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A generation like none other

Emergence of homo-sapiens

Our ancestors have never
experienced this much CO2.

Our progeny will experience
a climate like no humans
before.

Human civilization
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The Global Stocktake

The  Global Stocktake every 5 years 
(starting in 2023) will assess progress and 
adjust commitments towards the Paris 
Accord.

How will emission commitments be 
related to concentration 
requirements?
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From emissions to concentrations—and back again

How well can we resolve fluxes given
concentrations?

A CONSTELLATION ARCHITECTURE FOR 
MONITORING CARBON DIOXIDE AND 
METHANE FROM SPACE, Crisp et al, 
2018
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Triumvariate solution: What do you know?

CMS-Flux total flux
difference 2011-2010

Bowman et al, Earth and Space Sci. , 2017

𝑩 =
𝐸[(𝒙−𝒙𝒃 )(𝒙 − 𝒙𝒃)!]
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Triumvariate solution: What do you observe?

𝑹 = 𝐸[𝒏𝒏!]
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From what we observe to what we want to know: Transport 
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Optimal Dimension Reduction Methods for Linear Bayesian Inverse Problems3
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The Triumvirate solution

Optimal Dimension Reduction Methods for Linear Bayesian Inverse Problems3
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The linear inverse problem can be completely 
characterized by the observing system, transport, 
and flux uncertainty (Rodgers, 2000, Tarantola, 
2005, Bousserez and Henze, 2015)

Fast Randomized Optimal Approach for Diagnostic and Optimization (FRODO) computes 
the SVs  efficiently (asynchronous parallelization) using new probabilistic algorithms for 
matrix decomposition (Bousserez and Henze, 2018, Halko et al, 2011).
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Characterization

Spantini et a, 2015 and Bousserez
and Henze, 2018 showed how to 
choose the optimal k<<p.  
But how to compute?
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The Averaging Kernel and the axes of variation
The averaging kernel  (AK) describes the resolvable modes of variability 

The degrees of freedom for signal (dofs) is a measure of the independent
pieces of information in the inversion.

