datasets (both GOSAT and GOSAT-2), in 
Figure 7 is reported the daily average trends for XH2O, XCO2 and for XCH4 (from top to bottom 
panels). On the left column the NIES GOSAT datasets and the BAQUNIN APL dataset are displayed, 
on the right column there are the NIES GOSAT-2 datasets and the BAQUNIN APL dataset.  

For XH2O datasets both GOSAT and GOSAT-2 errors are too small with respect to the values so that 

they are not distinguishable. For XCO2 and XCH4 series, the related error bars are more visible, and 

it emerges that GOSAT series show higher error values than GOSAT-2 series. 

XH2O trends show a good agreement both with GOSAT and GOSAT-2 series. NIES XCO2 GOSAT 

series has a quite good trend with reference to the BAQUNIN APL, even if it seems to 

underestimate the ground measurement. On the contrary, NIES XCO2 GOSAT-2 values are higher 

than the BAQUNIN APL measurements. For XCH4 series, both NIES GOSAT and NIES GOSAT-2 

datasets don’t show a clear shift as for the case of XCO2: data are uniformly distributed with 

reference to BAQUNIN APL trend, but NIES GOSAT-2 data show a higher variability. 
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Figure 7 Comparison of EM27/SUN and NIES datasets for GOSAT (first column) and GOSAT2 (last 
column). Pictures show the daily averaged trends of the different series of XH2O (first row), XCO2 
(second row) and XCH4 (last row). In the charts are shown also the error bars with the values 
obtained by the average computation as reported in Section 3.1.2. 
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This variability is clearly visible in panels in Figure 8. On the left panels it is reported the 

measurement distributions for BAQUNIN APL and both GOSAT (top) and GOSAT-2 (bottom) 

datasets for XH2O; here satellite's distributions show a quite good agreement with the ground 

measurements. In the middle panels there is the same comparison with XCO2 and in this case it is 

clear the difference between GOSAT (with lower values wrt the ground measurements) and 

GOSAT-2 (with higher values wrt BAQUNIN APL). On the right panels are reported the same plots 

for XCH4: in this case, while GOSAT data have in general lower values wrt BAQUNIN, GOSAT-2 

measurement distribution is broader than the ground measurement and the maximum number of 

occurrences is shifted toward lower values of XCH4. 

 

Figure 8 Panels above shows the comparison of measurement distributions between NIES GOSAT 
(top panels) and GOSAT-2 (bottom panels) with BAQUNIN APL data; from left to right, panels 

show the comparison for XH2O, XCO2 and XCH4. 

In Figure 9, are represented the scatterplots reporting the results of only the measurements co-
located with BAQUNIN APL ones. Each panel shows the comparisons for a different GHG: on top 
panels are reported on the left the XH2O and on the right the XCO (this one for GOSAT-2 satellite 
only), while on the bottom panels there are on the left XCO2 and on the right XCH4. In each chart, 
the x-axis reports the ground-based values measured on BAQUNIN APL, while on the y-axis are 
reported the values of the satellite datasets. Both axes show the same scale and limit in order to 
better compare the plotted values: as a reference it is plotted also the light-grey dashed bisector 
line (containing those points with the same value on x and y coordinates).  

A linear fit has been computed for each data series and in each plot are reported the values of the 
slope (m) and of the Pearson coefficient (r) computed for each dataset. Red values and lines refer 
to NIES GOSAT dataset, values and lines related to NIES GOSAT-2 datasets are reported in blue, in 
grey are reported lines and values for EORC GOSAT datasets and the purple ones represent the 
EORC GOSAT-2 related objects.  

This gives a quick overview of the correlation between each dataset with the BAQUNIN APL 
measurements. The intercept value and its related error, together with the error on the slope are 
reported for completeness in Table 7, together with the values already reported in the plots 
themselves (slope and Pearson coefficient).  
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Figure 9 Scatter plots reporting the comparison of measurements, co-located with EM27/SUN 
observations, of GOSAT from NIES (represented with red dots) and from JAXA-EORC (grey dots) 

and of GOSAT-2 from NIES (blue dots) and from JAXA-EORC (purple dots). 

Values of the slope closer to the unity, jointly with values of the intercept closer to zero, represent 
satellite measurements closer to the ground-based ones. In a similar way, the more the Pearson 
coefficient is close to unity, the more the satellite dataset is close to BAQUNIN APL dataset. 

