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PREFACE 
 

The Paris Agreement, which entered into force on November 4, 2016, is the world’s first 

framework to deal with climate change through both “mitigation” measures to reduce greenhouse 

gas (GHG) emissions and “adaptation” to the impacts of climate change. All nations started to take 

action to comply with the Paris Agreement, which has been ratified by 159 countries including 

developed and developing countries and the European Union as of September 2017. 

The Paris Agreement defines a mechanism of “global stocktake” that all nations set the GHG 

reduction targets, report each progress, and assess the collective progress towards achieving the 

goals every five years after 2020. 

Each country is required to report its national GHG emissions inventory under a highly 

transparent framework. To secure the transparency of the inventory, a system is necessary to 

compare and evaluate the inventories by some independent ways. One of the ways is a GHG 

observation method using satellite remote sensing techniques that Japan and other countries are 

working on. 

In Japan, under a joint project by the Ministry of the Environment (MOE), the National 

Institute for Environmental Studies (NIES), and the Japan Aerospace Exploration Agency (JAXA), 

the Greenhouse gases Observing SATellite (GOSAT) “IBUKI” was launched as the world’s first 

satellite dedicated to monitoring greenhouse gases in January 2009. The satellite has been observing 

global GHGs such as carbon dioxide (CO2) and methane (CH4) and monitoring their fluctuations 

for nine years since its launch. 

With the “IBUKI” observations and the full use of ground-based and aircraft observations and 

modeling techniques, we have recently found the following trends for the first time in the world: 

whole-atmosphere monthly mean CO2 concentrations reaching 406 ppm and CH4 recording 1824 

ppb in January 2018 with an annual increase with seasonal variations. In addition, we released the 

estimates of anthropogenic CO2 and CH4 emissions, which marked the first step towards utilizing 

the “IBUKI” series for environmental policy. 

These observation outcomes leveraging the advantages of the satellite are contributing to the 

precise predictions of climate change. In addition, they become basic information for monitoring 

domestic and international efforts to reduce GHG emissions. We have been developing a successor 

“IBUKI-2” (GOSAT-2) to be launched in FY2018 and striving to advance techniques to assess and 

validate GHG emissions in large cities and large-scale emission sources using the IBUKI-2 

observations. 

On the other hand, in the United States, NASA launched the Orbiting Carbon Observatory 2 

(OCO-2) in July 2014 and has been in operation. This satellite aims to characterize CO2 sources and 

sinks on regional scales and quantify CO2 variability over the seasonal cycles. The project teams of 
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OCO-2, GOSAT, and GOSAT-2 have been enforcing cooperative relationships from an early stage 

and making an effort to improve the accuracy of the data products by cross-calibration and 

validation under the Memorandum of Understanding among MOE, JAXA, NIES, and NASA, 

which was signed in March 2015. 

In December 2017, JAXA and NIES made collaboration agreements with the European Space 

Agency (ESA), with the Centre National D’Etudes Spatiales (CNES), and with the German 

Aerospace Center (DLR). These agreements aim to increase the reliability of satellite GHG data and 

achieve its uniformity by cross-calibration and validation among the data from GOSAT, GOSAT-2, 

and GHG observing satellites operated or to be launched by European agencies. 

To utilize these space-based GHG measurements for the system of estimating and evaluating 

each nation’s GHG emissions, there are many possible challenges because innovative techniques 

are necessary. For example, one of the issues is technical assistance for inventory compilers in areas 

not having inventory data with high quality to compile and evaluate the GHG emissions inventories. 

It is necessary that Japan will cooperate internationally not only in a technical aspect such as 

analyzing satellite remote sensing data, but also in capacity building activities including training 

courses for inventory compilers through association with international organizations and 

development agencies. 

We hope that this guidebook will be a good opportunity to introduce remote sensing techniques 

by GHG observation satellites as one of the methods for estimating and evaluating each nation’s 

GHG emissions. As a result, we also hope that this guidebook will lead to taking further measures 

against global warming. 

 

Masanobu Kimura 

Director 

Research and Information Office 

Global Environment Bureau 

Ministry of the Environment Japan 
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About this guidebook 

 

ABOUT THIS GUIDEBOOK 
 

This guidebook, “A Guidebook on the Use of Satellite Greenhouse Gases Observation Data to 

Evaluate and Improve Greenhouse Gas Emission Inventories” (hereinafter referred to as “this 

guidebook”), has been produced by the National Institute for Environmental Studies, as part of 

outsourced contracts with the Ministry of the Environment, Japan in FY 2016 and 2017. 

The Paris Agreement, which entered into force in 2016, is the world’s first framework to deal 

with climate change through both “mitigation” measures to reduce greenhouse gas (GHG) 

emissions and “adaptation” to the impacts of climate change. The Paris Agreement defines a 

mechanism of “global stocktake” that all nations set the GHG reduction targets, report each 

progress, and assess the collective progress towards achieving the goals every five years after 2020. 

There are several ways to compile a national GHG emission inventory (hereinafter referred to 

as “inventory”). The Paris Agreement requires each country to report its inventory under a highly 

transparent framework. To secure the transparency of the inventory, a system is necessary to 

compare and evaluate the inventories by some independent ways. One of the ways is a GHG 

observation method using satellite remote sensing techniques that Japan and other countries are 

working on. Especially in the field of satellite remote sensing of GHGs, research and development 

has been actively promoted. Several satellites to monitor GHGs have been in operation. The 

examples of such satellites include the Greenhouse gases Observing SATellite (GOSAT) and 

GOSAT-2 launched by Japan in 2009 and 2018, the Orbiting Carbon Observatory 2 (OCO-2) by the 

US in 2014, and Sentinel-5p by the European Space Agency in 2016. In addition, future plans for 

satellites are currently underway. 

This guidebook targets each nation’s inventory compilers and researchers in the related fields. 

The objective of this guidebook is to explain methodology to compare and evaluate inventories, 

which all nations report under the Paris Agreement, by using satellite remote sensing techniques 

(Chapter 2 and 3), and to introduce their practical case studies (Chapter 4). The case studies include 

the latest research at various spatial scales from global and sub-continental level to individual 

large-sized coal power plants. All satellite GHG data introduced in this guidebook can be 

downloaded for free from each satellite website. 

Furthermore, capacity building activities for the inventory compilers are being considered. We 

have been examining the feasibility of the activities such as conducting lectures and training 

courses using this guidebook as one learning tool, and providing various data, software, and work 

environment. 

We hope that this guidebook and the future capacity building activities will help the inventory 

compilers to widely use the methodology to compare and evaluate the inventories using satellite 

remote sensing techniques towards the first global stocktake. 
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1. OVERVIEW 
 
1.1 Background 

The Earth's environment is changing rapidly and these changes are affecting natural terrestrial 

and marine ecosystems, agriculture, human health, economic activity, and even national security. 

Recognizing the impact of these changes, the Sustainable Development Goals (SDGs) defined by 

the United Nations (UN) in 2015 include “Goal 13: Take urgent action to combat climate change 

and its impacts.” 

The rising concentrations of atmospheric greenhouse gases (GHGs) such as carbon dioxide 

(CO2) and methane (CH4) are key drivers of climate change (IPCC, 2013). Since the dawn of the 

industrial age, fossil fuel combustion and other human activities have increased the atmospheric 

CO2 concentration by more than 40%, from less than 280 parts per million (ppm) in 1750 to more 

than 400 ppm today. Over that period, a diverse range of human activities increased the atmospheric 

CH4 concentrations by more than 2.5 times, from 750 parts per billion (ppb) to more than 1.85 ppm.  

These rapid increases are raising concerns because CO2 and CH4 are efficient atmospheric GHGs 

and the primary drivers of climate change. Social, national, and international cooperation and 

collaboration are needed to reduce CO2 and CH4 emissions to acceptable levels. 

The United Nations Framework Convention on Climate Change (UNFCCC) was established in 

1994 to stabilize “greenhouse gas concentrations in the atmosphere at a level that would prevent 

dangerous anthropogenic interference in the climate system.” The Paris Agreement from the 21st 

session of the Conference of the Parties (COP21) of the UNFCCC, which entered into force in 2016, 

reinforced the urgent need for dramatic reductions in GHG emissions to keep the global 

temperature rise this century well below 2 degrees Celsius above pre-industrial levels. Parties to the 

Agreement defined “nationally determined contributions” (NDCs) to a global GHG reduction effort. 

These NDCs are expected to evolve in time, based a Global Stocktake conducted at 5-year intervals.  

To track their progress toward their NDCs and the global GHG emission reduction targets, each 

Party agreed to provide “A national inventory report of anthropogenic emissions by sources and 

removals by sinks of greenhouse gases, prepared using good practice methodologies accepted by 

the Intergovernmental Panel on Climate Change and agreed upon by the Conference of the Parties 

serving as the meeting of the Parties to this Agreement.” To promote transparency, accuracy, 

completeness, consistency, comparability, and environmental integrity of the Stocktake, the 

Agreement defines an enhanced “Transparency Framework.” 

Direct atmospheric measurements of CO2 and CH4 are highly complementary to conventional 

GHG inventories and could provide an independent Measurement, Reporting and Verification 

(MRV) approach for NDCs in addition to providing useful information for improving inventories. 

The “2006 IPCC Guidelines for National Greenhouse Gas Inventories” (IPCC 2006 Guidelines) 
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mandates reports on GHG emissions and removals at national scales using a bottom-up approach 

that includes specific gases (CO2, CH4, N2O, and others), and Sectors (Energy, Industrial Processes, 

and Products, Agriculture, Forestry, Land Use, Waste, and Other), each of which is divided into 

Categories (e.g. transport) which are subdivided into sub-categories (e.g., cars). When implemented 

fully, the methods specified in these Guidelines can accurately identify and characterize emissions 

sources and natural sinks at national scales. However, many developing nations do not have the 

resources needed to compile comprehensive bottoms-up inventories in the presence of rapid 

economic, social, or environmental change. Other natural and anthropogenic emission sources or 

natural sinks of GHGs are poorly constrained due to uncertainties in the “activity data” or “emission 

factors” used in their derivation.  

