
Satellite observations to support 
monitoring of greenhouse gas emissions

Aim

The aim of this paper is to provide an overview of the ways in which satellite-
based Earth observations can provide information to better understand, 
estimate and mitigate the emissions of the greenhouse gases carbon dioxide 
and methane (CO2 and CH4). Some key satellite datasets and their applications 
for studying greenhouse gas emissions are described, separating the 
observations into two types: measurements of atmospheric concentrations and 
measurements of Earth’s surface. More detailed information on current activities, 
as well as the potential and planning for future applications, is available from 
several resources (see Further Information, page 12).
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DR STEPHEN HARDWICK AND DR HEATHER GRAVEN

Headlines

• Satellites produce high-resolution global observations of Earth’s surface and 
atmosphere that provide information about greenhouse gas emissions.

• Satellites are used to measure atmospheric concentrations of carbon dioxide 
and methane. This information is incorporated into atmospheric and statistical 
models to estimate global and regional sources and sinks of these gases.

• Satellite observations of Earth’s surface provide data on land cover, fires, 
human population and infrastructure, and the biomass and biological activity 
of vegetation. These data are used to quantify greenhouse gas emissions 
from land use change and biomass burning, to estimate the spatial 
distribution of fossil fuel combustion, and to determine flows of greenhouse 
gases from terrestrial and marine ecosystems.

• National and international initiatives are being coordinated to sustain, 
advance and share satellite observations. 

www.imperial.ac.uk/climatechange/publications
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Introduction

Satellite technology has transformed our ability to observe the 
state of our planet. Our understanding of the Earth and its key 
systems has improved significantly since the launch of the first 
observation satellites in the 1960s. Satellites have the unique 
ability to provide global coverage of the Earth’s surface and 
atmospheric composition that is not possible using ground-
based monitoring techniques. The improvements in weather 
forecasting and natural resource management that have been 
made possible by Earth observation satellites have had large 
socio-economic benefits1.

Atmospheric concentrations of greenhouse gases have risen 
sharply in recent decades as a result of human activity. 
The changes in climate that can be expected as a result of the 
ongoing emissions of greenhouse gases could have large, 
harmful impacts on human wellbeing2. Consequently, there have 
been international efforts to reduce greenhouse gas emissions, 
with many countries setting legally binding targets for reductions 
over the coming decades. 

Greenhouse gas emissions are calculated using standardised 
bookkeeping approaches based on economic and land 
management data3. Emission factors relate the economic and 
land management data, also known as activity data, to the 
emissions of greenhouse gases, for example the amount of CO2 
released per unit of fuel combusted. Uncertainties in emissions 
can arise either from the activity data or from the emission 

Greenhouse gases
Greenhouse gases absorb infrared radiation emitted by the 
Earth’s surface, atmosphere and clouds that would otherwise 
be emitted to space. The absorption and re-emission of infrared 
radiation by greenhouse gases warms the Earth’s lower 
atmosphere and surface, a process known as the “Greenhouse 
Effect”. The accumulation of greenhouse gases emitted by 
human activities is enhancing the Greenhouse Effect and it is 
the primary cause of climate change2. 

The main anthropogenic (human-induced) greenhouse gas 
emissions are in the form of carbon dioxide, CO2, which is 
emitted by fossil fuel combustion, cement production and land 
use changes including deforestation. Methane, CH4, is emitted 
by the extraction and distribution of fossil fuels and by 
agriculture and waste, in addition to other sources. Other 
important greenhouse gases include N2O, emitted mainly 
through fertiliser use in agriculture, and CFCs 
(chlorofluorocarbons) and other fluorine-containing gases that 
have several uses including refrigeration and air conditioning. 

factors used, which can often be hard to measure or highly 
variable in different circumstances. Uncertainties on these 
“bottom-up” calculations of CO2 emissions from developed 
countries are less than 10%4,5. Emissions of CO2 from developing 
countries and emissions of other greenhouse gases generally 
have larger uncertainties. Satellites have the ability to provide 
activity data for “bottom-up” calculations of greenhouse gas 
emissions, as well as data to validate emissions estimates.

Atmospheric CO2, CH4 and the global 
carbon cycle

CO2 and CH4 are naturally-occurring gases in Earth’s atmosphere. 
CO2 is produced by plants, animal and bacterial respiration, 
and is consumed by photosynthesis. A vast amount of CO2  
is dissolved in the oceans and CO2 is exchanged between the 
atmosphere and the surface ocean in response to temperature, 
ocean mixing, and photosynthesis and respiration by marine 
organisms. Other natural CO2 exchanges are shown in Figure 1. 

The amount of CO2 produced each year by human activities 
is a small fraction of the natural exchanges of CO2 in the global 
carbon cycle, but anthropogenic CO2 emissions are perturbing 
the natural balance of CO2 and causing its atmospheric 
concentration to rise (Figure 2). Not all of the emitted CO2  
is accumulating in the atmosphere, however. Approximately  
half accumulates in the ocean and in terrestrial ecosystems.