The comparison between EM27/SUN and GOSAT datasets (scatter plots reported on Figure 9) 
shows a better correlation with the JAXA-EORC dataset for XH2O (R ~ 1.0), XCO2 (R ~ 0.95) and 
EM27/SUN XCH4 (R~0.71). 

Following the GOSAT-2 comparison, it emerged that in all cases JAXA-EORC products are generally 
better correlated with the EM27/SUN measurements: with reference to Table 7, XH2O (R ~ 1.0), 
XCO (R ~ 0.93), XCO2 (R ~ 0.98) and XCH4 (R ~ 0.88). Values close to unity for R coefficient, such as 
GOSAT-2 XH2O, are the result of a rounding up for values greater than 0.995 (i.e. R for GOSAT-2 
XH2O is 0.99962 ~ 1.00). 
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Table 7 In table the information on the correlation analysis with BAQUNIN APL for each dataset 
(both NIES and JAXA EORC for both GOSAT and GOSAT-2); values reported are the slope and the 

related error, the intercept and the related error and the Pearson correlation coefficient (R-
value). Values are rounded to the second decimal digit (values reported as 1.00 are the result of 

rounding up values bigger than 0.995*). 

Product Dataset Slope 
Error on 

Slope 
Intercept 

Error on 
Intercept 

R-Value 

XH2O  

NIES GOSAT 0.95 0.02 44.09 52.72 1.00 

NIES GOSAT-2 0.95 0.01 10.92 21.37 1.00 

JAXA EORC GOSAT 0.98 0.02 37.87 61.18 1.00 

JAXA EORC GOSAT-2 0.97 0.01 53.38 26.06 1.00 

XCO2 

NIES GOSAT 0.93 0.06 29.20 26.61 0.95 

NIES GOSAT-2 1.16 0.16 -61.90 69.22 0.86 

JAXA EORC GOSAT 0.87 0.11 51.95 46.63 0.95 

JAXA EORC GOSAT-2 1.06 0.07 -26.08 30.06 0.98 

XCH4 

NIES GOSAT 0.96 0.17 0.07 0.32 0.78 

NIES GOSAT-2 1.43 0.21 -0.82 0.40 0.85 

JAXA EORC GOSAT 0.94 0.35 0.12 0.67 0.71 

JAXA EORC GOSAT-2 1.03 0.21 -0.05 0.41 0.88 

XCO 
NIES GOSAT-2 0.60 0.10 0.05 0.01 0.82 

JAXA EORC GOSAT-2 0.69 0.10 0.04 0.01 0.93 

By considering the co-located measurements between BAQUNIN APL and JAXA EORC and 
BAQUNIN APL and NIES measurements for both GOSAT and GOSAT-2, it has been computed the 
statistics related to the differences between ground measurements and satellite measurements: 

𝐷𝑖   =  𝐵𝐴𝑄𝑖 − 𝑆𝑎𝑡𝑖 

and the relative percentage difference with reference to the ground measurement: 

Δ𝑖 = 100
D𝑖

𝐵𝐴𝑄𝑖
 

To evaluate the dispersion of the measurements of each dataset, the mean, the standard deviation 

and the median value of both difference and relative percentage difference of each dataset have 

been computed and reported in Table 9. 

The mean difference (named as bias in table) quantifies how much the datasets differ from each 

other: the higher is the bias, the higher is the difference. The median gives information about the 

medium point of the set of differences without considering outliers. Concerning the standard 
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deviation, it gives information about how the differences are distributed around the mean: the 

higher is the standard deviation, the more disperse is the dataset. 

 

Table 8 In table the statistics (mean, median and standard deviation) related to the differences 
between every dataset with the BAQUNIN APL one. 