In contrast, direct atmospheric measurements of CO2, CH4, and other GHGs can provide an 

integrated constraint on their atmospheric concentrations and its trends over time. The most 

accurate measurements are collected by a network of ~125 surface stations that are coordinated by 

World Meteorological Organization Global Atmospheric Watch (WMO GAW) program. In situ 

measurements from surface flasks, towers, and aircraft in this network provide the best available 

constraints on the atmospheric concentrations of CO2, CH4 and other GHGs and their trends at 

continental to global scales. While this network has grown steadily since 1958, and now spans the 

globe, it is still too sparse to provide insight into national scale source and sinks. Space based 

remote sensing measurements of these gases provide much greater spatial resolution and coverage, 

but have lower precision and accuracy. As these space based measurement capabilities improve and 

the space based GHG measurements are validated against the more accurate ground-based in situ 

standards by well-documented, scientifically sound methodologies, they could play a much larger 

role in the evaluation and improvement of national inventories. 

The Intergovernmental Panel on Climate Change (IPCC), through its Task Force on National 

Greenhouse Gas Inventories (TFI), has published a series of documents starting from “2006 IPCC 

Guidelines for National Greenhouse Gas Inventories” together with their supplemental documents 

such as “2013 Supplement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories: 

Wetlands” and “2013 Revised Supplementary Methods and Good Practice Guidance Arising from 

the Kyoto Protocol.” As part of the ongoing “2019 Refinement to the 2006 IPCC Guidelines for 

National Greenhouse Gas Inventories,” a request for “updating verification guidance …, especially 

guidance on comparisons with atmospheric measurements …” was approved by IPCC and included 

in the “2019 Refinement” plan. To implement this strategy, here we review recent progress in the 

use of atmospheric GHG observations for emission estimates suitable for comparison to the national 

GHG emission inventories. The Refinement will be authorized at the 49th Session of the IPCC to be 

held in Kyoto, Japan, in May 2019.  
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1.2  Objective of This Guidebook 
The objective of this guidebook is to provide a general and up-to-date overview on satellite 

remote sensing of GHGs and their applications to GHG emission inventories to inventory compilers 

and researchers who are interested in using satellite GHG data to evaluate and improve national 

greenhouse gas emission inventories.  

The aim of the draft edition of this guidebook is to foster discussions on the use of satellite 

greenhouse gas data between remote sensing scientists and inventory compilers, and to obtain 

valuable comments towards the first edition. The first edition of this guidebook will be used as one 

of reference books used in future capacity building activities for inventory compilers and users.   

  

1.3  Structure of This Guidebook  
The structure of this guidebook is as follows:  

• Chapters 2 and 3 provide basic information on satellite remote sensing of greenhouse gases 

and how to compare such data with GHG inventories. 

• Chapter 4 provides the latest case studies regarding satellite remote sensing of greenhouse 

gases and emission inventories. Note that the essential parts of the case studies have been 

published in peer-reviewed journals. 

• Lists of references, acronyms, and greenhouse gas-observing satellites are provided in 

Appendix. 

 Box 1 in the next page provides a brief overview of the process to estimate surface fluxes of 

carbon dioxide and methane from satellite remote sensing data. Box 2 provides explanations of 

“verification” in IPCC and UNFCCC documents. 
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Box 1. A 6-step process to estimate surface fluxes of carbon dioxide and 
methane from space-based remote sensing measurements collected by 

satellites. 
 

1 Acquire precise, high resolution spectra within CO2 and CH4 absorption bands 
at infrared wavelengths at high spatial resolution over the globe.  Co-bore-
sighted spectra of the molecular oxygen (O2) A-band are also useful for 
estimating the total dry air column abundance, the surface pressure, and the 
presence, distribution, and total optical depths of clouds and aerosols. 

2 Calibrate these space based spectroscopic measurements to convert them 
from instrument units (i.e. time tagged data numbers) to geophysical units (i.e. 
photons/second/steradian/micron) and to relate them to internationally-
recognized radiometric, spectroscopic, and geometric standards, so that they 
can be cross-validated and combined with other types of measurements and 
model results. 

3 Use a remote sensing retrieval algorithm to estimate the column-averaged dry 
air mole fractions of CO2 and CH4, (XCO2, XCH4) and other relevant 
atmospheric and surface state properties (i.e. surface pressure and 
reflectance, profiles of atmospheric temperature, water vapor, clouds and 
aerosols) from each sounding. 

4 Validate the XCO2 and XCH4 measurements against available standards, 
including ground-based up-looking remote sensing observations and vertical 
profiles of CO2 and CH4 obtained by aircraft. 

5 Perform a flux inversion experiment to estimate the surface GHG fluxes 
needed to maintain the observed XCO2 and XCH4 distribution in the presences 
of the prevailing winds. 

6 Validate the retrieved flux distribution against available standards, including 
direct GHG flux measurement from networks of flux towers, and/or 
comparisons of the CO2 and CH4 profiles returned by the flux inversion models 
against available vertical profiles of these gases measured from aircraft. 

 
Note: Experience from the first generation of space-based GHG satellites confirms that 
this application requires space-based sensors with an unprecedented combination of 
precision, accuracy, spectral and spatial resolution, and coverage. These factors also 
impose stringent requirements on calibration and calibration stability and the validation 
of the XCO2 and XCH4 products retrieved from their measurements. Chapter 2 
summarizes the progress to date and near term plans for instrument development, 
calibration, validation, and the methods needed to retrieve estimates of XCO2 and 
XCH4 from space based observations. Approaches for performing flux inversion are 
described in Chapter 3. 
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Box 2. About  "Verification" 

 
   In the title of the draft edition of this guidebook, a technical term, "verification", was 
used. As we received several suggestions to use words other than "verification", we 
changed the title of the 1st edition from the draft edition. 
   Here, the explanations of "verification" in IPCC and UNFCCC documents are 
excerpted to avoid any confusion. 
 
Chapter 6, Volume 1, 2006 IPCC Guidelines for National Greenhouse Gas 
Inventories: 
In Page 6.5: 
"Verification refers to the collection of activities and procedures conducted during the 
planning and development, or after completion of an inventory that can help to 
establish its reliability for the intended applications of the inventory. For the purposes 
of this guidance, verification refers specifically to those methods that are external to 
the inventory and apply independent data, including comparisons with inventory 
estimates made by other bodies or through alternative methods. Verification activities 
may be constituents of both QA and QC, depending on the methods used and the 
stage at which independent information is used." 
 
In Page 6.19: 
"For the purposes of this guidance, verification activities include comparisons with 
emission or removal estimates prepared by other bodies and comparisons with 
estimates derived from fully independent assessments, e.g., atmospheric 
concentration measurements. Verification activities provide information for countries to 
improve their inventories and are part of the overall QA/QC and verification system. 
Correspondence between the national inventory and independent estimates increases 
the confidence and reliability of the inventory estimates by confirming the results. 
Significant differences may indicate weaknesses in either or both of the datasets. 
Without knowing which dataset is better, it may be worthwhile to re-evaluate the 
inventory." 
 
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/1_Volume1/V1_6_Ch6_QA_QC.pdf 
 
 
Handbook on Measurement, Reporting, and Verification for Developing Country 
Parties: 
In Page 16: 
"Verification is addressed at the international level through ICA of BURs, which is a 
process to increase the transparency of mitigation actions and their effects, and 
support needed and received.17 National communications are not subject to ICA. At 
the national level, verification is implemented through domestic MRV mechanisms to 
be established by non-Annex I Parties, general guidelines for which were adopted at 
COP 19 in 2013. Provisions for verification at the domestic level that are part of the 
domestic MRV framework are to be reported in the BURs. Special provisions have 
been adopted for verification of REDDplus activities, as discussed in chapter 3.7." 
 
https://unfccc.int/files/national_reports/annex_i_natcom_/application/pdf/non-
annex_i_mrv_handbook.pdf 
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2. SATELLITE OBSERVATIONS AND DATA APPLICATIONS, PART 1: SATELLITE 

OBSERVATIONS, GHG CONCENTRATION RETRIEVALS AND VALIDATION  

This chapter introduces the basics of space-based remote sensing of GHGs, summarizes the 

progress made by past and present GHG missions, and the prospects for future missions. Section 

2.1 describes the background physics and Section 2.2 provides a brief history of this type of remote 

sensing. In Section 2.3, the definitions of satellite data products are summarized. Section 2.4 

describes the methodology to derive greenhouse gas concentrations from satellite observation. The 

validation of derived greenhouse gas concentrations is discussed in Section 2.5. 

 

2.1 Introduction 

High resolution spectra of sunlight that is reflected or thermal radiation that is emitted by the 

Earth’s surface and atmosphere carry information about the thermal structure and composition of 

the surfaced and atmosphere. Spectra of reflected solar and emitted thermal radiation collected by 

remote sensing instruments on orbiting spacecraft can therefore be analyzed to yield information 

about the surface and atmospheric state. 

Solar radiation reflected by the Earth and its absorption by atmosphere is typically divided into 

ultraviolet (UV, 10-400 nm), visible (VIS, 400-700 nm), near infrared (NIR, 700-1400 nm), and 

short wavelength infrared (SWIR, 1400-3000 nm) wavelengths. Thermal infrared radiation (TIR) 

emitted by the Earth and its atmosphere is typically divided into mid-wavelength infrared (MWIR, 

3-8 µm), long-wavelength infrared (LWIR, 8-15 µm) and far infrared (15-1000 µm). Molecular 

gases such as CO2 and CH4 interact with this solar and thermal radiation by absorbing and emitting 

only specific wavelengths (or colors) of light. These wavelengths are determined by the electronic, 

vibrational and rotational energy transitions of the molecules, which, in turn, are dictated by 

quantum mechanics. These transitions introduce narrow, dark, “absorption lines” or bright 

“emission lines” in spectra recorded by orbiting spacecraft (Fig. 2.1-1).   

The intensity (darkness) of an absorption line produced by a given gas at a specific wavelength 

in a reflected solar spectrum depends the optical cross section of each molecule of that gas at that 

wavelength, the number density of that type of molecule along the atmospheric optical path and the 

length of the optical path that traverses the atmosphere. For a spectrum of thermal radiation, the 

darkness of an absorption line or brightness of the emission line associated with a given molecular 

transition depends on these factors as well as the temperature variations along the optical path.   

Given information about the vertical structure, composition and optical properties of the 

atmosphere and the observing geometry, the spectrum of reflected sunlight or emitted thermal 

radiation can be simulated using an atmospheric radiative transfer model. For these applications, the 

wavelength-, pressure-, and temperature-dependent optical cross sections of CO2, CH4 and other 

atmospheric gases are determined from increasingly accurate measurements performed by 
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laboratory spectroscopists. The distribution of atmospheric pressure, temperature, and the 

concentration of absorbing gases and other properties of the surface and atmosphere that can affect 

the spectrum, such as the absorption and scattering by the surface or by cloud or aerosol particles, 

can be assumed, based on an environmental model, or derived directly from the measurements, 

using a remote sensing retrieval algorithm.   

