
1

David Crisp (Jet Propulsion 
Laboratory, California Institute of 
Technology) for the OCO-2 Team

6 June 2017

OCO-2: A progress report at 
the end of the prime mission

Copyright 2017 California Institute of Technology. 
Government sponsorship acknowledged.

IWGGMS-13, Helsinki

Presenter
Presentation Notes
As carbon dioxide it added to the atmosphere by a multitude of human and natural processes, it is blown around by the winds.  
As CO2 is removed from the air by plants on land or the ocean, the CO2-poor air is also blown by the winds.

	quick tour of sources and sinks, using the video

To find the sources emitting carbon dioxide into the air, or the natural “sinks” absorbing this gas from the air, we need far more measurements.
Finding carbon dioxide sources and sinks with measurements from only 100 ground based stations is hard as trying to predict the whether using only 100 surface weather stations. With that, we could only predict the weather as well as we did a century ago.
One way to do this is go to space, and take not hundreds, but hundreds of thousands of observations every day.
But this is a very challenging measurement to take from space because the largest difference seen in these maps are no larger than 2%.  
Measurements with unprecedented accuracy and precision are needed.
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OCO-2 Sampling Approach

The OCO-2 instrument collects 24 soundings each second as it flies 
over the sunlit hemisphere of  the Earth, yielding almost 1 million 

soundings each day

3 frames per second

14 - 15 orbits per day

12 
seconds 
of data

O2 A-Band

CO2 1.61 µm Band

CO2 2.06 µm Band

Presenter
Presentation Notes
OCO-2 orbits the Earth 14.5 times each day, flying across the sunlit hemisphere from south to north and collecting measurements along a narrow measurement track.  The OCO-2 instrument “images” spectra three times as second as it flies over Earth’s sunlit hemisphere. Each spectrum is returned as 8 discrete “footprints”. Coincident spectra in the three spectral channels are combined to form “soundings” that are analyzed to estimate the column averaged CO2 dry air mole fraction, XCO2.  This yields about 72,000 soundings per orbit or about one million soundings each day. The width of the track across the Strait of Gibraltar is shown at the upper right.  
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OCO-2 Collects Many Cloud-free XCO2
Soundings Each Day

The glint/nadir observations strategy has been refined to maximize the number of  full-column 
XCO2 retrievals. The “optimal” viewing strategy, implemented in November 2015 acquires 
ocean glint on all orbits predominately over the Atlantic or Pacific Oceans.
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A Quick Look at the OCO-2 Prime Mission

Presenter
Presentation Notes
OCO-2 orbits the Earth 14.5 times each day from south to north, collecting about 72,000 measurements along a narrow (< 10 km wide) track as it traverses the day side of the orbit.
 
Every 16 days, the spacecraft traverses the same orbit track.
 
Data are collected as the spacecraft points the instrument straight down, and the local “nadir” along the orbit track, or toward the “glint spot,” where sunlight is specularly reflected from the surface.
 
Nadir observations provide the highest spatial resolution and provide more useful data over land, especially in regions that are partially cloudy, or have rough topography, but provide too little signal over the ocean for good measurements there.
 
Glint observations provide much higher signal over the ocean but fewer cloud free scenes over continents at high latitudes.
 
Early in the mission, OCO-2 mapped the entire Earth with nadir and then glint measurements on alternate, 16-day ground track repeat cycles.  This approach provided optimum sampling of continents and oceans on monthly intervals, but produced 16-day gaps in ocean sampling while taking nadir data.
 
In July 2015, we changed our observation strategy to take nadir and glint observations on alternating orbits, to give more uniform coverage of the ocean and continents.  In November 2015, we optimized this approach further to always collect glint data on orbit tracks that were predominately over ocean.  This "optimum observing strategy" increased both the data volume and sampling frequency.
 
Clouds and optically thick aerosols (smoke, smog) block observations of the full atmospheric column. These soundings are therefore rejected from the production data processing stream. The highest latitudes, especially in the winter hemisphere, are often cloudy and therefore have limited coverage.
 