CH4 is produced by wetlands, animals, wildfires and geological 
seeps, as well as human activities involving fossil fuels, 
agriculture and waste. The amount of CH4 produced each year 
by human activities is roughly equivalent to the amount 
produced by natural processes. Atmospheric CH4 is removed 
primarily by chemical oxidation.

Ground-based measurements of atmospheric CO2 and CH4 
concentrations began in the 1950s and 1970s, and measurement 
networks have since expanded to include over a hundred sites 
around the globe (Figure 2). The observations show increasing 
trends in concentration of about 0.5 % per year and spatial 
gradients relating to sources and sinks of CO2 and CH4. 
Both gases have higher concentrations in the northern 
hemisphere because emissions are concentrated in the 
densely populated regions between 20° and 60°N. The seasonal 
fluctuations in CO2 concentration are a result of the uptake of 
CO2 during photosynthesis by plants in the northern hemisphere 
summer and the subsequent release through respiration during 
the winter. Concentrations of CH4 are low in the summer because 
chemical reactions destroy CH4 more rapidly in summer.
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Figure 1: Schematic of the global 
carbon cycle. Numbers represent 
the carbon stocks in each 
reservoir and the annual carbon 
exchange flows in units of PgC 
and PgC per year. One PgC is one 
billion tonnes of carbon. Black 
numbers are estimates of the 
natural carbon cycle, prior to the 
Industrial Era, and red numbers 
indicate anthropogenic (human-
induced) flows and stocks 
averaged over 2000-2009.  
Taken from IPCC, 20132.

Figure 2: Top: Atmospheric observations of CO2 and CH4 at 
Mauna Loa and the South Pole. Credit: NOAA and Scripps CO2 
Program. Bottom: Map of ground-based measurement sites 
contributing to the World Meteorological Organization’s World 
Data Centre for Greenhouse Gases. Credit: JMA.
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Satellite measurements of atmospheric 
CO2 and CH4 concentrations

Compared to ground-based measurements, the key advantage  
of satellite-based measurements is their ability to provide global 
coverage. Satellite measurements derive atmospheric 
concentrations of gases using the properties of gases to absorb 
electromagnetic radiation at specific wavelengths. These 
instruments primarily use solar radiation that is reflected off the 
Earth’s surface, but some can use radiation emitted by the Earth or 
from lasers on-board the satellite. An instrument that measures 
radiation at specific wavelengths is known as a spectrometer.

Satellite-based spectrometers use several wavelengths to 
measure CO2 and CH4 according to their absorption spectra 
(Figure 3). Satellites that observe shorter near infrared 
wavelengths are sensitive to CO2 concentrations near the surface 
and, therefore, these have proved most useful for investigating 
surface emissions6. Other satellites have been used to detect CO2 
concentrations in the mid-troposphere approximately 6 to 11 km 
above the Earth’s surface using longer thermal infrared 
wavelengths (e.g. AIRS and IASI satellites). 

Detection of column-averaged CO2, the average concentration  
of CO2 within a vertical column from Earth’s surface to the top of 
the atmosphere, relies on measuring absorption in three near 
infrared wavelength bands. These bands are the weak and strong 
CO2 absorption bands in the vicinity of 1.58 and 2.06 µm, 
respectively, and the molecular oxygen (O2) A-band in the vicinity 
of 0.76 µm7. Absorption at the weak CO2 band at 1.58 µm allows 
the column-averaged CO2 to be measured because there is very 
little absorption by other atmospheric gases at this wavelength. 
However, absorption can also be affected by variations in surface 
pressure due to topography or local weather conditions, or by 
clouds or aerosols. 

To account for variations in absorption due to surface pressure 
and to detect clouds, absorption spectra at the O2 A-band at 
0.76 µm are used. Atmospheric O2 concentrations are constant 
and, therefore, absorption spectra in the O2 A-band can be used 
to derive the surface pressure and the effects of scattering by 
clouds and aerosols. Observations at the strong absorption band 
of CO2 at 2.06 µm are used to further constrain the impacts of 
aerosols on estimates of full column CO2, as absorption in this 
band is very sensitive to the presence of aerosols. Observations 
of the column CH4 concentration are made using the same 
principles as those of CO2. Measurements are made based upon 
CH4 absorption of wavelengths in the vicinity of 1.67 µm.

Generally, only cloud-free observations can be used to make 
atmospheric concentration measurements of CO2 and CH4. 
Satellites that are designed to measure atmospheric greenhouse 
gas concentrations make simultaneous measurements of clouds 
in conjunction with the CO2 and CH4 spectrometer to allow 
observations affected by clouds to be flagged and discarded. 
Therefore, frequently clouded regions such as the tropics tend 
to have poorer coverage.