xa = xb +A(x� xb) + ✏
<latexit sha1_base64="A7ZN1v+3zd+xId1NSuR4pqe2CWk=">AAACNXicbVDLSgMxFM3UV62vqks3wSJUimVGBN0IVTcuXFSwD+iUkkkzbWgmMyQZsQzzU278D1e6cKGIW3/BTDtiH14InHvOvTf3HidgVCrTfDUyC4tLyyvZ1dza+sbmVn57py79UGBSwz7zRdNBkjDKSU1RxUgzEAR5DiMNZ3CV6I17IiT1+Z0aBqTtoR6nLsVIaaqTv7E9pPqOGz3EnQjF55OpE5d+04u4+KccTRcdlmwSSMqScQWzbI4CzgMrBQWQRrWTf7a7Pg49whVmSMqWZQaqHSGhKGYkztmhJAHCA9QjLQ058ohsR6OrY3igmS50faEfV3DETnZEyJNy6Dm6MtlXzmoJ+Z/WCpV71o4oD0JFOB5/5IYMKh8mFsIuFQQrNtQAYUH1rhD3kUBYaaNz2gRr9uR5UD8uW2bZuj0pVC5TO7JgD+yDIrDAKaiAa1AFNYDBI3gB7+DDeDLejE/ja1yaMdKeXTAVxvcPbZSuMw==</latexit><latexit sha1_base64="A7ZN1v+3zd+xId1NSuR4pqe2CWk=">AAACNXicbVDLSgMxFM3UV62vqks3wSJUimVGBN0IVTcuXFSwD+iUkkkzbWgmMyQZsQzzU278D1e6cKGIW3/BTDtiH14InHvOvTf3HidgVCrTfDUyC4tLyyvZ1dza+sbmVn57py79UGBSwz7zRdNBkjDKSU1RxUgzEAR5DiMNZ3CV6I17IiT1+Z0aBqTtoR6nLsVIaaqTv7E9pPqOGz3EnQjF55OpE5d+04u4+KccTRcdlmwSSMqScQWzbI4CzgMrBQWQRrWTf7a7Pg49whVmSMqWZQaqHSGhKGYkztmhJAHCA9QjLQ058ohsR6OrY3igmS50faEfV3DETnZEyJNy6Dm6MtlXzmoJ+Z/WCpV71o4oD0JFOB5/5IYMKh8mFsIuFQQrNtQAYUH1rhD3kUBYaaNz2gRr9uR5UD8uW2bZuj0pVC5TO7JgD+yDIrDAKaiAa1AFNYDBI3gB7+DDeDLejE/ja1yaMdKeXTAVxvcPbZSuMw==</latexit><latexit sha1_base64="A7ZN1v+3zd+xId1NSuR4pqe2CWk=">AAACNXicbVDLSgMxFM3UV62vqks3wSJUimVGBN0IVTcuXFSwD+iUkkkzbWgmMyQZsQzzU278D1e6cKGIW3/BTDtiH14InHvOvTf3HidgVCrTfDUyC4tLyyvZ1dza+sbmVn57py79UGBSwz7zRdNBkjDKSU1RxUgzEAR5DiMNZ3CV6I17IiT1+Z0aBqTtoR6nLsVIaaqTv7E9pPqOGz3EnQjF55OpE5d+04u4+KccTRcdlmwSSMqScQWzbI4CzgMrBQWQRrWTf7a7Pg49whVmSMqWZQaqHSGhKGYkztmhJAHCA9QjLQ058ohsR6OrY3igmS50faEfV3DETnZEyJNy6Dm6MtlXzmoJ+Z/WCpV71o4oD0JFOB5/5IYMKh8mFsIuFQQrNtQAYUH1rhD3kUBYaaNz2gRr9uR5UD8uW2bZuj0pVC5TO7JgD+yDIrDAKaiAa1AFNYDBI3gB7+DDeDLejE/ja1yaMdKeXTAVxvcPbZSuMw==</latexit><latexit sha1_base64="A7ZN1v+3zd+xId1NSuR4pqe2CWk=">AAACNXicbVDLSgMxFM3UV62vqks3wSJUimVGBN0IVTcuXFSwD+iUkkkzbWgmMyQZsQzzU278D1e6cKGIW3/BTDtiH14InHvOvTf3HidgVCrTfDUyC4tLyyvZ1dza+sbmVn57py79UGBSwz7zRdNBkjDKSU1RxUgzEAR5DiMNZ3CV6I17IiT1+Z0aBqTtoR6nLsVIaaqTv7E9pPqOGz3EnQjF55OpE5d+04u4+KccTRcdlmwSSMqScQWzbI4CzgMrBQWQRrWTf7a7Pg49whVmSMqWZQaqHSGhKGYkztmhJAHCA9QjLQ058ohsR6OrY3igmS50faEfV3DETnZEyJNy6Dm6MtlXzmoJ+Z/WCpV71o4oD0JFOB5/5IYMKh8mFsIuFQQrNtQAYUH1rhD3kUBYaaNz2gRr9uR5UD8uW2bZuj0pVC5TO7JgD+yDIrDAKaiAa1AFNYDBI3gB7+DDeDLejE/ja1yaMdKeXTAVxvcPbZSuMw==</latexit>