In this initial version of the data product, the science team as screened most of these measurements out. When the data are reprocessed, we will try to improve the coverage.
 
This sequence of observations reveal some of the most robust features of the annual atmospheric carbon cycle. 
 
Regions of enhanced XCO2 that are co-located with intense fossil fuel emission sources in the eastern US and eastern China were most obvious in the fall and early winter, when the north-south gradient in XCO2 was small. 
 
XCO2 enhancements coincident with intense biomass burning in the Amazon, central Africa, and the Indonesian Archipelago were also most obvious during this season. 
 
In the early spring, when the pole-to-pole gradients in XCO2 are largest, contributions from these emission sources were clearly seen in individual orbit tracks but were much less obvious in the global maps. 
 
Between late May and early July, OCO-2 maps show a 2-3% reduction in XCO2 across much of the northern hemisphere, as the land biosphere rapidly absorbs CO2 through photosynthesis.  
 
As the carbon cycle science community continues to analyze these OCO-2 data, quantitative estimates of regional-scale emission sources and natural sinks (absorbers) are expected to emerge.
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Localized Sources Urban Centers
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Florian Schwandner et al.(Submitted) 

Tokyo

Presenter
Presentation Notes
Left Panel:

OCO-2 Observes the Los Angeles Basin:

OCO-2 XCO2 across the Los Angeles (LA) basin and the Antelope Valley to the north of the San Gabriel mountains (2400–3000 m) are shown for XCO2 enhancements as large as 5.8 ppm are seen over the LA basin in the winter. The enhancements decrease to ~3 ppm in the summer when the urban biosphere is more active. Target measurements over the TCCON sites at Caltech (CAL) and Armstrong Flight Research Center (AFRC) are shown for October 2015, when the XCO2 differences between the LA basin and the Antelope Valley are smaller.

Upper right:
OCO-2 observations collected downwind from the massive Gillette Coal Field occasional show very large enhancements relative to the background values.  These enhancements were not seen in GOSAT observations collected just upwind of the coal field,

Lower right: 
OCO-2 observations frequently reveal large CO2 enhancements just downwind of the Alberta tar sands Long Lake Nexen SAGD Upgrading Facility.
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Anthropogenic Emissions 

Janne Hakkarainen et al. GRL (2016)

Presenter
Presentation Notes
OCO-2 observer CO2 from human activities over the world:
Scientists have produced the first global maps of human emissions of carbon dioxide ever made solely from satellite observations of the greenhouse gas. The maps, based on data from NASA's Orbiting Carbon Observatory-2 (OCO-2) satellite and generated with a new data-processing technique, agree well with inventories of known carbon dioxide emissions.

The team of scientists from the Finnish Meteorological Institute, Helsinki, produced three main maps from OCO-2 data, each centered on one of Earth's highest-emitting regions: the eastern United States, central Europe and East Asia. The maps show widespread carbon dioxide across major urban areas and smaller pockets of high emissions.

Human carbon dioxide emissions over Europe, the Middle East and northern Africa. Values range from 3 ppm CO2 below background levels (blue) to 3 ppm above (yellow). High emissions over Germany and Poland (top center) and Kuwait and Iraq (right) are mostly from fossil fuel burning, but over sub-Saharan Africa they're mostly from fires.
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2015-2016 El Niño: Ocean Response

Chatterjee et al. (submitted to Science)

Terra MOPITT CO

TAO

OCO-2

Presenter
Presentation Notes
By comparing OCO-2 observations to a climatology compiled using earlier GOSAT data, Chatterjee et al. (2017) find an XCO2 reduction of 0.5 ppm in the central equatorial Pacific Ocean (Nino 3.4 region) between March and July of 2015, consistent with a reduction in ocean outgassing associated with El Niño. However, in August 2015, while pCO2 measurements from a TAO/TRITON buoy in the Nino 3.4 region still showed suppressed CO2 outgassing at that location, OCO-2 observations over the equatorial Pacific showed enhanced XCO2. Chatterjee et al. attribute this change to a combination of biomass burning and general reduction in vegetation uptake over tropical continents.