To retrieve estimates of greenhouse gas concentrations from space based observations, a remote 

sensing retrieval algorithm typically incorporates three components:  

 

- A surface-atmosphere radiative transfer model, like that describe above; 

- An “instrument model” that simulates the spectrally-dependent response of the satellite 

instrument; and  

- An “inverse model” to optimize the atmospheric trace gas abundance and distribution and 

other surface or atmospheric properties to yield a good fit between the simulated and 

observed spectra.  

 

In a typical satellite remote sensing retrieval experiment, an initial surface and atmospheric 

state is assumed, based on prior knowledge. This “state vector” is used along with information 

about the illumination and viewing geometry to generate a spectrally-dependent radiance spectrum 

at the top of the atmosphere. In addition to a high resolution radiance spectrum, the radiative 

transfer model generates “Jacobians,” which specify the rate of change of the radiances at each 

output wavelength with respect to changes in the abundance or optical properties of the absorbing 

gas or other atmospheric properties at any level of the atmosphere.  

Each synthetic spectrum is processed with the instrument model and compared to the spectrum 

observed by the satellite. The spectrally-dependent differences between the observed and synthetic 

spectrum are then used along with the Jacobians in the spectral inverse model to update the trace 

gas concentrations or other aspects of the assumed surface-atmosphere state to improve the fit. This 

update state is then used to re-compute the synthetic spectrum, and the process is repeated until the 

difference between the observed and simulated spectra agree to within a specified tolerance. The 

final surface-atmosphere state, including the updated GHG concentrations is then saved.    

The approach described above can be used to retrieve estimates of CO2 and CH4 from either 

reflected solar radiation or from emitted thermal radiation, but these two types of measurements 

provide different types of information. Thermal infrared spectra can yield information about the 

CO2 and CH4 concentrations at altitudes between 5 and 10 km at all times of day. However these 

measurements have very little sensitivity to GHG gas concentrations near the surface, where most 

sources and sinks are located. They therefore only provide insight into GHG distributions on 

continental to global scales.   
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Measurements of reflected sunlight collected with SWIR CO2 and CH4 bands can be combined 

with O2 observations collected within the O2 A-band to yield estimates of the column-averaged dry 

air mole fractions of CO2 and CH4 called XCO2 and XCH4, which are most sensitive to the 

near-surface concentrations of these gases. This approach has therefore been widely adopted for 

space based GHG flux inversion experiments, and is the primary focus of this guidebook.  

A critical limitation of this approach is that it can only be used during the day. In addition, 

while space based measurements of reflected sunlight can yield very precise measurements, the 

accuracy of the retrieved XCO2 and XCH4 estimates can be compromised by spatially coherent 

biases, that can be misinterpreted as evidence for sources and sinks. These biases originate from a 

variety of sources including instrument calibration errors and optical path length uncertainties 

introduced by optically-thin clouds and aerosols, pointing errors.  

To address these concerns, a comprehensive validation approach has been implemented to 

identify, characterized and mitigate the impact of these biases. Uplooking spectroscopic 

measurements of the gases collected by the Total Carbon Column Observing Network (TCCON, 

Wunch et al., 2011) serve as a transfer standard for validating satellite XCO2 and XCH4  

measurements against the in situ standards maintained by the WMO network. This approach has 

allowed rapid improvements in the products returned by the first generation of space based GHG 

sensors, but additional improvements are needed to provide timely, quantified guidance on progress 

towards emission reduction targets (NDCs) at national scales. These improvements continue to be a 

major focus of the satellite GHG program. 
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Fig. 2.1-1. The spectrum of the sunlight and thermal emission from the Earth  

showing the absorption bands of several gas species.  

http://www.gosat.nies.go.jp/eng/GOSAT_pamphlet_en.pdf 

 

2.2 Brief history of satellite remote sensing of greenhouse gases 

The first satellite instrument to exploit the SWIR spectral region for observing CO2 and CH4 

was the Scanning Imaging Absorption Spectrometer for Atmospheric CHartographY  

(SCIAMACHY). SCIAMACHY was designed for general atmospheric chemistry observations and 

was the first space based instrument designed to observe the greenhouse gases CO2 and CH2 at near 

infrared wavelengths. This pioneering experiment was a German led national contribution to the 

European Space Agency Envisat mission, which operated from 2002–2012. SCIAMACHY 

observed the solar radiance upwelling at the top of the atmosphere from the UV to SWIR regions in 

nadir and limb viewing geometries. It also made measurements of the extraterrestrial solar 

irradiance. It had 8 moderate resolution spectral channels: 6 measuring contiguously from 0.21 to 

1.75 μm and two additional SWIR channels spanning 1.94-2.04 μm and 2.26-2.38 μm. Its spectral 

bands were chosen to measure column abundances and concentrations of a broad range of key trace 

gases, aerosol and cloud particles in addition to the first space based measurements of the total 

column amounts and their dry column mole fractions of CO2 and CH4.  
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Some specifications of SCIAMACHY related to greenhouse gases observation are summarized 

in Table 2.2-1. SCIAMACHY data are used in the case studies described in Section 4-1, 4-3, and 

4-5. 

 

Figure 2.2-1. ENVISAT (http://earth.esa.int/image/image_gallery?img_id=391530). 

 

Table 2.2-1. Some specifications of SCIAMACHY, GOSAT, and OCO-2. Note that the values 

shown here are not test results nor actual performances of the instruments. 

Mission Target greenhouse 

gases 

Spectral bands* Spectral resolution Nadir footprint 

size 

SCIAMACHY CO2 and CH4 0.60 - 0.81 µm 

0.97 - 1.77 µm 

1.93 - 2.04 nm 

2.26 - 2.39 nm 

0.48 nm 

1.48 nm  

0.22 nm 

0.26 nm 

32 x 60 km2  

GOSAT CO2 and CH4 0.76 - 0.78 µm 

1.56 - 1.72 µm 

1.92 - 2.08 µm 

5.5 - 14.3 µm 

0.2 cm-1 (0.012 nm) 

0.2 cm-1 (0.054 nm) 

0.2 cm-1 (0.080 nm) 

0.2 cm-1 (0.6 - 4 nm) 

10.5 km 

OCO-2 CO2 0.757 - 0.772 µm 

1.59 - 1.63 µm 

2.04 - 2.08 µm 

0.042 nm 

0.082 nm 

0.104 nm 

1.3 x 2.3 km2 

*: Used for greenhouse gases measurements. 

 

The next generation of greenhouse gases remote sensing missions after SCIAMACHY included 

the Japanese Greenhouse Gases Observing SATellite (GOSAT) and the US Orbiting Carbon 

Observatory (OCO). GOSAT was successfully launched in 2009 and continues to operate well 

beyond its design lifetime (5 years). The launch of OCO also in 2009 failed due to a malfunction of 

the launch vehicle. The replacement satellite, OCO-2, was successfully launched in 2014 and has 

been operating since then. 

OCO and OCO-2 were specifically designed for the measurement of CO2. GOSAT also 

measures methane (CH4) as well. Their spectrometers observe spectral bands in the NIR and SWIR 

regions with the spectral resolution and the signal to noise ratio high enough to obtain accurate and 
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precise greenhouse gases concentrations. GOSAT also collects measurements of temperature and 

trace gases in the TIR part of the spectrum.   

These two satellites have different strategies to record spectral measurements necessary for 

CO2 and methane. GOSAT uses a Fourier Transform Spectrometer (FTS) to cover a wide spectral 

range from the NIR to TIR regions with a very high spectral resolution. Due to engineering 

constraints, the FTS instantaneous field of view (IFOV) is relatively large (nadir footprint size is 

10.5 km in diameter) and data acquisition intervals are relatively long (4–5 seconds / measurement). 

However, GOSAT has the advantage of a very versatile (agile) pointing system which can rapidly 

change the line of sight of the instrument within ±20° of nadir in the along-track direction and ±35°  

of nadir in the cross-track direction (Kuze et al. (2009)). Note that GOSAT Research Announcement 

Principal Investigators can submit specific observation requests for GOSAT FTS within engineering 

and resource limitations. 

OCO-2 uses an imaging grating spectrometer to measure CO2. OCO-2 observes 8 

parallelogram-shaped footprints across its swath every 0.333 seconds. Each parallelogram is ~2.25 

km in the along-track direction due to the motion of the spacecraft and up to 1.3 km wide in the 

cross track direction, but often much narrower due to the orientation of the OCO-2 entrance slit as it 

rotates 360° every orbit. This small IFOV or nadir footprint size yields more cloud-free data than 

GOSAT. OCO-2 uses satellite attitude changes to aim at specific targets rather than a dedicated 

small pointing system like GOSAT.  

Some key specifications of GOSAT and OCO-2 are also summarized in Table 2.2-1. GOSAT 

data are used in the case studies described in Section 4-3, 4-4, 4-5, 4-6, and 4-8. OCO-2 data are 

used in Section 4-2 and 4-9. 

 

  

Figure 2.2-2. (Left) GOSAT 

(http://jda-strm.tksc.jaxa.jp/archive/photo/P-029-11965/c42b80d2a4d3461d9b2e8275d1136bfa.jpg) 

and (right) OCO-2 (https://www.jpl.nasa.gov/spaceimages/images/mediumsize/PIA18374_ip.jpg). 

 

 The third generation of greenhouse gases remote sensing missions launched quite recently or 

to be launched by the early 2020's includes: 

GHGSat (a Canadian private company): Claire (launched in 2016) - CH4 
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China: TanSat (launched in 2016) - CO2 

EU: TROPOMI (onboard Sentinel-5p launched in 2017) - CH4,  

    Sentinel-4 (to be launched in 2019),  

    Sentinel-5 (to be launched in 2020) 

China: GMI (onboard Gaofen-5 launched in 2018) - CO2 and CH4 

Japan: GOSAT-2 (launched in 2018) - CO2 and CH4 

US: OCO-3 (deployed on the International Space Station in 2019) - CO2  

France: MicroCarb (to be launched in 2021) - CO2  

France and Germany: MERLIN (to be launched in 2021) - CH4,  

US: GeoCARB (to be launched in 2022) - CO2 and CH4 

EC/ESA: Copernicus Sentinel 7 - CO2 and CH4 

 

Appendix-3 is a list of satellite missions for greenhouse gases remote sensing and related 

resources. 