0 100 200 300 400 500

0.6

0.7

0.8

0.9

1.0

Index

do
fs

AK modes

�i

(1 + �i)
<latexit sha1_base64="Fsa11DBDOFxa1YXNvJqSOyEbce4=">AAACDnicbVDLSgMxFL1TX7W+Rl26CZZCRSgzIuiy6MZlBfuAzjBk0kwbmnmQZIQyzBe48VfcuFDErWt3/o1pO4vaeiBwcs49JPf4CWdSWdaPUVpb39jcKm9Xdnb39g/Mw6OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57frj26nffaRCsjh6UJOEuiEeRixgBCsteWYNOYHAJHO4zgywl7E8z+r2+cL9LEeeWbUa1gxoldgFqUKBlmd+O4OYpCGNFOFYyr5tJcrNsFCMcJpXnFTSBJMxHtK+phEOqXSz2To5qmllgIJY6BMpNFMXExkOpZyEvp4MsRrJZW8q/uf1UxVcuxmLklTRiMwfClKOVIym3aABE5QoPtEEE8H0XxEZYV2P0g1WdAn28sqrpHPRsK2GfX9Zbd4UdZThBE6hDjZcQRPuoAVtIPAEL/AG78az8Wp8GJ/z0ZJRZI7hD4yvX8pnm+w=</latexit><latexit sha1_base64="Fsa11DBDOFxa1YXNvJqSOyEbce4=">AAACDnicbVDLSgMxFL1TX7W+Rl26CZZCRSgzIuiy6MZlBfuAzjBk0kwbmnmQZIQyzBe48VfcuFDErWt3/o1pO4vaeiBwcs49JPf4CWdSWdaPUVpb39jcKm9Xdnb39g/Mw6OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57frj26nffaRCsjh6UJOEuiEeRixgBCsteWYNOYHAJHO4zgywl7E8z+r2+cL9LEeeWbUa1gxoldgFqUKBlmd+O4OYpCGNFOFYyr5tJcrNsFCMcJpXnFTSBJMxHtK+phEOqXSz2To5qmllgIJY6BMpNFMXExkOpZyEvp4MsRrJZW8q/uf1UxVcuxmLklTRiMwfClKOVIym3aABE5QoPtEEE8H0XxEZYV2P0g1WdAn28sqrpHPRsK2GfX9Zbd4UdZThBE6hDjZcQRPuoAVtIPAEL/AG78az8Wp8GJ/z0ZJRZI7hD4yvX8pnm+w=</latexit><latexit sha1_base64="Fsa11DBDOFxa1YXNvJqSOyEbce4=">AAACDnicbVDLSgMxFL1TX7W+Rl26CZZCRSgzIuiy6MZlBfuAzjBk0kwbmnmQZIQyzBe48VfcuFDErWt3/o1pO4vaeiBwcs49JPf4CWdSWdaPUVpb39jcKm9Xdnb39g/Mw6OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57frj26nffaRCsjh6UJOEuiEeRixgBCsteWYNOYHAJHO4zgywl7E8z+r2+cL9LEeeWbUa1gxoldgFqUKBlmd+O4OYpCGNFOFYyr5tJcrNsFCMcJpXnFTSBJMxHtK+phEOqXSz2To5qmllgIJY6BMpNFMXExkOpZyEvp4MsRrJZW8q/uf1UxVcuxmLklTRiMwfClKOVIym3aABE5QoPtEEE8H0XxEZYV2P0g1WdAn28sqrpHPRsK2GfX9Zbd4UdZThBE6hDjZcQRPuoAVtIPAEL/AG78az8Wp8GJ/z0ZJRZI7hD4yvX8pnm+w=</latexit><latexit sha1_base64="Fsa11DBDOFxa1YXNvJqSOyEbce4=">AAACDnicbVDLSgMxFL1TX7W+Rl26CZZCRSgzIuiy6MZlBfuAzjBk0kwbmnmQZIQyzBe48VfcuFDErWt3/o1pO4vaeiBwcs49JPf4CWdSWdaPUVpb39jcKm9Xdnb39g/Mw6OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57frj26nffaRCsjh6UJOEuiEeRixgBCsteWYNOYHAJHO4zgywl7E8z+r2+cL9LEeeWbUa1gxoldgFqUKBlmd+O4OYpCGNFOFYyr5tJcrNsFCMcJpXnFTSBJMxHtK+phEOqXSz2To5qmllgIJY6BMpNFMXExkOpZyEvp4MsRrJZW8q/uf1UxVcuxmLklTRiMwfClKOVIym3aABE5QoPtEEE8H0XxEZYV2P0g1WdAn28sqrpHPRsK2GfX9Zbd4UdZThBE6hDjZcQRPuoAVtIPAEL/AG78az8Wp8GJ/z0ZJRZI7hD4yvX8pnm+w=</latexit>

Tr(A)=418
A =

@xa

@xtrue
= B1/2

 
kX

i=1

�i

(1 + �i)
viv

>
i

!
B�1/2

<latexit sha1_base64="pb9AgeK4rNojKHYnHoL6opTlIBA="></latexit><latexit sha1_base64="pb9AgeK4rNojKHYnHoL6opTlIBA="></latexit><latexit sha1_base64="pb9AgeK4rNojKHYnHoL6opTlIBA="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="DAkOSsEg4sxCHUzP7PU23UCkruw="></latexit><latexit sha1_base64="DAkOSsEg4sxCHUzP7PU23UCkruw="></latexit><latexit sha1_base64="M3eCkkGJiq0K6zh1kF7CBHkW34k="></latexit><latexit sha1_base64="pb9AgeK4rNojKHYnHoL6opTlIBA="></latexit><latexit sha1_base64="pb9AgeK4rNojKHYnHoL6opTlIBA="></latexit><latexit sha1_base64="pb9AgeK4rNojKHYnHoL6opTlIBA="></latexit><latexit sha1_base64="pb9AgeK4rNojKHYnHoL6opTlIBA="></latexit><latexit sha1_base64="pb9AgeK4rNojKHYnHoL6opTlIBA="></latexit><latexit sha1_base64="pb9AgeK4rNojKHYnHoL6opTlIBA="></latexit>