Product Dataset D Bias 
D 

Median 

D 

Standard 

Deviation 

Δ Bias 
Δ 

Median 
Δ Standard 
Deviation 

XH2O  

NIES GOSAT 107.02 93.85 115.32 3.14 3.18 3.2 

NIES GOSAT-2 142.97 160.99 87.66 4.64 4.42 1.58 

JAXA EORC GOSAT 2.68 -6.11 84.74 -0.28 -0.51 4.15 

JAXA EORC 
GOSAT-2 

17.60 8.02 53.02 0.22 0.58 2.2 

XCO2 

NIES GOSAT 1.72 1.82 0.88 0.41 0.44 0.21 

NIES GOSAT-2 -4.08 -3.87 2.33 -0.96 -0.91 0.55 

JAXA EORC GOSAT 1.62 1.45 0.89 0.38 0.34 0.21 

JAXA EORC 
GOSAT-2 

0.84 0.8 0.64 0.2 0.19 0.15 

XCH4 

NIES GOSAT 0.004 0.004 0.008 0.21 0.23 0.39 

NIES GOSAT-2 -0.003 -0.002 0.009 -0.18 -0.1 0.47 

JAXA EORC GOSAT 0.002 -0.001 0.009 0.09 -0.05 0.49 

JAXA EORC 
GOSAT-2 

-0.003 -0.005 0.005 -0.17 -0.27 0.27 

XCO 

NIES GOSAT-2 -0.007 -0.008 0.005 -7.66 -8.71 5.42 

JAXA EORC 
GOSAT-2 

-0.007 -0.007 0.004 -7.02 -7.57 4.51 
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4. APPENDIX 

4.1 NIES GOSAT and GOSAT2 data all products 

The following tables list the available products from NIES GOSAT and GOSAT2 and additional 
details. The source of this information is as follows: 

• NIES GOSAT: https://www.gosat.nies.go.jp/en/about_5_products.html 

• NIES GOSAT-2: https://prdct.gosat-2.nies.go.jp/aboutdata/howtoaccessdata.html.en#02_productlist 

 

Table 9 NIES GOSAT data products provided for general users. Products used in this TN are L2 FTS 
SWIR column amount for CO2, CH4 and H2O. 

Processing 

Level 

Sensor / 

Band 
Product Name Description Unit 

L1B 

FTS FTS L1B data 
Radiance spectral data obtained by performing 
Fourier transform on interferogram data 

FTS scene 

CAI CAI L1B data 
Radiance data (band-to-band and geometric 
corrections applied / data mapping not performed) 

CAI frame 

L1B+ CAI CAI L1B+ data 
Radiance data (band-to-band and geometric 
corrections applied / data mapping performed) 

L2 

FTS SWIR 

L2 CO2 column amount (SWIR) 
CO2 column abundance data retrieved from SWIR 
radiance spectral data 

1 – multiple scans 

L2 CH4 column amount 
CH4 column abundance data retrieved from SWIR 
radiance spectral data 

L2 H2O column amount 
H2O column abundance data retrieved from SWIR 
radiance spectral data 

FTS TIR 

L2 CO2 profile TIR 
CO2 vertical profile data retrieved from TIR 
radiance spectral data 

L2 CH4 profile TIR 
CH4 vertical profile data retrieved from TIR 
radiance spectral data 

CAI L2 cloud flag Cloud coverage data CAI frame 

L3 

FTS SWIR 

L3 global CO2 distribution 
(SWIR) 

CO2 column-averaged mixing ration data projected 
on a global map Global (monthly 

average) L3 global CH4  
distribution (SWIR) 

CH4 column-averaged mixing ration data projected 
on a global map 

CAI 

L3 global radiance distribution 
Global radiance distribution data (3 days’ worth, 
including data for cloudy segments) 

Global 
L3 global reflectance 
distribution 

Clear-sky radiance data (composed only of clear-
sky segments from a month worth of data) 

L3 NDVI 
Vegetation index global distribution data (cloudy 
segments excluded) 

Lat 30° × Lon 60° 

L4A - 

L4A global CO2 flux 
CO2 flux per each of 64 global regions (monthly 
average) 

64 regions across the 
globe, 1° mesh 
(annual) 

L4A global CH4 flux 
CH4 flux per each of 43 global regions (monthly 
average) 

43 regions across the 
globe, 1° mesh 
(annual) 

L4B - 

L4B global CO2 distribution 
Three-dimensional global distribution of CO2 
concentration Global 2.5° mesh 

(monthly) 
L4B global CH4 distribution 

Three-dimensional global distribution of CH4 
concentration 

https://www.gosat.nies.go.jp/en/about_5_products.html
https://prdct.gosat-2.nies.go.jp/aboutdata/howtoaccessdata.html.en%2302_productlist
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Table 10 NIES GOSAT-2 data products provided for general users. Products used in this TN are 
GOSAT-2 TANSO-FTS-2 SWIR L2 Column-averaged Dry-air Mole Fraction Product 