In nadir viewing mode, the instrument is pointed downwards 
towards the surface, measuring absorption of reflected sunlight in 
the atmospheric column directly below the satellite. Because the 
measurements rely on reflected sunlight, nadir measurements are 
not possible over dark surfaces, such as the ocean. An alternate 
viewing mode can be used, glint mode, in which the instrument is 
angled to point at the bright glint spot on the Earth’s surface 
where specular reflection of solar radiation occurs. The use of 
reflected sunlight also means that observations cannot be made 
at night-time or at high latitudes during the winter months. 

Figure 3: Left: An illustration of satellite detection of reflected solar radiation by the OCO-2 satellite. The intensity of the detected 
radiation at different wavelengths depends on the abundance of different gases within the portion of the atmosphere traversed by the 
radiation. Credit: NASA/JPL. Right: Absorption lines observed by GOSAT to determine column-averaged concentrations of CO2 and CH4.
Inset panels show spectral bands of GOSAT with expanded wavelength axis; the red arrow indicates the wavelength range of Band 4. 
Credit: JAXA.
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Current satellites measuring CO2 and CH4 use orbits at around 
600 km altitude that pass close to the Earth’s poles. As the Earth 
rotates beneath the satellite, each pass the satellite makes over 
the surface is displaced in longitude from the previous pass. 
The width of the Earth’s surface observed by the satellite is 
known as the swath. The footprint refers to the area of an 
individual measurement within the swath.

Another observational approach uses geostationary satellites, 
which orbit the Earth at around 36,000 km altitude such that 
their orbital period is synchronous with Earth’s rotation and 
they remain in constant view of a particular region. 
Geostationary satellites provide multiple measurements per day 
and could be particularly useful for observing urban areas8.

Calibration and validation
All in situ and remotely sensed data are linked to standard CO2 
concentrations maintained by calibration laboratories9. The Total 
Column Carbon Observing Network (TCCON) is a network of 
ground-based Fourier Transform Spectrometers that provide 
accurate measurements of column CO2, CH4 and other gases10. 
One of the main purposes of TCCON is to validate the 
observations of satellites11. After a satellite has been launched, 
its instruments need to be regularly calibrated to ensure they are 
providing accurate and consistent measurements over the 
lifetime of the mission. Properties of the instrument can change, 
and the satellite’s orbital characteristics can drift over time. 
Column readings made at individual TCCON sites have 
themselves been calibrated using airborne observations of 
atmospheric composition. Airplanes or balloons are used to 
directly sample the air at different altitudes, allowing accurate 
measurements of column averages to be derived12. While TCCON 
is very useful for satellite measurements made over land, 
there is  a need for better calibration of measurements made 
over the ocean13.

Current satellite observations of CO2 and CH4 
concentrations

There have been three satellite missions to measure column-
averaged CO2 and/or CH4 concentrations: SCIAMACHY, GOSAT and 
OCO-2. SCIAMACHY ended in 2012, while GOSAT and OCO-2 are 
currently operating. The missions are briefly summarised below, 
and their spatial sampling patterns are illustrated in Figure 4. 

The Scanning Imaging Absorption Monitoring 
Spectrometer for Atmospheric Chartography 
(SCIAMACHY) 
SCIAMACHY was launched on board Envisat, a European Space 
Agency (ESA) satellite which operated from 2002 to 2012. 
SCIAMACHY provided the earliest record of total column CO2 and 
CH4 measurements with precision of 2-5 ppm in CO2 and 30-50 
ppb in CH4, with a spatial resolution of 30 x 60 km2 14. SCIAMACHY 
had a swath width of 960 km and in standard operation it achieved 
full global coverage in nadir viewing mode every six days. 

The Greenhouse Gases Observing Satellite 
(GOSAT)
GOSAT is operated by the Japanese Aerospace Exploration Agency 
(JAXA), the Japanese Ministry of the Environment (MOE) and the 
National Institute for Environmental Studies (NIES). Launched in 
January 2009, GOSAT was the first satellite dedicated to the 
monitoring of greenhouse gases in the atmosphere. GOSAT is 
equipped with a spectrometer (TANSO-FTS) and a cloud and 
aerosol imager (TANSO-CAI)15. GOSAT generally records three to 
five footprints of 10 km diameter across its 700 km swath, 
achieving global coverage in three days. Measurement precision is 
2-3 ppm in CO2 and approximately 15 ppb in CH4

16.

The Orbiting Carbon Observatory 2 (OCO-2) 
OCO-2 is operated by the US National Aeronautics and Space 
Administration (NASA) and was launched in July 2014. OCO-2 has 
a higher precision of approx. 0.5 ppm and high spatial resolution 
(1 x 1.5 km2), but it has a narrow swath of 10 km. OCO-2 achieves 
near global coverage every 16 days, however, because of its 
narrow swath there are areas between its orbital tracks over 
which measurements are not made (Figure 4). OCO-2 switches 
between nadir and glint viewing mode. OCO-2 also has a special 
target mode, in which it focuses its measurement on a specific 
area, such as a TCCON site.