  

  

Figure 2.2-3. (Upper left) TanSat 

(http://english.cas.cn/head/201612/W020161222496366546461.jpg), (Upper right) Sentinel-5p 

(http://www.esa.int/var/esa/storage/images/esa_multimedia/images/2017/10/sentinel-5p_hl_pr/1720

3927-2-eng-GB/Sentinel-5P_HL_PR_highlight_std.jpg),  

(Lower left) 

GOSAT-2(http://jda-strm.tksc.jaxa.jp/archive/photo/P100010579/1c1679dfd228732ea7e8f5062ff3b

ce7.jpg), and (Lower right) MicroCarb 

(https://microcarb.cnes.fr/sites/default/files/styles/large/public/drupal/201512/image/bpc_microcarb

-satellite.png?itok=39m6wHbr). 
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2.3 Products of satellite remote sensing of greenhouse gases 

Satellite data are generally distributed as "Products" which contain satellite measurements and 

other related data with their prescribed formats. Products are often categorized into several levels. 

Below are general descriptions of each level. Note that detailed definitions of products may differ 

according to missions. 

 

• Level 1 products contain physical parameters directly measured by space-borne instruments such 

as spectral radiances. 

• Level 2 products contain physical parameters retrieved from parameters in Level 1 products such 

as concentrations of greenhouse gases. 

• Level 3 products contain gridded maps at some given spatial and temporal resolution. They are 

primarily based on Level 2 products and may include some gap filling. 

• For GOSAT and OCO-2, Level 4A products are defined as the regional flux estimated based on 

the inversion analysis of observed greenhouse gas concentrations (Level 2 products) with a help 

of atmospheric transport models. 

 

GOSAT standard products from Level 1 to 4 can be freely downloaded from NIES GOSAT 

Data Archive Service (GDAS, https://data2.gosat.nies.go.jp/index_en.html, Figure 2.3-1). OCO-2 

Level 1 and 2 products can be downloaded from NASA Goddard Earth Science Data & Information 

Services Center (GES DISC, https://disc.gsfc.nasa.gov/datasets?page=1&keywords=OCO-2). 

Additionally, GOSAT Level 2 data processed by different retrieval algorithms can be downloaded 

from several sites such as European Space Agency's GHG-CCI 

(http://www.esa-ghg-cci.org/sites/default/files/documents/public/documents/GHG-CCI_DATA.html

) and NASA's CO2 Virtual Science Data Environment (https://co2.jpl.nasa.gov). 
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Figure 2.3-1 The data download page of NIES GOSAT Data Archive Service. 

 

2.4 Retrieval algorithms to derive greenhouse gas concentrations from SWIR 

  spectral data 

An overview of the algorithms to derive greenhouse gas concentrations from spectral data in 

the SWIR region is given in this section. These methods, often called the retrieval algorithms, are 

being used in the operational Level 2 product generation for the existing satellites such as GOSAT 

and OCO-2. Thus, explanations in this section are concise enough to understand the characteristics 

and the limitations of these products.  

Spaceborne NIR/SWIR spectrometers observe the sunlight reflected at the Earth's surface 

and/or scattered in the atmosphere. These spectra are calibrated using pre-launch and on-orbit 

measurements of radiometric, spectroscopic, polarimetric, and geometric standards to convert them 

from instrument unit to geo-located spectral radiances (Level 1 data products). High resolution 

spectra of this sunlight contain many narrow dark lines due to the absorption of sunlight by gas 

molecules along the atmospheric optical path. The locations (wavelengths) and the relative 

intensities of the absorption lines is unique to each gas species and the overall intensities of the 

absorptions is determined mostly by the number of gas molecules along the atmospheric path as the 

sun light travels toward the Earth surface and is then reflected toward the satellite. By analyzing the 

intensities of these absorption lines, the column-averaged dry-air mole fractions (hereafter, column 

concentrations) of greenhouse gases such as carbon dioxide (XCO2) and methane (XCH4) can be 
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derived. In case of GOSAT and OCO-2, absorption lines around 1.6 µm and 2.0 µm are used for 

CO2 and CH4 measurements. Molecular oxygen (O2) absorption lines around 0.76 µm are also used 

to estimate the surface air pressure and the column concentration of dry air along the same optical 

path used to observe CO2 and CH4. 

The observed NIR/SWIR spectra, however, are affected by not only the column concentrations 

of greenhouse gases, but also other atmospheric constituents, land / ocean surface reflectance, and 

instrumental parameters. Some of these properties are stable, but some are spatially and temporally 

variable. To derive XCO2 and XCH4 from satellite data with the accuracy of about 0.25%, it is 

necessary to estimate the environmental parameters simultaneously with XCO2 and XCH4. The 

impact of the instrumental parameters is established through the calibration process. 

To retrieve XCO2 or XCH4 from GOSAT and OCO-2 spectra, the observed spectrum is 

simulated with a surface/atmospheric radiative transfer model using an assumed (a priori) 

atmospheric and surface state. An inverse model based on optimal estimation (Rodgers, 2000) is 

then used to update gas concentrations and other properties of the surface and atmospheric state to 

minimize the difference between the observed and simulated spectra, and this process is repeated 

until a good fit is achieved. Mathematical details of these algorithm can be found in O'Dell et al. 

(2012), Yoshida et al. (2013), and the literature cited therein.  

Scattering by clouds and aerosols (dust, haze, smog) can introduce uncertainties in the 

atmospheric path length that can introduce errors in the XCO2 and XCH4 retrievals. To minimize 

these errors, the optical properties and vertical distribution of atmospheric aerosols and clouds must 

be retrieved simultaneously with the gas concentrations. Measurements acquired in the O2 A-band 

at 0.76 µm provide insight into the cloud and aerosol scattering at that wavelength. However, an 

accurate description of the wavelength dependent optical properties of clouds and aerosols is 

needed to estimate their impact on the CO2 and CH4 bands at wavelengths near 1.61, 1.67, and 2.06 

µm in the SWIR. Estimating these properties has been a major focus of the current researches, and 

some users have adopted a "Proxy Method" that assumes that the scattering is the same in the 

nearby CO2 and CH4 bands, so that if the concentration of one of these two gases is assumed to be 

known, the other can be retrieved. For methane, see Schepers et al. (2012), Parker et al. (2015), and 

the literature cited therein. 

As most retrieval algorithms can successfully process only soundings with little or no cloud 

contaminations within IFOV of their spectrometers, it is important to implement reliable cloud 

detection and screening algorithms in the operational data processing system. Cloud information 

can be derived from the SWIR reflectance spectra themselves. In the case of GOSAT, cloud maps 

derived from a multispectral imager (Cloud and Aerosol Imager, CAI) are also used to detect cloud 

fragments in the FTS IFOV. For OCO-2, clouds are screened using spectroscopic observations in 

the O2 A-band and CO2 bands at 1.61 and 2.06 µm (see Taylor et al. 2011; 2016) or inferred from 
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co-located images. 

Figure 2.4-1 shows the processing flow for GOSAT FTS SWIR Level 2 CO2 and CH4 data 

products at NIES. GOSAT CAI Level 1B and Level 2 cloud flag processing is incorporated in this 

figure as they provide cloud maps used in FTS Level 2 processing. 

 

 

 

Figure 2.4-1 Processing Flow for FTS SWIR Level 2 CO2 and CH4 data products (Ver.02.2*)  

https://data2.gosat.nies.go.jp/doc/documents/DataProcessingFlow_FTSSWIRL2_V02.2x_en.pdf 

 

2.5 Validation of column concentrations derived from satellite SWIR data 

To ensure the accuracy of the XCO2 and XCH4 products derived from satellite data, the satellite 

measurements must be accurately calibrated and the retrieved XCO2 and XCH4 estimates must be 

validated against internationally-recognized standards. The instruments are calibrated both prior to 

launch and then while in orbit to quantify the spectral, radiometric, and geometric performance. 

Calibration is instrument specific and is not discussed further in this guidebook. To validate XCO2 

and XCH4 estimates retrieved from satellite data (Level 2 or higher level products), these products 

are quantitatively evaluated using the data with higher quality and independently measured by other 

instruments. Here, the satellite data are often validated with ground-based and airborne in situ and 

remote sensing measurements of these gases. 

The validation approach for column concentrations derived from satellite SWIR spectral data 
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adopted by SCIAMACHY, GOSAT, and OCO-2 is to compare the XCO2 and XCH4 estimates 

retrieved from the satellite data with the column concentrations derived from ground-based SWIR 

spectral data collected by Total Carbon Column Observing Network (TCCON; Wunch et al. (2011)). 

TCCON is a network of ground-based high resolution solar-viewing Fourier transform 

spectrometers (FTS) deployed over a range of latitudes and longitudes (Figure 2.5-1).  

  

 

Figure 2.5-1. Locations of TCCON sites. 

(http://tccondata.org/img/tccon_map.jpg) 
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Figure 2.5-2. GOSAT FTS Level 2 products (Version 2) validation results with TCCON data: 

 (left) XCO2 and (right) XCH4 

(http://www.gosat.nies.go.jp/eng/gosat_leaflet_en.pdf) 

 

For detailed results of GOSAT and OCO-2 validation activities, see Morino et al. (2011) and 

Yoshida et al. (2013) for GOSAT and Wunch et al. (2017) for OCO-2. According to Yoshida et al. 

(2013), the biases and the standard deviations of the GOSAT Level 2 products V02.00 are -1.48 and 

2.09 ppm for XCO2 and -5.9 and 12.6 ppb for XCH4, respectively (Figure 2.5-2). According to 

Wunch et al. (2017), the absolute median differences and the RMS differences of OCO-2 XCO2 are 

less than 0.4 ppm and less than 1.5 ppm, respectively. These values are interpreted as the accuracy 

and precision of the XCO2 and XCH4 satellite data. Biases in the retrieved concentration data can be 

reduced by empirical methods (e. g. Inoue et al., 2016) or through comparisons with outputs from 

atmospheric transfer models which calculate global gas concentration distribution. 
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2006 IPCC Inventory Guidelines mentioned the use of atmospheric observations as one of the 

methods available for quality control and quality assurance of national emission inventories (IPCC, 

2006). According to the practice established in the countries (such as the UK, Switzerland and 

others) that are already using emission estimates based on the atmospheric observations to support 

the national inventory, the work of comparing the inventory to the independent estimates is shared 

between inventory compilers, atmospheric observation groups and atmospheric modelers (Manning 

et al., 2011, 2017; Henne et al., 2016). Each of the three fields (inventory, atmospheric 

measurements and modeling) requires highly specialized expertise. There are some techniques in 

each of the three fields that are not necessarily studied in detail and understood by specialists in 

adjacent fields. However, the communication between inventory compilers, atmospheric 

observation groups and modelers made while working jointly on inventory comparison leads to 

improvements in inventory compilation, atmospheric modeling and observations.  