As the easterly winds over the equatorial pacific ocean decrease, the warm water moves from west to east
The sea surface temperature is measured by NASA satellites, and an array of buoys anchored across the equator – parts of the TAO buoy network. One of these buoys measured CO2 as well as water temperature.  As the surface ocean temperatures increased, and the water column stabilized, the CO2 emission from the ocean decreased dramatically (March to June 2015).
OCO-2 saw a corresponding decrease in the atmospheric CO2 across the central pacific, but while the ocean emissions were still low, as seen by the buoys, OCO-2 saw an increase in the atmospheric CO2. 
MOPITT, an instrument on the NASA Terra Satellite, saw a large increase in carbon monoxide at the same time that OCO-2 saw an increase in carbon dioxide.  This suggests that some of the increased CO2 came from fires on land.
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2015-2016 El Niño: Fires

XCO2 enhancements over 
Indonesia observed by 
OCO-2 between July and 
November 2015.  

Fire emissions inferred 
from OCO-2 XCO2 estimates 
have been compared to 
the GFAS and GFED fire 
inventories. The OCO-2 
estimates are less than 
70% as large as those in 
the inventories.

Jenns Heymann et al. (GRL, 2017)

Presenter
Presentation Notes
Map of Indonesia, comparing fire emissions estimates from to inventories, GFAS and GFED to emission estimates obtained from OCO-2 XCO2 data, using two analysis approaches (Heymann et al., 2016). The scale bar on the left shows the emissions from each 0.5x0.5 area.

Heymann et al. (2017) used OCO-2 measurements to estimate the CO2 emissions from Indonesian fires in 2015. Indonesia experienced an exceptional number of fires in 2015 due to El Niño-related drought and slash-and-burn agricultural practices. Emission databases such as the Global Fire Assimilation System (GFASv1.2) and the Global Fire Emission Database (GFEDv4s) estimated the CO2 emission to be approximately 1100 MtCO2 between July and November 2015. Heymann et al. (2017) analyzed OCO-2 XCO2 observations collected over Indonesia during this period using two different modeling approaches. They estimate pyrogenic CO2 emissions near 731±271 MtCO2. This estimate is 37% and 31% lower than those in the GFASv1.2 and GFEDv4s emission databases. Interestingly, the OCO-2 estimates are consistent with pyrogenic CO2 emissions estimates based on CO measurements from MOPPIT and fire radiative power estimates from Terra and Aqua MODIS (692±213 MtCO2; Huijnen et al., 2016).
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Assimilation of OCO-2 XCO2

Brad Weir et al. GSFC GMAO

Presenter
Presentation Notes
OCO-2 observations are being assimilated into atmospheric circulation models, like those used from weather prediction to provide a more complete picture of the carbon dioxide distribution and its changes over time.  Here, we see a product produced from OCO-2 data collected between October 2014 through August June 20.   This product clearly shows the strong seasonal cycle in CO2.  it also shows the changes in the CO2 emissions over the tropics during the onset of the 2015-2016 El Niño,  
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Solar Induced Chlorophyll Fluorescence (SIF)

OCO-2 SIF Observations 
are providing useful 
information about CO2 
uptake by land plants

• OCO-2 SIF linearly 
related to GPP 
across biome 
types!

• Outperforms 
MODIS and 
upscaled GPP.

Ying Sun et al. (submitted 2017) OCO-2 SIF 2015

Des Moines, 
Idaho

Presenter
Presentation Notes
As chlorophyll molecules perform photosynthesis, and absorb CO2 from the air, they re-emit a small fraction (typically 1–2%) of the absorbed solar radiation as fluorescence, which is detectable in high resolution near infrared spectra as it partially fills solar Fraunhofer lines.  OCO-2 can measure this weak emission.