OCO-2 can resolve 418 independent modes. 
What about specific locations? 
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Atmospheric signature of Indonesian carbon in 2015 
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Tipping points: the hydrological context

Centered on Kalimantan, GRACE gravity 
data shows a liquid water equivalent 
thickness (LWT) anomaly of -4 cm, 4x 
larger than then decadal mean anomaly.

Field et al, 2016 PNAS reported a non-
linear relationship between firecounts
and precipitation below 4 mm/day

Fields et al, 2016 (PNAS) 
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Resolving Indonesian Flux

The IR can be approximated following techniques 
in Bousserez and Henze, 2018, which synthesize 
advances in probabilistic matrix decomposition  
and estimation techniques

The IR response shows the fractional change in 
the OCO-2-constrained global flux if the true flux 
increased by 100%.  

The high values over Indonesia and Borneo (and weaker responses elsewhere) show that 
the the peak biomass burning in Sept/Oct 2015 is well resolved by CMS-Flux.  

The sensitivity of the CMS-Flux Indonesian flux 
estimate  to the true flux is defined by the impulse 
response (IR):

@x̂

@[x]i2L
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Contributions to the CO2 growth rate

���

���

���

���

���

��	
��


��
�

��
����	���
 �� ��� �������� �� ��� ������ ����

���
�
�
��
����
�
����������
�
���
 ��!�"

CMS-Flux was used to show that China was the highest and Indonesian region was the 2nd

highest contributor (0.45 ppm) to total flux of the record CO2 growth rate in 2015.

Both those were due to different drivers. 

Derived from Liu et al, 2017
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Conclusions
• The ability of carbon monitoring systems to support the global stocktake

critically depend on their ability to resolve fluxes given concentrations. 
• Application to CMS-Flux constrained by OCO-2 shows that OCO-2 can 

constrain ~420 independent modes (in the absence systematic errors) over 
a year. 

• Impulse response analysis reveals that the resolution of the inversion is a 
complex function of space and time.  
• In Indonesia, IR analysis suggests that carbon fluxes could be resolved and 

consequently contribution to the atmospheric growth is independent of other 
spatial fluxes.
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Characterization of inversions: the problem of scale 

• What patterns of flux can be 
independently constrained?
• What is the spatio-temporal resolution 

of the flux? 

• How does the a priori influence the flux 
estimate?

• How correlated is the uncertainty in the 
flux?

CMS-Flux total flux
difference 2011-2010

Bowman et al, Earth and Space Sci. , 2017
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How well can OCO-2 resolve fluxes in time? 
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Integrate the Congo IR 
globally for each month. 

January is well resolved but 
has non-negligible impacts 
of the following months. 

March is poorly resolved 
and is strongly correlated 
with April and May, 2015.  

August is well resolved.

November is negatively 
correlated with Oct. 
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Flux resolution: Impulse response

The impulse response (IR) is the 
change in the flux estimate from the 
change in the actual fluxes at a 
particular grid box. 

The IR is the column of the AK: 