Processing 

Level 
Sensor Product Name Main Contents Stored File Unit 

L1A 

CAI-2 

TANSO-CAI-2 L1A Product Uncorrected digital value 

Common 

CAI-2 scene Forward viewing 

Backward viewing 

TANSO-CAI-2 CAL L1A 
Product 

Uncorrected digital value of 
calibration data 

Nighttime 

Common 

Path 

Forward 
viewing 

Backward 
viewing 

Lunar 

Common 

Forward 
viewing 

Backward 
viewing 

FTS-2 

TANSO-FTS-2 L1A Product Interferogram 

Common 

FTS-2 scene SWIR 

TIR 

TANSO-FTS-2 CAL L1A 
Product 

Interferogram 

Solar 
irradiance 

Common 

Path 

SWIR 

Blackbody 

Common 

SWIR 

TIR 

Deep space 

Common 

SWIR 

TIR 

Instrument 
function 

Common 

SWIR 

Nighttime 
Common 

SWIR 

Lunar 
Common 

SWIR 

L1B 

CAI-2 TANSO-CAI-2 L1B Product Radiance CAI-2 frame CAI-2 frame 

FTS-2 

TANSO-FTS-2 L1B Product 

SWIR/TIR common information 
and FOV monitor camera image 

Common 

FTS-2 scene 

SWIR spectra before radiance 
conversion (V/cm-1)  
SWIR spectra after radiance 
conversion (W/cm2/str/cm-1) 

SWIR 

TIR spectra after radiance 
conversion (W/cm2/str/cm-1) 
TIR spectra after radiance 
conversion and finite IFOV 
correction (W/cm2/str/cm-1) 

TIR 

TANSO-FTS-2 CAL L1B 
Product 

Spectra of calibration data 
(same as above) 

Solar 
Irradiance 

Common 

Path SWIR 

Blackbody Common 
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Processing 

Level 
Sensor Product Name Main Contents Stored File Unit 

SWIR 

TIR 

Deep space 

Common 

SWIR 

TIR 

Instrument 
function 

Common 

SWIR 

Nighttime 
Common 

SWIR 

Lunar 
Common 

SWIR 

L2 

CAI-2 

GOSAT-2 TANSO-CAI-2 L2 
Cloud Discrimination Product 

Integrated clear-sky confidence 
level, cloud status bit data 

CAI-2 frame CAI-2 frame 

GOSAT-2 TANSO-CAI-2 L2 
Aerosol Property Product 

Aerosol optical thickness, soot 
volume fraction, Angstrom 
exponent, PM2.5 

CAI-2 frame CAI-2 frame 

FTS-2 
SWIR 

GOSAT-2 TANSO-FTS-2 SWIR 
L2 Chlorofyll Fluorescence 
and Proxy-method Product 

Solar induced chlorophyll 
fluorescence, XCH4, XCO 
*By proxy method 

Daily Daily 

GOSAT-2 TANSO-FTS-2 SWIR 
L2 Column-averaged Dry-air 
Mole Fraction Product 

XCO2, XCH4, XCO, XH2O 
*By full-physics method 

Daily Daily 

FTS-2 TIR 

GOSAT-2 TANSO-FTS-2 TIR L2 
Cloud and Aerosol Property 
Product 

Cloud flags (by each method), 
optical thickness, cloud particle 
type 

Daily Daily 

GOSAT-2 TANSO-FTS-2 TIR L2 
Temperature and Gas Profile 
Product 

Vertical profiles of 
temperature, CO2, CH4 and H2O 

Daily Daily 

GOSAT-2 TANSO-FTS-2 TIR L2 
Temperature and Gas Profile 
Research Product 

Vertical profiles of 
temperature, CO2, CH4, H2O, O3 
and N2O 

Daily Daily 

L4  

GOSAT-2 L4A Global CO2 Flux 
Product 

CO2 surface flux Annually Annually 

GOSAT-2 L4A Global CH4 
Flux Product 

CH4 surface flux Annually Annually 

GOSAT/2 L4B Global CO2 
Distribution Product 

Global three-dimensional 
distributions of CO2 
concentration (2.5-degree 
mesh, 17 vertical levels, 6-
hourly) 

Annually Annually 

GOSAT-2 L4B Global CH4 
Distribution Product 

Global three-dimensional 
distributions of CH4 
concentration (2.5-degree 
mesh, 17 vertical levels, 6-
hourly) 

Annually Annually 
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