Figure 4: Swath and footprint size of satellites OCO-2, GOSAT and 
SCIAMACHY, compared to the scale of a city (Berlin) or a country 
(Germany). Source: Buchwitz et al. 201017.
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Estimating fluxes based on atmospheric 
concentrations
The rate of emission or removal of an atmospheric gas is referred 
to as a flux. Atmospheric concentrations of CO2 and CH4 are 
governed not only by their fluxes, but also by the transport and 
mixing of air. For example, enhanced CO2 concentrations are likely 
to be observed downwind of an area of high CO2 emissions, but 
the concentration depends on how rapidly the emissions are 
mixed with the surrounding air. In order to estimate the spatial 
distribution and magnitude of CO2 and CH4 fluxes using 
atmospheric concentration measurements, models of 
atmospheric transport including wind speed and other 
meteorological data must be included. A method known as 
a flux inversion is commonly used. The flux inversion calculates 
a statistical best estimate of the distribution of fluxes, 
incorporating atmospheric data and models. Because of the 
use of atmospheric observations, these methods of estimating 
emissions are referred to as “top-down,” in contrast to the 
“bottom-up” inventories that use economic and land 
management data.

Flux inversions frequently use a “first-guess” or a priori estimate 
of the surface fluxes and their uncertainty. These a priori fluxes 
are needed to help constrain the inversion, as uncertainties in 
both the observed concentrations and the transport model often 
mean that a single solution to the flux inversion cannot be 
reached. A priori fluxes are derived from bottom-up 
anthropogenic emission inventories, and from models of 
terrestrial ecosystem and ocean processes. 

Flux inversions for terrestrial ecosystem and 
ocean CO2 fluxes
Several studies13,18 have used GOSAT data in flux inversions for 
CO2 and OCO-2 data is starting to be used in flux inversions. 
These applications build on previous work using ground-based 
and aircraft CO2 data in flux inversions19,20. 

Importantly, flux inversions for CO2 do not presently estimate 
fossil fuel CO2 emissions. Fossil fuel CO2 emissions are assumed 
to be well-known from emission inventories, and their influence 
on atmospheric CO2 concentrations is subtracted from the 
observations before performing the flux inversion to estimate 
CO2 fluxes from the ocean and terrestrial ecosystems. The flux 
inversions therefore primarily help to evaluate the regional 
distribution and potential mechanisms for the “CO2 sink” in the 
ocean and terrestrial biosphere that is presently sequestering 
about half of the anthropogenic CO2 emissions. Understanding 
these processes is key to predicting future changes in 
atmospheric CO2 and ecosystem responses to climate and 
environmental change. In some cases, these fluxes are also 
related to human activities through agriculture and forest 
management. There are, however, large uncertainties associated 
with satellite-based inverse flux estimates due to the limitations 
of currently available satellite observations.

Figure 5: Top left: Column-averaged CO2 concentrations (XCO2) 
observed by GOSAT in August 2013 (Credit: NIES). Areas in the 
tropics and Asian monsoon regions have reduced data coverage 
due to cloud cover. Top right: Column-averaged CH4 concentration 
(XCH4) observed by GOSAT in August 2013 (Credit: NIES). Areas in 
the tropics and Asian monsoon regions have reduced data 
coverage due to cloud cover. Bottom left: Estimates of global 
methane emissions for 2009-11 made using data from GOSAT. 
Taken from Turner et al. 201521.
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Flux inversions for natural and anthropogenic 
CH4 fluxes

In contrast to CO2, anthropogenic CH4 fluxes have large 
uncertainties and strong influences on atmospheric CH4 
variability29. Therefore, atmospheric CH4 flux inversions are used 
to estimate both anthropogenic and natural CH4 fluxes.

Several studies have used CH4 data from SCIAMACHY and  
GOSAT to estimate CH4 fluxes in regional and global studies  
(e.g. Figure 5). These studies have provided important validation 
for bottom-up CH4 emission inventories and wetland models. 
Studies focusing on North America have found that CH4 
emissions from livestock were higher than estimated by bottom-

up inventories30, and identified a hotspot of emissions in the  

Four Corners area associated with fossil fuel extraction31.  

Recent work using SCIAMACHY indicates tropical wetland  

fluxes are stronger and more variable than previous estimates32. 

Wetlands may contribute an important climate change feedback, 

as their CH4 fluxes increase with warmer temperatures and 

more precipitation. 

As with CO2 flux inversions, there are substantial uncertainties 

in CH4 flux estimates due to the limitations of currently available 

satellite observations. Applications for monitoring CH4 emissions 

are similarly limited by the difficulty in discerning natural CH4 

sources from anthropogenic ones, and in discerning 

anthropogenic CH4 sources of different types.

Potential approaches for estimating fossil fuel CO2 emissions using satellite CO2 data
Presently, satellite observations of CO2 are used in flux inversions to estimate CO2 exchanges with the ocean and terrestrial 
ecosystems, but not to estimate fossil fuel CO2 emissions. This is because the uncertainty in fossil fuel CO2 emissions is usually 
much lower than the uncertainty in natural CO2 fluxes, and atmospheric variations in CO2 are often dominated by terrestrial 
ecosystem exchange. Several avenues of research are being developed to focus on high-emission areas or to integrate satellite 
CO2 data with other observations. 