ai = A�i
<latexit sha1_base64="Rl6L/zmWZ9yBEvBywsmMrwYjspY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCNU3bisYB/QhDCZTNqhkwczN0IJ+QA3/oobF4q49QPc+TdO2gjaemDgzDn3cu89XiK4AtP8MipLyyura9X12sbm1vZOfXevq+JUUtahsYhl3yOKCR6xDnAQrJ9IRkJPsJ43vi783j2TisfRHUwS5oRkGPGAUwJacusNOyQw8oKM5C7HF/jne5nbPhNA3IznuspsmlPgRWKVpIFKtN36p+3HNA1ZBFQQpQaWmYCTEQmcCpbX7FSxhNAxGbKBphEJmXKy6TE5PtKKj4NY6hcBnqq/OzISKjUJPV1Z7KrmvUL8zxukEJw7GY+SFFhEZ4OCVGCIcZEM9rlkFMREE0Il17tiOiKSUND51XQI1vzJi6R70rTMpnV72mhdlXFU0QE6RMfIQmeohW5QG3UQRQ/oCb2gV+PReDbejPdZacUoe/bRHxgf3xVNm6I=</latexit><latexit sha1_base64="Rl6L/zmWZ9yBEvBywsmMrwYjspY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCNU3bisYB/QhDCZTNqhkwczN0IJ+QA3/oobF4q49QPc+TdO2gjaemDgzDn3cu89XiK4AtP8MipLyyura9X12sbm1vZOfXevq+JUUtahsYhl3yOKCR6xDnAQrJ9IRkJPsJ43vi783j2TisfRHUwS5oRkGPGAUwJacusNOyQw8oKM5C7HF/jne5nbPhNA3IznuspsmlPgRWKVpIFKtN36p+3HNA1ZBFQQpQaWmYCTEQmcCpbX7FSxhNAxGbKBphEJmXKy6TE5PtKKj4NY6hcBnqq/OzISKjUJPV1Z7KrmvUL8zxukEJw7GY+SFFhEZ4OCVGCIcZEM9rlkFMREE0Il17tiOiKSUND51XQI1vzJi6R70rTMpnV72mhdlXFU0QE6RMfIQmeohW5QG3UQRQ/oCb2gV+PReDbejPdZacUoe/bRHxgf3xVNm6I=</latexit><latexit sha1_base64="Rl6L/zmWZ9yBEvBywsmMrwYjspY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCNU3bisYB/QhDCZTNqhkwczN0IJ+QA3/oobF4q49QPc+TdO2gjaemDgzDn3cu89XiK4AtP8MipLyyura9X12sbm1vZOfXevq+JUUtahsYhl3yOKCR6xDnAQrJ9IRkJPsJ43vi783j2TisfRHUwS5oRkGPGAUwJacusNOyQw8oKM5C7HF/jne5nbPhNA3IznuspsmlPgRWKVpIFKtN36p+3HNA1ZBFQQpQaWmYCTEQmcCpbX7FSxhNAxGbKBphEJmXKy6TE5PtKKj4NY6hcBnqq/OzISKjUJPV1Z7KrmvUL8zxukEJw7GY+SFFhEZ4OCVGCIcZEM9rlkFMREE0Il17tiOiKSUND51XQI1vzJi6R70rTMpnV72mhdlXFU0QE6RMfIQmeohW5QG3UQRQ/oCb2gV+PReDbejPdZacUoe/bRHxgf3xVNm6I=</latexit><latexit sha1_base64="Rl6L/zmWZ9yBEvBywsmMrwYjspY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCNU3bisYB/QhDCZTNqhkwczN0IJ+QA3/oobF4q49QPc+TdO2gjaemDgzDn3cu89XiK4AtP8MipLyyura9X12sbm1vZOfXevq+JUUtahsYhl3yOKCR6xDnAQrJ9IRkJPsJ43vi783j2TisfRHUwS5oRkGPGAUwJacusNOyQw8oKM5C7HF/jne5nbPhNA3IznuspsmlPgRWKVpIFKtN36p+3HNA1ZBFQQpQaWmYCTEQmcCpbX7FSxhNAxGbKBphEJmXKy6TE5PtKKj4NY6hcBnqq/OzISKjUJPV1Z7KrmvUL8zxukEJw7GY+SFFhEZ4OCVGCIcZEM9rlkFMREE0Il17tiOiKSUND51XQI1vzJi6R70rTMpnV72mhdlXFU0QE6RMfIQmeohW5QG3UQRQ/oCb2gV+PReDbejPdZacUoe/bRHxgf3xVNm6I=</latexit>

Congo is a particularly interesting 
region in the carbon cycle. We’ll 
choose one grid box: (0, 25E)

Impulse response for Congo: Aug. 2015

A change in the true flux at this one grid box in Aug., changes the estimate anisotropically
over  a roughly 15 ∘x15∘ region. 
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OSSE Case: OCO-2, 2015

Flux estimates are computed for 
land using FRODO using 500 ensembles.

The “true” follow the priori fluxes Liu et al, 
2017 and Bowman et al, 2017. 

The “prior” fluxes use CARDAMOM (Bloom 
et al, 2016)

Flux uncertainty is simply 0.5.

What patterns are controlled?

True Flux, April, 2015

4D-var, April, 2015
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