The main objective of this section is to outline information, useful for inventory comparison 

with independent estimates of GHG emissions based on the atmospheric concentration 

measurements, and summarized in the following statements:  

(1) Atmospheric GHG concentration measurements from the ground and satellites are being 

used for estimating the emissions at national scale. The estimates have some errors 

(uncertainties), which can be made lower by using more properly located observations and 

better atmospheric transport modeling, involving spatial emissions modeling as well.  

(2) Several research groups produce GHG emissions estimates with an inverse model which 

can be made available to inventory compilers upon request. 

(3) There are global (and regional) publicly distributed inverse model estimates available for 

comparison with national inventories. 

In this chapter, the most easy to implement technique, comparing the concentration 

enhancements around large emission sources with model simulations is introduced in Section 3.1. 

Section 3.2.1 introduces the more sophisticated inverse modeling technique, section 3.2.2 gives a 

brief review of published examples of inverse model emission estimates made with satellite GHG 

observations, and section 3.2.3 outlines procedures for using publicly available inverse model 

estimates for comparison with national inventories. 

A number of techniques are employed for estimating fluxes from GHG concentration 

measurements. On the smallest scales, a mass balance approach can be used to estimate fluxes from 
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concentration measurements collected upwind and downwind of a known emission source, with 

surface and airborne measurement campaigns (Karion et al., 2013; McKain et al., 2015; Zavala-

Araiza at al., 2015). On larger scales, ranging from city to national and continental scale, inverse 

models of atmospheric transport and other methods, including inter-tracer correlation, are used to 

estimate the surface fluxes. Inverse modeling uses an atmospheric tracer transport model to 

simulate GHG concentration at observation locations given some assumed surface fluxes. Surface 

flux optimization techniques are applied to provide the best fit between observed concentrations and 

simulations with an atmospheric transport model (Enting, 2002). �� 

Similarly to ground-based measurements, use of the satellite observations for anthropogenic 

GHG emission estimates can be divided into two approaches. The first approach considers the 

concentration contrasts between observations made upwind and downwind of the large point 

sources, it relies on the same principle as mass balance studies. Another approach relies on the use 

of global or regional inverse models of atmospheric transport.  

As noticed above, atmospheric observations of GHGs can provide independent estimates of net 

fluxes. To do so at the nation-state scale with space-based observation remains a scientific 

challenge. However, in addition to independent assessment of net fluxes, atmospheric observations 

of GHGs made from space can provide useful information to support inventory compilation in a 

number of ways that relate to the transparency framework of the Paris Agreement.   

Satellite observations offer a lot of promise for quantifying greenhouse gas sources because of 

the dense observational coverage they provide. Given this, it is important to identify their strengths, 

weaknesses, and potential limitations because there may be sub-orbital datasets that could help 

mitigate limitations or remove biases in the satellite observations. The various case studies will 

continually bring in all the available observational data from surface sites, tall towers, and aircraft 

to help quantify both emissions and biases in the satellite observations.   

Similarly, it is important to view the satellites as providing complementary information to the 

bottom-up inventories. The bottom-up inventories are often used as a starting point for the case 

studies in this guidebook because they are our best available information on emissions. Satellite 

observations should be viewed as a dataset that may help to improve upon these bottom-up 

inventories but are, in general, not presently suited to quantify the emissions at the most policy-

relevant scales, on their own. As such, most of the case studies presented in this guidebook will use 

the bottom-up inventory as a starting point for their analysis, however, there is not presently a single 

methodology that is used for all scenarios. Different emission sources or spatial scales may require 

different quantitative methods to quantify emissions. The diversity of methods used in the case 

studies highlights this point. 

Current space-based observation technologies and various atmospheric model approaches today 

can provide information to improve inventories in parts of the world where reporting capabilities 
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are not yet mature or to verify reported emissions. Two particular strengths exist today that can 

serve to improve inventories:   

1. Locating unknown/un-inventoried point or large area sources. 

Two notable examples are Section 4.3 and Section 4.5. Section 4.3 uses SCIAMACHY 

observations to identify large methane emissions near the Four Corners in the Southwestern US.  

Similarly, Section 4.5 uses satellite observations of methane and finds underestimates of methane in 

Turkmenistan.  

2. Quantifying emissions for intense point sources.  

In Section 4.9 we present a method that uses the OCO-2 observations with a Gaussian plume to 

estimate emissions from individual power plants. This is feasible because of the dense and 

sufficiently high-resolution imaging observations from OCO-2 in very close proximity to the strong 

point sources and fairly homogenous topography for the selected regions which facilitated the use 

of a simple modelling approach. In contrast, studies that focus on regional-scale emissions with 

gradients in the sources themselves (i.e. a metropolitan area or larger region) must attempt to 

account for the large-scale flow patterns with a reanalysis wind data. 

The success demonstrated so far with existing observations described in this guidebook is 

encouraging, when prospects for future observational coverage are considered. GOSAT-2 (launched 

in 2018) will provide an extension and continuation of GOSAT observation time series, important 

for covering 5-year reporting period under the Paris agreement (2016-2020), and its comparison 

with a similar period before. TROPOMI (launched in 2017) provides XCH4 imaging with 7x7 km2 

pixels and a 2600-km wide swath, which is expected to be a valuable dataset for quantifying CH4 

�H�P�L�V�V�L�R�Q�V���D�W���P�D�Q�\���V�F�D�O�H�V���L�Q���W�K�H���I�X�W�X�U�H�����&�K�L�Q�D�¶�V���7�D�Q�6�D�W����operated from 2016 to 2018) is an XCO2 

imaging mission with many similarities in its instrumentation and observing approach to OCO-2. 

TanSat provided 9 ~2x2 km2 footprints across a 20-km wide swath (roughly twice as wide as OCO-

2). If these XCO2 data are of sufficient quality and made publicly available, they will be a valuable 

dataset for CO2 �V�R�X�U�F�H���H�V�W�L�P�D�W�L�R�Q�����1�$�6�$�¶�V���2�&�2-3 was deployed on the Japanese Experiment 

Module (JEM) of the International Space Station (ISS) in 2019, with a strong emphasis on target 

mode observations, imaging XCO2 in ~100x100 km2 regions of interests such as urban areas, power 

plants or other anthropogenic hotspots. CNES MicroCarb will launch in 2021 with the capability to 

�L�P�D�J�H���X�U�E�D�Q���D�U�H�D�V���L�Q���³�F�L�W�\���P�R�G�H�´���E�\���E�L�Q�Q�L�Q�J���U�D�Z���G�D�W�D���W�R�����[�����N�P2 macro-pixels across ~40x25 km2 

regions of interest. 

In the longer term, the potential to support, improve and verify greenhouse gas emission 

inventories will only accelerate. The European Commission in partnership with ESA, is exploring a 

constellation of 3-4 satellites with swath widths of 200-300 km and 2x2 km2 pixels. This project 

under consideration under the Copernicus program as a future Sentinel mission, would be the first 

operational constellation deliberately designed for anthropogenic CO2 and CH4 emission 
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monitoring and would deliver CO2 coverage orders of magnitude beyond what is currently available 

from GOSAT and OCO-2 combined. Such a constellation could launch in 2025-2026 and is 

expected to lead to major advances in our ability to monitor emissions. However, an alternate 

approach is offered by geostationary (GEO) satellites, which do not provide global coverage but can 

�I�R�F�X�V���R�Q���D���O�L�P�L�W�H�G���D�U�H�D���Z�L�W�K���I�U�H�T�X�H�Q�W���U�H�Y�L�V�L�W���U�D�W�H�V�����1�$�6�$�¶�V���*�H�R�&�D�U�E���Z�L�O�O���H�Q�D�E�O�H���G�L�X�U�Q�D�O���V�D�P�S�O�L�Q�J���R�I��

XCO2, XCH4 and XCO over land in the Americas between 50°S-50°N with 3x6 km2 pixels (sub-

satellite) beginning around 2022. An even more ambitious GEO concept, ARRHENIUS, proposed 

to ESA for Earth Explorer 10, would be situated along the equator at ~20°E and could image XCO2, 

XCH4 and XCO over Africa, the Middle East and much of Europe with 2x2 km2 pixels. For regions 

that are usually cloudy and thus poorly observed by LEO satellites, ARRHENIUS intelligent 

pointing could enable observations when the opportunity arises. ARRHENIUS was not selected, but 

other GEO missions will likely be pursued since the general pointing flexibility from GEO would 

also allow extended observations over regions of particular scientific or policy interest. Global 

diurnal coverage over land could be obtained with 3 GEO missions and highly elliptical orbit 

(HEO) satellites, such as the AIM-North mission, under consideration by Canada, to provide quasi-

geostationary observations of high latitude regions.  

A comprehensive description of existing and future satellite missions is available in a recent 

�&�R�P�P�L�W�W�H�H���R�Q���(�D�U�W�K���2�E�V�H�U�Y�D�W�L�R�Q���6�D�W�H�O�O�L�W�H�V�����&�(�2�6�����U�H�S�R�U�W�����³�$���&�R�Q�V�W�H�O�O�D�W�L�R�Q���$�U�F�K�L�W�H�F�W�X�U�H���)�R�U��

�0�R�Q�L�W�R�U�L�Q�J���&�D�U�E�R�Q���'�L�R�[�L�G�H���$�Q�G���0�H�W�K�D�Q�H���)�U�R�P���6�S�D�F�H�´��

(http://ceos.org/document_management/Virtual_Constellations/ACC/Documents/CEOS_AC-

VC_GHG_White_Paper_Publication_Draft2_20181111.pdf). Exactly which planned and proposed 

missions are realized will affect the degree of future observational coverage of XCO2, XCH4 and 

XCO, but under nearly any scenario, improvements in coverage, retrieval methods and inter-

calibration among missions are expected, that will facilitate improved anthropogenic emission 

estimation in the future, with a strong potential to support transparency and contribute to national 

greenhouse gas inventory reporting. 

 

������ �(�P�L�V�V�L�R�Q���H�V�W�L�P�D�W�H�V���E�D�V�H�G���R�Q���D�Q�D�O�\�V�L�V���R�I���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�Q�R�P�D�O�L�H�V���D�U�R�X�Q�G��

�H�P�L�V�V�L�R�Q���V�R�X�U�F�H�V 

While ground-based in situ measurements can provide estimates of GHG concentrations at the 

surface that are both precise and accurate, these measurements are spatially sparse and often 

provide no information about the atmospheric profile of these gases. In contrast, space-based 

remote sensing observations provide estimates of the column-averaged GHG concentration with 

much greater spatial resolution and coverage, but these estimates are often less precise and accurate 

as the ground-based in situ measurements. 