Targeting megacities and large point sources: Megacities are defined as metropolitan areas with populations exceeding 10 
million people. There are currently 28 megacities and they are home to 12.5% of the world’s population8,22. Due to the high density 
of emissions in megacities, column-averaged CO2 concentrations above megacities are estimated to be enhanced by up to several 
ppm, depending on the density, topography and emissions of the city5. Other strong point sources such as large power plants are 
also expected to create CO2 enhancements detectable by satellites23.

Enhanced CO2 concentrations have been observed by GOSAT over Los Angeles and Mumbai, compared to rural areas nearby24. 
These results indicate that changes in emissions of around 20% could be detected by satellite, although cloudy conditions can 
limit observational coverage in the wet season in regions such as Mumbai. Another observational challenge for some large cities  
is their high concentrations of aerosols, which interfere with the CO2 retrieval. Observation of megacities may improve with 
OCO-2’s higher resolution measurements and targeting capabilities, even though OCO-2’s narrow swath does not allow regular 
observation of all megacities. 

Tracers of fossil fuel emissions: Combining satellite CO2 data with complementary observations can help to distinguish CO2 added 
by fossil fuel combustion from the effects of natural CO2 fluxes. For example, carbon monoxide, CO, and nitrogen oxides, NOx, are 
produced during fossil fuel combustion and observed by satellite. With knowledge of the emission ratios of CO and NOx to CO2 
during fossil fuel combustion, the amount of fossil-fuel derived CO2 can be estimated25,26. This technique is sensitive to variability 
and uncertainty in the emission ratios of CO and NOx to CO2, and to other processes influencing CO and NOx such as biomass 
burning and atmospheric chemistry.

Satellite CO2 data could also be combined with ground-based tracer observations such as radiocarbon (14C) in CO2. Radiocarbon is 
an isotope of carbon that is produced naturally within the atmosphere, but it is not present in million-year-old fossil fuels due to 
radioactive decay. While radiocarbon cannot be detected by satellites, ground based and airborne observations can quantify fossil 
fuel-derived CO2 by measuring the dilution of 14C in comparison to a reference level27. A targeted network of 14C observations could 
help characterise the proportion of fossil fuel CO2 in certain locations and their diurnal and seasonal cycles5. For example, urban 
networks of ground-based measurements are being developed in Los Angeles and Paris, with plans to expand to other megacities28.
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Future missions to measure atmospheric CO2 and CH4 concentrations
With SCIAMACHY ending in 2012, GOSAT now operating after the end of its nominal life in 2014, and OCO-2’s nominal life ending 
in 2016, the continuation of space-based observations of CO2 and CH4 concentrations will require the launch of new satellites. 
There are a number of missions planned or proposed for the coming years, some of which are described briefly here.

TROPOMI: The Tropospheric Monitoring Instrument (TROPOMI) will be launched in 2016 on board ESA’s Sentinel-5P satellite. 
TROPOMI will provide measurements of column CH4, CO, NO2 and other species. TROPOMI will have a very wide swath (2,600 km) 
and will provide daily global observations with a spatial resolution of 7 x 7 km2.

TanSat: TanSat is a Chinese CO2 observation satellite mission planned for launch in 201633. TanSat is planned to have a spatial 
resolution of 1 x 2 km2 and a swath width of 20 km34, similar to OCO-2. 

GHGSat: A commercial enterprise to launch a constellation of satellites providing services for oil and gas, power generation, 
mining and other industries, GHGSat aims to provide column-averaged greenhouse gas concentrations at high spatial resolution 
of 50 x 50 m2 over targeted areas35. Launch of a demonstration satellite is expected in 2016.

GOSAT-2: JAXA’s successor to GOSAT is under construction and expected to launch in 2017. GOSAT-2 will provide column-averaged 
measurements of CO2 and CH4, similar to GOSAT, and it features an intelligent pointing system to angle the instrument to observe 
more cloud-free scenes36,37. 

OCO-3: NASA’s Orbiting Carbon Observatory 3 (OCO-3) will use the spare instrument from OCO-2 to observe column CO2 
concentrations from the International Space Station, making particular use of “target mode” to focus on regions of high interest. 
Launch is expected in 2018. 

MERLIN: The Methane Remote Sensing Lidar Mission (MERLIN) is a joint mission between the French and German space agencies. 
MERLIN will observe column CH4 concentrations using pulsed lasers, allowing measurements to be made at night and during winter 
at high latitudes. Launch is proposed for 2019.

MicroCarb: A French space agency (CNES) mission that will observe column CO2 concentrations with a footprint size of 5 x 6 km2 and 
a narrow swath. Launch is planned for 2020.