The carbon cycle science community along with XCO2 to quantify net ecosystem exchange and to characterize the spatial distribution and intensity of land carbon sinks.
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2015 El Niño and 2011 La Niña annual 
biosphere fluxes and their differences

2015 (GtC/yr) 2011 (GtC/yr)

2015- 2011 (GtC/yr) Red: release CO2 into atmosphere
Green: absorb CO2 from atmosphere
• The most significant impact of 2015 

El Niño on biosphere carbon fluxes 
is the increase of CO2 release from 
the tropics

Liu et al. (Submitted to Science 2017)

Presenter
Presentation Notes
Liu et al., 2017 analyzed OCO-2 data with the CMS Flux Model. They find that during the 2015-2016 El Niño, 
the pan-tropical biosphere released an additional 2.36± 0.34 billion tons of carbon (GtC) into the atmosphere, or about 78% of the global total. 
Emissions extended throughout the tropics with 0.91 ± 0.24, 0.85 ± 0.21, and 0.60 ± 0.31 GtC from tropical South America, tropical Africa, and tropical Asia, respectively. 
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2015-2016 El Niño: 3 Continents, 3 Stories

Reduced GPP Increased
Respiration

Fire

Presenter
Presentation Notes
While the enhanced emissions from these three regions were comparable, different processes appeared to dominate in each region. 
Fires contributed about 50% of net carbon emissions into the atmosphere over the tropics in 2015-2016, while the rest resulted from the reduced plant growth and increased plant mortality. MOPITT CO observations indicate that fire emissions were the dominant source of CO2 over tropical Asia. 
Over tropical Africa, both fires and increased respiration associated with historically high temperature dominated the increased CO2 emissions. 
Increased CO2 release into the atmosphere over tropical South America is primarily due to GPP reductions associated with drought. While these results support the hypothesis that the CO2 growth rate changes are primarily due to tropical land carbon fluxes, they show that the specific mechanisms can differ from continent to continent. 
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Comparison of TCCON and OCO-2 XCO2

Comparisons with the 
Total Carbon Column 
Observing Network 
(TCCON) stations are 
being used to identify and 
correct biases in XCO2
estimates.

After applying a bias 
correction
• Global bias is reduced 

to < 0.4 ppm
• Station-to-station 

biases reduced to 
~1.5 ppm

Wunch et al. (2017)

Presenter
Presentation Notes
To validate the accuracy of the OCO-2 products, measurements are taken over Total Carbon Column Observing Network stations. TCCON now includes more than 20 sites, extending from as far south as Lauder, New Zealand to as far north as Eureka, Canada.  Several of these sites are shown in pictures.  Comparisons of XCO2 estimates from TCCON and OCO-2 currently agree to about 2 parts per million (ppm) out of the ambient 400 ppm background, or about 0.5%.  After a “bias correction,” the agreement is improved to about 1 ppm (0.25%).  
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Known Issues and Coming Attractions: 
The OCO-2 Version 8 Data Product

• Optically-thin stratospheric aerosol 
layers can introduce biases in the 
OCO-2 XCO2 products

– The largest effects are seen at high 
latitudes over the ocean

– Volcanic activity and fires that 
enhance stratospheric aerosols can 
introduce large errors

• More subtle biases are introduced 
by limitations in the instrument 
calibration, gas absorption cross 
sections, cloud screening and 
surface reflection model

• These issues and others are 
addressed in the OCO-2 Version 8 
data Product, which will be 
produced later this summer

With Strat Aerosols

See presentation by O’Dell et al.
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• OCO-2 completed its 2-year prime mission on October 16, 
2016 and began its first extended mission. 

– OCO-2 has been returning 25000 to 75000 full-column 
measurements of XCO2 each day for 2.6 years

– The Version 7/7r XCO2 data product has single-sounding random 
errors near 0.5 ppm at solar zenith angles as large as 70°

– Comparisons to TCCON show that OCO-2 XCO2 estimates have a 
global bias of 0.4 ppm and station-to-station biases of 1.5 ppm

– Larger biases are seen in glint data at mid-to-high latitudes due to 
the neglect of stratospheric aerosols

– The Version 8 data product is under development to address 
these and other issues, and will be available later this summer

• OCO-2 products can be obtained from the GES-DISC

http://disc.sci.gsfc.nasa.gov/OCO-2

Summary
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Thank You for Your Attention

Questions?
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