Accordingly, some emission estimate methods, that can be used successfully with ground-based 
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observations, are not directly applicable to satellite observations due to lower precision of the 

satellite retrievals and due to observing vertically integrated concentration, which dilutes sensitivity 

to GHG concentrations in the planetary boundary layer. In the cases where the GHG concentration 

gradients are small, the lower precision of the space-based measurements can be compensated to 

some extent by accumulating a large number of lower precision measurements. This approach can 

be applied over an extended period of time to recover information about the long-term mean 

concentration differences between clean regional background and observations made directly over 

the emission point and its plume (Schneising et al., 2008, 2011; Kort et al., 2012; Janardanan et al., 

2016, 2017; Hakkarainen et al., 2016; Turner et al., 2016; Buchwitz et al., 2017 and others). 

Notably, some OCO-2 observations of power plant plumes (Nassar et al., 2017) can be analyzed to 

yield flux estimates without long-term averaging on an event basis, due to lower single sounding 

random errors and its smaller surface footprint allowing observations of narrow plumes of high CO2 

concentration. 

A number of emission estimation methods relying on observations of the concentration 

enhancements around emission sources and their temporal trends have been developed over the past 

decade. Anthropogenic emissions of CO2, CH4, as well as NOx, CO and other pollutants lead to the 

buildup of the emitted tracers above the emission area and the transport of a high concentration 

plume downstream of the emission source (city, powerplant, etc.) by wind. Satellites observe 

increased column GHG concentration when the plume is in their observation footprint. The 

emission plumes or enhancements can be identified either by�� 

���������O�R�Q�J���W�H�U�P���D�Y�H�U�D�J�L�Q�J���R�I���W�K�H���R�E�V�H�U�Y�H�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����6�F�K�Q�H�L�V�L�Q�J���H�W���D�O���������������������������������������D����

�%�X�F�K�Z�L�W�]�����H�W���D�O�������������������� 

��������comparing with model simulations ���-�D�Q�D�U�G�D�Q�D�Q���H�W���D�O�������������������������������1�D�V�V�D�U���H�W���D�O���������������������R�U 

���������E�\���F�R�O�O�R�F�D�W�H�G���R�E�V�H�U�Y�D�W�L�R�Q���R�I���D�Q�R�W�K�H�U���S�R�O�O�X�W�L�R�Q���W�U�D�F�H�U���V�X�F�K���D�V���1�2�����E�\���2�0�,�����+�D�N�N�D�U�D�L�Q�H�Q���H�W��

�D�O�������������������D�Q�G���1�+�����E�\���*�2�6�$�7���7�,�5�����5�R�V�V���H�W���D�O���������������������R�U���W�U�D�Q�V�S�R�U�W���P�R�G�H�O���V�L�P�X�O�D�W�L�R�Q���R�I��

�S�R�O�O�X�W�L�R�Q���W�U�D�F�H�U���&�2�����3�D�U�N�H�U���H�W���D�O�������������������� 

�)�L�J�����������������L�O�O�X�V�W�U�D�W�H�V���W�K�H���W�K�U�H�H���D�S�S�U�R�D�F�K�H�V���I�R�U���H�V�W�L�P�D�W�L�Q�J���W�K�H���H�Q�K�D�Q�F�H�P�H�Q�W�V���O�L�V�W�H�G���D�E�R�Y�H����

�(�V�W�L�P�D�W�H�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���H�Q�K�D�Q�F�H�P�H�Q�W�V���D�U�H���U�H�O�D�W�H�G���W�R���H�P�L�V�V�L�R�Q�V���X�V�L�Q�J���H�L�W�K�H�U���D���V�L�P�S�O�H���Z�L�Q�G���V�S�H�H�G��

�G�H�S�H�Q�G�H�Q�W���P�R�G�H�O�����6�F�K�Q�H�L�V�L�Q�J���H�W���D�O���������������D�����%�X�F�K�Z�L�W�]�����H�W���D�O���������������������R�U���S�O�X�P�H���U�H�V�R�O�Y�L�Q�J���K�L�J�K��

�U�H�V�R�O�X�W�L�R�Q���W�U�D�Q�V�S�R�U�W���P�R�G�H�O�����.�R�U�W���H�W���D�O�������������������-�D�Q�D�U�G�D�Q�D�Q���H�W���D�O�������������������������������1�D�V�V�D�U���H�W���D�O��������������������

�7�K�H���I�R�O�O�R�Z�L�Q�J���V�H�F�W�L�R�Q�V���G�L�V�F�X�V�V���G�H�W�D�L�O�V���R�I���W�K�H�V�H���W�K�U�H�H���D�S�S�U�R�D�F�K�H�V���D�S�S�O�L�H�G���W�R���G�H�O�L�Q�H�D�W�H���D�Q�G���T�X�D�Q�W�L�I�\��

�*�+�*���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���H�Q�K�D�Q�F�H�P�H�Q�W�V���D�Q�G���W�K�H�L�U���U�H�O�D�W�L�R�Q���W�R���H�P�L�V�V�L�R�Q�V�� 
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�(�X�U�R�S�H�����I�U�R�P���6�F�K�Q�H�L�V�L�Q�J���H�W���D�O�������������������������E�����*�2�6�$�7���R�E�V�H�U�Y�D�W�L�R�Q���O�R�F�D�W�L�R�Q�V�����L�Q���U�H�G�����X�V�H�G���W�R���V�L�P�X�O�D�W�H��

�;�&�2�����X�V�L�Q�J���K�L�J�K���U�H�V�R�O�X�W�L�R�Q���W�U�D�Q�V�S�R�U�W���P�R�G�H�O���D�Q�G���&�2�����H�P�L�V�V�L�R�Q�V�����L�Q���J�U�H�\�������D�V���L�Q���-�D�Q�D�U�G�D�Q�D�Q���H�W���D�O������

�������������������F�����2�0�,���R�E�V�H�U�Y�D�W�L�R�Q�V���R�I���1�2�������W�K�D�W���S�U�R�Y�L�G�H���L�Q�I�R�U�P�D�W�L�R�Q���R�Q���³�S�R�O�O�X�W�H�G�´���Y�V���³�F�O�H�D�Q�´���D�L�U���I�R�U��

�I�L�O�W�H�U�L�Q�J���2�&�2�������R�E�V�H�U�Y�D�W�L�R�Q�V�����+�D�N�N�D�U�D�L�Q�H�Q���H�W���D�O������������������ 
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�$�V���I�R�X�Q�G���E�\���6�F�K�Q�H�L�V�L�Q�J���H�W���D�O���������������������Z�K�H�Q���D�Q�D�O�\�]�L�Q�J���6�&�,�$�0�$�&�+�<���;�&�2�����U�H�W�U�L�H�Y�D�O�V���I�R�U���D��

�S�H�U�L�R�G���R�I�������\�H�D�U�V�����������������������������E�R�W�K���W�K�H���P�H�D�V�X�U�H�P�H�Q�W���Q�R�L�V�H���D�Q�G���W�K�H���Q�R�L�V�H���L�Q�W�U�R�G�X�F�H�G���D�V���W�K�H���&�2����

�I�U�R�P���R�W�K�H�U���V�R�X�U�F�H�V���L�V���W�U�D�Q�V�S�R�U�W�H�G���R�Y�H�U���W�K�H���V�R�X�U�F�H���R�I���L�Q�W�H�U�H�V�W���E�\���W�K�H���Z�L�Q�G�V���L�V���V�X�S�S�U�H�V�V�H�G���E�\��
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���������D������ 

Applying long-term averaging is a convenient way to extract emission-related concentration 

�D�Q�R�P�D�O�L�H�V�����D�V���L�W���G�R�H�V�Q�¶�W���U�H�T�X�L�U�H���W�U�D�Q�V�S�R�U�W���P�R�G�H�O�L�Q�J���R�U��a proxy tracer observation. However, the 

quantitative value of the derived anomalies for the emission estimates is limited, as averaging sums 

up the enhancements due to emission contributions from different wind directions and at different 

wind speeds. Long-term averaging was shown to work for sensors like SCIAMACHY or OMI, 

which provide coarse wide swath observations, resulting in almost continuous observation 

coverage. In the case of narrow swath instruments, like OCO-2, or coarse footprint sampling 

observations, as in the case of GOSAT, a modified approach to long-term averaging will be needed. 

 

���������� �+�L�J�K���U�H�V�R�O�X�W�L�R�Q���W�U�D�Q�V�S�R�U�W���P�R�G�H�O�L�Q�J 

Janardanan et al., (2016, 2017), and Heymann et al., (2017) used high-resolution transport 

models to simulate each GHG plume transported by wind from strong emission sources, while 

Nassar et al., (2017) used simple Gaussian plume model for this purpose.  