CarbonSat: This satellite would combine a small footprint size (2 x 2 km2) with a wide swath (500 km) to provide high resolution 
measurements of column CO2 and CH4 with global coverage every 5-6 days38,39. CarbonSat was a candidate mission that was not 
selected for Earth Explorer 8, but the design may be considered for other missions. 

ASCENDS: Active Sensing of CO2 Emissions over Nights, Days and Seasons (ASCENDS) is a NASA mission under consideration to 
transmit and detect pulsed lasers to measure column CO2 concentrations40. Launch is not expected until at least 2023.
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Satellite imaging and spectral analysis 
of Earth’s surface

Satellite observations of the Earth’s surface provide detailed 
information on land cover, forest biomass, fires, biological 
productivity, and human energy consumption that can be used to 
estimate several types of emissions and their spatial distribution.  

Land use change 
Land use change is the second largest source of anthropogenic 
greenhouse gas emissions, after fossil fuel combustion2. 
Surface observations made by satellites can be used to monitor 
deforestation and forest degradation, and to provide estimates of 
the carbon contained in above-ground biomass that is subject to 
release by changes in land use. 

Satellite images of Earth’s surface can be used to create maps of 
land cover, including forest area. For example, NASA’s Landsat 
programme provides a continuous record of surface imaging from 
1972 to the present day using a series of satellite missions. 
Landsat 8, the most recent continuation of the programme, was 
launched in 2013, and it is complemented by similar 
measurements from ESA’s Sentinel 2A and 2B (launching in 
2015-16) to provide sub-weekly temporal resolution. These 
satellites observe the visible and near infrared wavelengths and 
produce high resolution (10-60 m) images of the Earth’s surface. 
Landsat data has recently been used to produce global maps of 
forest cover change, and to show that net tropical deforestation 
accelerated by 62% between the 1990s and 2000s41,42 (Figure 7;). 

Biomass in forests can be estimated by laser altimetry, which 
transmits a pulse of laser light down to the Earth’s surface and 
records how long it takes for the reflected light to return to the 
satellite. Over forests, a fraction of the laser pulse is reflected 
from the forest canopy, and another fraction is reflected from the 
ground. Therefore, forest canopy height can be derived from the 
difference between the distances travelled by light reflected from 
the canopy top and light reflected from the ground. Topographical 
data can be used to account for sloped terrain. Tree height can 
then be related to biomass through relationships developed with 
in situ forest biomass measurements. Observations from the Ice, 
Cloud and land Elevation Satellite (ICESat) have been used to 
estimate the biomass of forests and produce a benchmark map 
of forest carbon stocks in the tropics43,44.

Several studies have combined remotely sensed deforestation 
and biomass maps to estimate carbon emissions due to land use 
change45-47. The uncertainty on these estimates is large (25-50%). 
However, satellites provide the only way of monitoring forest 
cover changes over large scales, as ground surveys are too costly 
and impractical46.

Fires
Surface imaging in infrared wavelengths can detect high 
brightness temperatures that signify actively burning fires48 
(Figure 7). Several satellites are used for fire ‘hotspot’ detection, 
including MODIS, VIIRS, AVHRR, SEVIRI and Landsat49-52. MODIS 
(Moderate Resolution Imaging Spectroradiometer) has also been 
used to detect burned areas after a fire has occurred using the 
differences in reflective properties of burned land compared to 
vegetation53. Greenhouse gas emissions from fires can be 
estimated by combining satellite estimates of burned area with 
estimates of the amount of biomass burned using models54. 
Emissions of CO2, CH4 and other trace gases are estimated using 
typical emission ratios for fires in different forest types.

Figure 6: Landsat images of forest in Rondônia in the 
Brazilian Amazon taken in 1975 and 2001. Credit: Goddard 
Space Flight Center Visualisation Studio/NASA. Figure 7: Active fires detected by MODIS for the ten day period 

from 20 – 29 June 2015 inclusive. Coloured areas indicate the 
detection of at least one fire during the observation period, 
ranging from red, indicating a low fire count, to yellow, which 
indicates a high fire count. Credit: NASA Earthdata. 
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Night-time lights
Bottom-up inventories of greenhouse gas emissions are typically 
calculated as national or state totals3,55. To estimate the spatial 
distribution of emissions, the emissions are allocated according to 
the locations of cities, power stations, roads, agriculture and other 
types of human activity. 

The spatial distribution of light emitted from the Earth’s surface at 
night (Figure 8) provides a proxy for energy consumption. The US 
Air Force Defence Meteorological Satellite Project Operational 
Linescan System (DMSP-OLS) satellites are capable of detecting 
low-level lights on the Earth’s surface. Images of night time lights 
have been used in conjunction with national inventories of fossil 
fuel emissions and a directory of known point source emitters, 
such as power stations and factories, to produce high resolution 
gridded datasets of fossil fuel CO2 emission56,57. Gridded emissions 
data are commonly used in flux inversions, and observations of 
changing night light distributions can provide information on 
trends in emissions, including migration and economic shifts57.

Figure 8: Night-time lights in Europe and North Africa by Craig 
Mayhew and Robert Simmon, from data provided by Christopher 
Elvidge of the NOAA National Geophysical Data Center. [Public 
domain], via Wikimedia Commons. 

Biological productivity
Biological productivity in terrestrial and marine plants can be 
estimated by observing how much radiation is absorbed by 
the Earth’s surface in the wavelengths associated with 
photosynthesis (0.4 – 0.7 µm). Locations with dense, active 
vegetation and high rates of photosynthesis absorb more light, 
and therefore, less light is reflected to space. Global estimates 
of the fraction of absorbed photosynthetically active radiation 
(fAPAR) by terrestrial vegetation have been produced using data 
from MODIS58, AVHRR59 and a number of other satellites60. 
A similar product that is widely-used is the Normalized Difference 
Vegetation Index (NDVI), also known as “greenness”, which 
compares surface reflectance in the red and near infrared 
wavelengths (Figure 9). This provides information on the 
photosynthetic activity of vegetation, as chlorophyll absorbs red 
light and reflects near infrared light. Chlorophyll contained within 
phytoplankton in the ocean can be observed using similar 
methods, providing information on the biological activity of 
marine ecosystems61 (Figure 9). Satellite observations have 
provided unique insight on the response of terrestrial and marine 
ecosystem productivity to climate variability, for example, 
through changes in precipitation, temperature and nutrient 
availability62,63, that can help to understand and predict how 
ecosystems will respond to future climate change. 

Actively photosynthesising plants also re-radiate some 
solar radiation at wavelengths between 0.68 and 0.8 µm. 
This solar-induced fluorescence (SIF) can be detected remotely 
and used to estimate the rate of CO2 uptake by plants, as well 
as plants’ response to stress. The O2 A-band at 0.76 µm that is 
detected by GOSAT and OCO-2 can be used to measure this 
fluorescence64, and the first global space-based measurements 
were produced in 201165. 

Satellite-based estimates of photosynthetic activity are used 
in models of terrestrial and marine ecosystem CO2 exchange, 
with some also incorporating satellite observations of land 
cover and fire54. These models often provide a priori flux 
estimates for flux inversions using atmospheric CO2 data. 
The models are also used to investigate ecosystem functioning 
and the response of ecosystems to land management, climate 
and environmental changes, providing information on the 
mechanisms driving the net uptake of CO2 from the atmosphere.
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Satellite data products and access 
portals

Satellite data is provided free to the public through several 
access portals. ESA’s Earth Online portal provides access to 
Envisat and Earth Explorer missions (https://earth.esa.int/). 
NASA’s Earth data portal (https://earthdata.nasa.gov) provides 
access to all data derived from their satellite missions. JAXA and 
NIES have created a GOSAT User Interface Gateway (http://data.
gosat.nies.go.jp).

Several types of data can be provided, which are often referred to 
as data levels. Typically, Level 1 data includes calibrated spectra 
and radiances for individual satellite observations. Level 2 data 
contains the calculated physical quantity of interest, for example, 
the column-averaged CO2 concentration for an individual 
observation. Level 3 data includes gridded or interpolated maps. 

Higher level products are also sometimes made available; for 
example, estimates of regional CO2 and CH4 fluxes from a flux 
inversion using GOSAT data are distributed by JAXA and NIES. 
The EU’s Copernicus programme (http://www.copernicus.eu/) 
aims to develop and provide useful, high level data products to 
end-users including public authorities, EU bodies, international 
organisations, NGOs, and the public in an accessible and 
understandable format. As part of this programme, the 
Copernicus Climate Change Service will provide consistent 
estimates of Essential Climate Variables, which include 
atmospheric concentrations of CO2 and CH4. These estimates 
are supported by the work of the EU’s Greenhouse Gas Climate 
Change Initiative, which aims to provide high quality global 
datasets of XCO2 and XCH4 derived from the observations of 
both SCIAMACHY and GOSAT. In the USA, NASA’s Carbon 
Monitoring System is developing various projects to investigate 
carbon fluxes using satellite data and to create data products 
useful for researchers, policymakers and the private sector. In 
the UK, the National Centre for Earth Observation coordinates 
research into the creation and application of satellite data, 
including research focussed on the carbon cycle and climate.

Figure 9: Multi-year mean 
global Normalized Difference 
Vegetation Index (NDVI) and 
Ocean Chlorophyll 
Concentration derived from 
observations of multiple 
satellites for August. Credit: 
NASA Goddard Space 
Flight Centre.

Future surface observation missions
Many missions for observing the Earth’s surface are currently planned and proposed. Some key missions include:

Landsat 9: Landsat 9 will extend the high-resolution surface imaging datasets that have been produced by NASA since 1972. 
Landsat 9 is planned for launch in 2023 and will be similar in design to Landsat 8, to ensure continuity in the dataset66.