In addition to filtering the observations by a threshold value of simulated enhancements, 
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Janardanan et al. (2016, 2017) applied binned averaging of the observed enhancements that resulted 

in a large reduction in observation noise, making the relationship between modeled and observed 

enhancements visibly close to linear. In this approach, a simple ratio of the mean observed to 

simulated enhancements or a regression slope value is used as a correction factor for adjusting the 

emission intensities provided by an emission inventory to match the observed concentrations�� 

�8�V�L�Q�J���W�U�D�Q�V�S�R�U�W���P�R�G�H�O�L�Q�J���K�D�V���W�K�H���P�H�U�L�W���R�I���D�O�O�R�Z�L�Q�J���E�R�W�K���H�[�W�U�D�F�W�L�R�Q���R�I���W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q��

�D�Q�R�P�D�O�L�H�V���D�Q�G���W�D�N�L�Q�J���Z�L�Q�G���V�S�H�H�G���L�Q�W�R���D�F�F�R�X�Q�W���Z�K�H�Q���U�H�O�D�W�L�Q�J���W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�Q�R�P�D�O�L�H�V���W�R���V�X�U�I�D�F�H��

�H�P�L�V�V�L�R�Q�V�����+�R�Z�H�Y�H�U�����W�K�H�U�H���D�U�H���D�O�V�R���P�X�O�W�L�S�O�H���G�L�I�I�L�F�X�O�W�L�H�V���L�Q���D�S�S�O�\�L�Q�J���W�K�H���O�R�F�D�O���V�F�D�O�H���W�U�D�Q�V�S�R�U�W��

�P�R�G�H�O�L�Q�J�����L�Q�F�O�X�G�L�Q�J���� 

�������� �X�Q�F�H�U�W�D�L�Q�W�L�H�V���U�H�O�D�W�H�G���W�R���G�H�I�L�Q�L�Q�J���D���F�O�H�D�Q���E�D�F�N�J�U�R�X�Q�G���� 

�������� �D���Q�H�H�G���I�R�U���D�F�F�X�U�D�W�H���K�L�J�K���U�H�V�R�O�X�W�L�R�Q���Z�L�Q�G���G�D�W�D�����U�H�V�R�O�Y�L�Q�J���F�R�D�V�W�D�O���D�L�U���F�L�U�F�X�O�D�W�L�R�Q�V���D�Q�G��

�W�R�S�R�J�U�D�S�K�L�F���H�I�I�H�F�W�V�����D�Q�G 

�������� �F�R�U�U�H�O�D�W�H�G���H�U�U�R�U�V���G�X�H���W�R���D�H�U�R�V�R�O���O�R�D�G�L�Q�J���O�H�D�G�L�Q�J���W�R���U�H�W�U�L�H�Y�D�O���E�L�D�V�H�V�� 

 

���������� �8�V�H���R�I���W�K�H���F�R�O�O�R�F�D�W�H�G���R�E�V�H�U�Y�D�W�L�R�Q�V���R�I���D�Q�R�W�K�H�U���W�U�D�F�H�U���R�I���D�W�P�R�V�S�K�H�U�L�F���S�R�O�O�X�W�L�R�Q 

Use of high-resolution transport modeling in backward transport mode (Janardanan et al., 2016, 

2017) requires a large volume of computations in cases of satellite instruments that produce a large 

amount of data (like OCO-2). In that case, collocated observations of another tracer can be applied 

to detect the observations influenced by GHG emissions and separate them from observations made 

in the clean air.�� 

In Nassar et al. (2017), OCO-2 observations from direct overpasses or close flybys of 

individual coal-burning power plants were fit to simulations using a vertically-integrated Gaussian 

plume model. This required conversion of the OCO-2 observations to XCO2 enhancements relative 

to the background and converting plume model enhancements from gC/m2 to ppm. Although the 

approach avoids simple averaging of the data so that it can utilize gradients within the emission 

plume, each emission estimate was based on from 17 to 167 (mean of 66) OCO-2 footprints from 

the plume and larger numbers for the background (126-489, mean of 310). An associated method 

for quantifying emission estimate uncertainties accounts for the impact of wind speed uncertainty, 

background uncertainties, observation enhancement uncertainties and potential interfering emission 

sources. More details on this study are given in the case study section of the Guidebook. 

�+�D�N�N�D�U�D�L�Q�H�Q���H�W���D�O�������������������F�R�Q�V�W�U�X�F�W�H�G���&�2�����D�Q�R�P�D�O�\���P�D�S�V���I�U�R�P���2�&�2�������G�D�W�D�����D�Q�G���W�K�H�Q���X�V�H�G��

�1�2�����R�E�V�H�U�Y�D�W�L�R�Q�V���I�U�R�P���2�0�,���W�R���G�H�W�H�U�P�L�Q�H���Z�K�H�W�K�H�U���W�K�H�V�H���D�Q�R�P�D�O�L�H�V���Z�H�U�H���F�R�U�U�H�O�D�W�H�G���Z�L�W�K���I�R�V�V�L�O���I�X�H�O��

�R�U���E�L�R�P�D�V�V���E�X�U�Q�L�Q�J���V�R�X�U�F�H�V�����5�R�V�V���H�W���D�O�������������������X�V�H�G���*�2�6�$�7���7�,�5���1�+�����R�E�V�H�U�Y�D�W�L�R�Q�V���W�R���L�G�H�Q�W�L�I�\��

�V�X�U�I�D�F�H���*�2�6�$�7���I�R�R�W�S�U�L�Q�W�V���L�Q�I�O�X�H�Q�F�H�G���E�\���E�L�R�P�D�V�V���E�X�U�Q�L�Q�J�����D�Q�G���S�U�R�F�H�H�G�H�G���Z�L�W�K���X�V�L�Q�J���W�K�H���G�D�W�D���I�R�U��

�G�H�U�L�Y�L�Q�J���W�K�H���U�D�W�L�R���R�I���&�+�����W�R���&�2�����H�P�L�V�V�L�R�Q�V���E�\���E�L�R�P�D�V�V���E�X�U�Q�L�Q�J�����3�D�U�N�H�U���H�W���D�O�������������������X�V�H�G��

�V�L�P�X�O�D�W�L�R�Q�V���R�I���&�2���W�U�D�Q�V�S�R�U�W���G�U�L�Y�H�Q���E�\���E�L�R�P�D�V�V���E�X�U�Q�L�Q�J���H�P�L�V�V�L�R�Q�V���W�R���G�H�W�H�F�W���L�Q�I�O�X�H�Q�F�H�V���R�I���E�L�R�P�D�V�V��
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�E�X�U�Q�L�Q�J���L�Q���*�2�6�$�7���I�R�R�W�S�U�L�Q�W�V�����D�O�V�R���I�R�U���G�H�U�L�Y�L�Q�J���U�D�W�L�R���R�I���&�+�����W�R���&�2�����H�P�L�V�V�L�R�Q�V�� 

�8�V�L�Q�J���D���U�H�I�H�U�H�Q�F�H���W�U�D�F�H�U���R�I���D�W�P�R�V�S�K�H�U�L�F���S�R�O�O�X�W�L�R�Q���Z�D�V���V�K�R�Z�Q���W�R���E�H���V�R�P�H�W�L�P�H�V���P�R�U�H���D�F�F�X�U�D�W�H��

�W�K�D�Q���K�L�J�K���U�H�V�R�O�X�W�L�R�Q���W�U�D�Q�V�S�R�U�W���P�R�G�H�O�L�Q�J���I�R�U���G�L�V�F�U�L�P�L�Q�D�W�L�Q�J���E�H�W�Z�H�H�Q���S�R�O�O�X�W�H�G���Y�H�U�V�X�V���F�O�H�D�Q��

�E�D�F�N�J�U�R�X�Q�G���D�L�U�����2�Q�H�\���H�W���D�O���������������������/�L�P�L�W�D�W�L�R�Q�V���D�U�H���D�O�V�R���S�U�H�V�H�Q�W�������������D�O�W�K�R�X�J�K���W�K�H���P�H�W�K�R�G���L�V���J�R�R�G���I�R�U��

�H�[�W�U�D�F�W�L�Q�J���D�Q�R�P�D�O�L�H�V���U�H�O�D�W�H�G���W�R���F�R�P�E�X�V�W�L�R�Q�����R�W�K�H�U���S�U�R�F�H�V�V�H�V�����I�X�J�L�W�L�Y�H���H�P�L�V�V�L�R�Q�V���R�I���P�H�W�K�D�Q�H����

�F�R�U�U�H�O�D�W�H���W�R���F�R�P�E�X�V�W�L�R�Q���L�Q�W�H�Q�V�L�W�\�����1�2�������&�2�����R�Q�O�\���D�W���P�X�F�K���O�D�U�J�H�U���V�F�D�O�H�V�������������W�K�H���H�P�L�V�V�L�R�Q���H�V�W�L�P�D�W�H�V��

�G�H�S�H�Q�G���R�Q���X�Q�F�H�U�W�D�L�Q�W�\���R�I���W�K�H���U�H�I�H�U�H�Q�F�H���W�U�D�F�H�U���H�P�L�V�V�L�R�Q�V�����D�Q�G���D�F�F�R�X�Q�W�L�Q�J���I�R�U���F�K�H�P�L�F�D�O���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q��

�R�I���W�K�H���U�H�I�H�U�H�Q�F�H���W�U�D�F�H�U�� 

 

������ �$�Q�W�K�U�R�S�R�J�H�Q�L�F���*�+�*���H�P�L�V�V�L�R�Q���H�V�W�L�P�D�W�H�V���E�D�V�H�G���R�Q���L�Q�Y�H�U�V�H���P�R�G�H�O�L�Q�J 

���������� �,�Q�W�U�R�G�X�F�W�L�R�Q���W�R���W�K�H���D�W�P�R�V�S�K�H�U�L�F���L�Q�Y�H�U�V�H���P�R�G�H�O�L�Q�J���D�S�S�U�R�D�F�K 

Inverse models combine information about the atmospheric transport with observations of 

GHG concentrations and adjust the surface fluxes to produce a good fit of the transport model 

simulation to the observations. Inverse models have been used along with ground based GHG 

observations to regional and national scale anthropogenic non-CO2 GHG emission estimates (Stohl 

et al., 2009; Manning et al., 2011; Miller et al., 2013; Henne et al., 2016 and others) and city-scale 

CO2 emissions (Brioude et al., 2013; Breon et al., 2015; Lauvaux, et al., 2016). In flux inversion 

experiments that use sparse, but accurate surface GHG measurements, the number of observations 

is critical as the strength of the observational constraint for estimated fluxes is proportional to the 

number of available observations and inversely proportional to the uncertainty of a single 

�R�E�V�H�U�Y�D�W�L�R�Q�����(�Q�W�L�Q�J�������������������7�K�X�V�����D�V���S�R�L�Q�W�H�G���R�X�W���E�\���5�D�\�Q�H�U���D�Q�G���2�¶�%�U�L�H�Q���������������������V�D�W�H�O�O�L�W�H��

observations available in large volume over regions underrepresented by the surface network are 

useful for surface flux estimates, even when taken with a precision lower than that of the ground-

based observations. Inverse modeling techniques that were developed for estimating surface fluxes 

with ground-based observations (Rayner et al., 1999; Rodenbeck et al., 2003; Niwa et al., 2017) are 

being applied to satellite observations as well (Meirink et al., 2008; Maksyutov et al., 2013; 

Houweling et al., 2015; Turner et al., 2015 and others). There are also several reviews of methods 

which have been tested and applied to use of the GHG concentration observations for emission 

estimates at local and regional scale (Jacob et al., 2016, Streets et al., 2013). 

An inverse model relies on an atmospheric transport model to simulate the concentrations of 

emitted tracers at the observation locations with emission intensity fields and tries to find a surface 

emission field that provides the best match between simulated and observed data. Due to the limited 

spatial and temporal resolution of the winds and other limitations of the atmospheric transport 

models, the mismatch between observed and optimized data can be larger than the GHG 

measurement errors obtained with accurate in-situ or flask sampling observations.  

In the region-based inverse modeling, fluxes (�O) for a limited number of regions are estimated 
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by optimizing the agreement between observed and modeled concentrations. For example, in the 

GOSAT Level 4 product (CH4) inverse model (Kim et al., 2018), the size of vector �O for each 

month is set to the number of CH4 emission groups (three emission groups of biomass burning, 

anthropogenic and natural sources) times the number of source regions (42 sub-continental scale 

land regions (Patra et al., 2005) and global ocean as one region, resulting in the estimation of 129 

elements of vector �O for each month. Bayesian inverse modeling (e.g. Enting, 2002) adds the 

deviations of the regional fluxes from a priori flux estimates (�O�ã�å�Ü�â�å) to the sum of the misfits 

between model simulation and observations, resulting in a combined cost function �,�:�O�; which is 

defined as:  

 �,�:�O�; 
L
�5

�6
�:�V
F �*�O�;�Í �4�?�5�:�V
F�*�O�; 
E

�5

�6

k�O
F�O�ã�å�Ü�â�å
o

�Í
�3�?�5
k�O
F�O�ã�å�Ü�â�å
o                  

Here �*  is a matrix of the responses at each of observations to pulse emissions, �V is a vector 

of observations. �4 and �3 are diagonal matrices, called error covariance matrices, for the model-

data mismatch and a priori flux estimates respectively. The diagonal elements of �4 are the squared 

data errors, while diagonal elements of �3 are the squared flux uncertainties. Thus, the model-

observation misfit is weighted by data uncertainties (combined model and data error estimates) and 

flux deviation from prior flux is weighted by flux uncertainties.  

Optimal (a posteriori) flux estimates are obtained by minimizing a cost function �,�:�O�;�ä��At the 

minimum of �,�:�O�; with respect to �O, the best fit �O�• can be expressed as (see Enting, 2002): 

 �O�•
L �O�ã�å�Ü�â�å
E�:�* �Í �4�?�5�* 
E�3�?�5�;�?�5�* �Í �4�?�5�:�V
F�* �O�ã�å�Ü�â�å�;.               

It is convenient that error estimates of the optimized fluxes can also be derived from data 

uncertainties and flux uncertainties. Assuming the uncertainties of flux estimates and atmospheric 

CH4 observations to have a Gaussian distribution, the estimated flux errors can be derived in a form 

of a posteriori error covariance matrix �3�• that is found analytically (Enting, 2002): 

 �3�•
L �:�* �Í �4�?�5�* 
E�3�?�5�;�?�5.                         

Readers with inventory background, can find that the mathematical procedures used in 

derivation to the error estimates in the inverse modeling are based on same statistical ideas as the 

techniques used to propagate errors from the uncertainties in inventory input data to the national 

inventory (see Chapter 3, in IPCC, (2006)). 

A brief outline of the inverse modeling approach as a mathematical formulation of the flux 

optimization problem is also given in Section 4.6.2 of this Guidebook, while more detailed 

description can be found in (Enting, 2002) and other texts on inverse modeling (Gelb, 1974; 

Rodgers, 2000; Tarantola, 2005). 

�,�Q���I�X�W�X�U�H�����D���F�R�P�E�L�Q�D�W�L�R�Q���R�I���W�K�H���P�D�V�V���E�D�O�D�Q�F�H���W�\�S�H���R�I���P�R�G�H�O�V���L�Q�W�U�R�G�X�F�H�G���L�Q���V�H�F�W�L�R�Q�����������D�Q�G��

�L�Q�Y�H�U�V�H���P�R�G�H�O�V���F�D�Q���E�H���L�P�S�O�H�P�H�Q�W�H�G�����$���F�R�P�E�L�Q�H�G���R�E�V�H�U�Y�D�W�L�R�Q���G�U�L�Y�H�Q���I�O�X�[���L�Q�Y�H�U�V�L�R�Q���D�S�S�U�R�D�F�K���V�K�R�X�O�G��

�L�Q�F�O�X�G�H���W�K�H���I�R�O�O�R�Z�L�Q�J���V�W�H�S�V�� 
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�������8�V�H���K�L�J�K���U�H�V�R�O�X�W�L�R�Q�����V�S�D�F�H���E�D�V�H�G���P�H�D�V�X�U�H�P�H�Q�W�V���R�I���;�&�2�����D�Q�G���;�&�+�����D�O�R�Q�J���Z�L�W�K���P�D�V�V���E�D�O�D�Q�F�H��

�P�R�G�H�O�V���W�R���L�G�H�Q�W�L�I�\���D�Q�G���T�X�D�Q�W�L�I�\���I�O�X�[�H�V���H�P�L�W�W�H�G���W�K�H���W�R�S���H�P�L�W�W�H�U�V���Z�L�W�K���D���U�H�J�L�R�Q���R�I���L�Q�W�H�U�H�V�W�� 

�������8�V�H���W�K�L�V���D�V���D���V�W�D�U�W�L�Q�J���S�R�L�Q�W���I�R�U���K�L�J�K���V�S�D�W�L�D�O���U�H�V�R�O�X�W�L�R�Q���I�O�X�[���L�Q�Y�H�U�V�L�R�Q���D�Q�D�O�\�V�L�V���S�H�U�I�R�U�P�H�G���W�R��

�L�G�H�Q�W�L�I�\���W�K�H���V�S�D�W�L�D�O�O�\���G�L�V�W�U�L�E�X�W�H�G���Q�D�W�X�U�D�O���D�Q�G���D�Q�W�K�U�R�S�R�J�H�Q�L�F���V�R�X�U�F�H�V���D�Q�G���V�L�Q�N�V�� 

�������7�K�H���U�H�V�X�O�W�V���R�I���W�K�L�V���D�Q�D�O�\�V�L�V���F�D�Q���E�H���F�R�P�S�D�U�H�G���G�L�U�H�F�W�O�\���W�R���E�R�W�W�R�P���X�S���J�U�L�G�G�H�G���I�O�X�[���L�Q�Y�H�Q�W�R�U�L�H�V��
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�U�H�G�X�F�H���I�O�X�[���X�Q�F�H�U�W�D�L�Q�W�\���E�\���������������� ���D�Q�G 
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�O�D�Q�G���D�U�H�D���L�Q���H�D�F�K���J�U�L�G���F�H�O�O���R�I���W�K�H���H�P�L�V�V�L�R�Q���G�D�W�D���J�U�L�G�����I�U�D�F�W�L�R�Q�D�O���R�Y�H�U�O�D�S���E�H�W�Z�H�H�Q���G�D�W�D���J�U�L�G���F�H�O�O��

�E�R�X�Q�G�D�U�L�H�V���D�Q�G���Q�D�W�L�R�Q�D�O���E�R�U�G�H�U�V�������8�V�H���D�U�H�D���I�U�D�F�W�L�R�Q���W�R���F�D�O�F�X�O�D�W�H���Q�D�W�L�R�Q�D�O���W�R�W�D�O���H�P�L�V�V�L�R�Q���I�R�U��

�H�D�F�K���W�L�P�H���S�H�U�L�R�G�����X�V�X�D�O�O�\���D�Y�D�L�O�D�E�O�H���D�W���P�R�Q�W�K�O�\���W�L�P�H���V�W�H�S�������E�\���V�X�P�P�L�Q�J���J�U�L�G���H�P�L�V�V�L�R�Q�V��

�P�X�O�W�L�S�O�L�H�G���E�\���W�K�H���I�U�D�F�W�L�R�Q���R�I���Q�D�W�L�R�Q�D�O���O�D�Q�G���D�U�H�D�����'�H�U�L�Y�H���Q�D�W�L�R�Q�D�O���W�R�W�D�O���I�R�U���H�D�F�K���\�H�D�U���E�\��

�V�X�P�P�L�Q�J���W�K�H���P�R�Q�W�K�O�\���W�R�W�D�O���H�P�L�V�V�L�R�Q�V�� 
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�X�Q�F�H�U�W�D�L�Q�W�\���H�V�W�L�P�D�W�H�V���L�V���S�U�R�Y�L�G�H�G���W�R�J�H�W�K�H�U���Z�L�W�K���L�Q�Y�H�U�V�H���P�R�G�H�O�L�Q�J���U�H�V�X�O�W�V�� 

���� �:�K�H�Q���W�K�H���Q�X�P�E�H�U���R�I���D�Y�D�L�O�D�E�O�H���L�Q�Y�H�U�V�H���P�R�G�H�O�L�Q�J���S�U�R�G�X�F�W�V���L�V���J�U�H�D�W�H�U���W�K�D�Q���R�Q�H�����U�H�P�D�S���W�R��

�Q�D�W�L�R�Q�D�O���W�R�W�D�O���I�R�U���H�D�F�K���\�H�D�U���I�R�U���D�O�O���W�K�H���D�Y�D�L�O�D�E�O�H���S�U�R�G�X�F�W�V�����,�W���L�V���X�V�H�I�X�O���W�R���L�Q�F�O�X�G�H���L�Q���W�K�H��

�F�R�P�S�D�U�L�V�R�Q���Q�D�W�L�R�Q�D�O���W�R�W�D�O���H�V�W�L�P�D�W�H�V���Z�L�W�K���H�D�F�K���D�Y�D�L�O�D�E�O�H���L�Q�Y�H�U�V�H���P�R�G�H�O�L�Q�J���S�U�R�G�X�F�W�����D�V���L�Q��

���%�H�U�J�D�P�D�V�F�K�L���H�W���D�O������������������ 

 

�7�K�H���D�E�R�Y�H���V�W�H�S���E�\���V�W�H�S���J�X�L�G�D�Q�F�H���L�V���L�O�O�X�V�W�U�D�W�H�G���L�Q���W�K�H���I�R�O�O�R�Z�L�Q�J���G�L�D�J�U�D�P�����)�L�J���������������� 

 

 

�)�L�J�����������������6�W�H�S���E�\���V�W�H�S���S�U�R�F�H�G�X�U�H���I�R�U���H�[�W�U�D�F�W�L�Q�J���W�K�H���Q�D�W�L�R�Q�D�O�����U�H�J�L�R�Q�D�O�����W�R�W�D�O���H�P�L�V�V�L�R�Q�V���I�U�R�P���L�Q�Y�H�U�V�H��

�P�R�G�H�O�L�Q�J���S�U�R�G�X�F�W�V�� 
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���������R�I���W�K�L�V���*�X�L�G�H�E�R�R�N���� 
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