Biomass: Scheduled to be launched by ESA in 2020, Biomass is an active sensor that will use radar to measure the biomass of 
forests. Biomass will transmit radio waves with a frequency of 435 MHz to measure forest canopy height and vertical structure67.

Fluorescence Explorer (FLEX): FLEX is a satellite mission that has been selected by ESA for Earth Explorer 8, launching in 2022. 
Unlike previous missions where solar induced fluorescence was a secondary objective, FLEX is designed specifically to optimise 
observations of solar induced fluorescence, using a wide band spectrometer that detects radiation between wavelengths of 500 and 
780 nm68. FLEX includes other key measurements needed to interpret fluorescence, such as canopy temperature and reflectance.
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Strategies and planning for satellite 
observations

Planning for new satellite missions is organised through national 
and regional programs such as ESA, NASA, and JAXA. 
Corresponding expert groups, such as Copernicus and the US 
National Research Council, have provided advice to these 
programs on strategies for CO2 and CH4 emissions monitoring 
including satellite observations and other elements such as 
ground-based observations and bottom-up inventories5,69.

Several international organisations also provide guidance on 
coordinating different types of observations and on ensuring 
continuity and cohesion between programs. The Group on Earth 
Observations (GEO) is a partnership of 100 countries providing 
conceptual and organisational guidance on Earth observation 
systems, including a strategy focused on carbon-related 
measurements70. The Committee on Earth Observation Satellites, 
a collection of national agencies implementing satellite 
observations, has provided a detailed assessment of the new 
capabilities for carbon observations and the coordination of 
existing capabilities that are needed on an international level71. 
The World Meteorological Organization is also developing a 
strategy for an Integrated, Global Greenhouse Gas Information 
System (IG3IS). 

Conclusion

Satellite observations provide valuable information about 
greenhouse gases and their emissions. Since the launch of 
SCIAMACHY on board Envisat in 2002, and more recently GOSAT 
and OCO-2, atmospheric column-averaged concentrations of the 
key greenhouse gases CO2 and CH4 have been measured remotely 
from space. These measurements are being used in flux inversions 
to provide estimates of natural fluxes of CO2 and natural and 
anthropogenic fluxes of CH4. Several strategies are being 
developed to use atmospheric CO2 data for estimating fossil fuel 
CO2 emissions, including the targeting of strong emitters such as 
megacities and the measurement of other gases that help to 
distinguish fossil fuel-derived CO2.

Global land cover and forest biomass observations enable 
estimates of greenhouse gas emissions due to land use changes, 
including deforestation, that would not be possible using only 
ground-based surveys. Remote sensing of fires, night-time lights 
and biological activity provide the global coverage needed to 
calculate greenhouse gas emissions from fires, estimate the 
spatial distribution of energy consumption and detect large-scale 
patterns and trends in ecosystem productivity.

Planned future missions will extend current observational 
capabilities, allowing long-term trends to be investigated. 
Other missions will provide new and improved capabilities, 
and constellations of geostationary satellites offer the potential 
for improved observational coverage.

Satellite measurements provide unique opportunities to 
improve top-down and bottom-up estimation of greenhouse 
gas emissions, and satellites can be expected to provide key 
observations to support the monitoring and understanding of 
changes to the Earth’s surface and atmosphere caused by 
human activities.

Further Information
Committee on Earth Observations Satellites  
http://ceos.org/ 

EU Copernicus   
http://www.copernicus.eu/

Global Climate Observing System  
http://www.wmo.int/pages/prog/gcos/

Group on Earth Observations  
https://www.earthobservations.org/index.php

NASA Carbon Monitoring System   
http://carbon.nasa.gov/

National Centre for Earth Observation   
http://www.nceo.ac.uk/

Satellite Applications Catapult   
https://sa.catapult.org.uk/ 
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List of Acronyms
AIRS – Atmospheric Infrared Sounder

AVHRR – Advanced Very High Resolution Radiometer

ESA – European Space Agency

FLEX – Fluorescence Explorer

GOSAT – Greenhouse Gas Observing Satellite

IASI – Infrared Atmospheric Sounding Interferometer

IPCC – Intergovernmental Panel on Climate Change

JAXA – Japan Aerospace Exploration Agency

LIDAR – Light Detection and Ranging

MODIS – Moderate Resolution Imaging Spectrometer

NASA – National Aeronautics and Space Administration (USA)

NDVI – Normalized Difference Vegetation Index

NIES – National Institute for Environmental Studies (Japan)

OCO-2 – Orbiting Carbon Observatory 2

SCIAMACHY – Scanning Imaging Absorption Spectrometer for 
Atmospheric Chartography

SEVIRI – Spinning Enhanced Visible and Infrared Imager

TANSO-CAI – Thermal and Near Infrared Sensor for Carbon 
Observation – Cloud and Aerosol Imager

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

TCCON – Total Column Carbon Observing Network

TROPOMI – Tropospheric Monitoring Instrument

VIIRS – Visible Infrared Imaging Radiometer Suite
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