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The OCO-2 Mission Architecture
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Measurement Approach – OCO-2/3

Retrieve variations in the 
column averaged CO2 
dry air mole fraction, 
XCO2 over sunlit 
hemisphere

Collect spectra of CO2 
& O2 absorption in 
reflected sunlight over 
the globe

Validate measurements to 
ensure XCO2 precision of 1 
- 2 ppm (0.3 - 0.5%)
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What does OCO-2/3 measure? Reflected sunlight 
in 3 spectral bands yield column averaged CO2
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Column Measurements of CO2

• The CO2 profile is affected by: 
• Photo-synthesis (removes CO2) 
• Respiration (produces CO2) 
• Vertical transport (re-distributes CO2) 
• Advection 

• The interplay of these processes 
causes the CO2 profiles to vary 
diurnally 

• Vertical arrows at the represent 
column-averaged CO2 mole 
fractions.  

• Their diurnal variation is much 
smaller than that of the surface CO2 
and much less sensitive to vertical 
transport. 

• Column-averaged CO2 is more 
directly related to regional surface 
exchange





The next steps…
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Comparison of TCCON and OCO-2 XCO2

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

!
Differences between OCO-2 
and TCCON XCO2 estimates 
were smaller than ~2 ppm 
(0.5%).




Changes in the Glint/Nadir Scheduling

•Original sampling approach 

–Alternates between glint and nadir 
on successive 16-day ground 
repeat cycles

–Precludes observations of oceans 
and high latitude continents for 16-
day periods


!
•Revised glint/nadir strategy:

–Step 1: Alternate between glint and 
nadir on successive orbits that 
include both land & ocean 

–Step 2: For orbits that are 
predominately over ocean, always 
stay in glint

!

•Changes implemented in early 
summer 2015

!

XCO2

Original Approach

Revised Approach



What’s next? … OCO-3 …

• The orbit of the International 
Space Station does not have a 
simple, repeating pattern


• Measurement time of days spans 
all sunlit hours


• OCO-3 on ISS would require a 
pointing mirror system to make 
validation measurements and to 
see the bright reflection off the 
ocean (glint). OCO-2 points the 
whole spacecraft to do this.

OCO-3 sampling varies in space and time Pointing Mirror required for use in ISS



Comparison of OCO-2 and OCO-3
OCO-2  OCO-3 on ISS

Latitudinal coverage +/- 80 degrees +/- 52 degrees (on ISS)

Local time of day sampling and 
repeat

~1:30pm with 16 day routine 
and repeated measurements

Ranges across all sunlit hours with 
variable revisit (0 to multiple per day)

Land Sampling Every day (using glint and nadir 
measurements)

Every day (transition to nadir over 
land masses each orbit) 

Glint/Ocean Sampling 16 days on/16 days off Every day (transition to glint over 
oceans each orbit) 

Target mode capability Yes, with spacecraft pointing Yes, expanded with pointing mirror 
assembly

Polarization approach Keep instrument slit in principal 
plane (we thought…..)

Gather measurements over wide 
range of polarization angles

OCO-3 orbit tracks (in green)



Terrestrial Carbon Cycle Processes can be Studied with Mapping Mode

OCO-2 fluxes estimates are the size of states. Process 
studies are on scale of 1km. OCO-3 can aid in bridging 
between the process scale and the global scale

Targeted measurements of 
the Amazon would be 
possible every day, 
covering all sunlit hours 
over a month.!
We could cover a wide 
area, or collect repeated 
measurements over a 
smaller region.

The Mid-Continent Intensive was a field 
campaign to study the uptake of CO2 by 
crops. OCO-3 measurements would add a 
dense dataset at varying times of day to 
such process studies.
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Solar-induced chlorophyll fluorescence (SIF) in a 
nutshell

• A fraction (1-2%) of absorbed 
photosynthetic active radiation 
(PAR) is always re-emitted as 
chlorophyll fluorescence


• The measured fluorescence at 
TOA is:


• This is similar to the expression 
of gross primary production:


• Hence: 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Chlorophyll Fluorescence is an established tool in photosynthesis 
research. (A search for “chlorophyll fluorescence” on Google Scholar 
brings up half as many papers as “remote sensing”  and 5x as many 
as “vegetation index”). It is widely used as an alternative  to the 
exchange of gases for measurement of photosynthetic rate, and the 
paper describing this method has >4,000 citations. 
    It has mostly been applied at the leaf and chloroplast scale.  Prior 
to 2009, it had not been used to study photosynthesis at regional and 
global scales because it was difficult to separate light emitted  as 
fluorescence from reflected sun light. This problem was solved 
independently by Joanna Joiner at GSFC and Christian Frankenberg 
at JPL by taking advantage of a spectrometer on the Japanese 
satellite, GOSAT that can resolve absorption lines in the solar 
spectrum known as Fraunhofer lines. As a result, we are now getting 
retrievals from GOSAT and GOME-2, but neither satellite is optimized 
for fluorescence measurement.  The FLEX mission proposed to the 
ESA would be the first to be designed specifically for this purpose.  
This workshop was convened to explore what we might learn from 
this new measurement and to engage the photosynthesis research 
community in studies of the Earth System.  
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Spectra of chlorophyll fluorescence (green) and of sun light reflected by a 
leaf (black).  The red and blue lines punctuating the reflected light are due 
to molecular oxygen and water vapor in Earth's atmosphere.  The grey lines 
are due to constituents of the solar atmosphere.  The depth of Fraunhofer 
lines (relative to the base line) is not changed by reflection or scattering.  At 
the right is a blow-up of a single Fraunhofer line.  The fraction of 
fluorescence light (no lines) mixed with reflected sunlight can be detected 
by analysis of the line depths. 

! !
Early studies showed a very good correlation between the intensity of solar 
induced fluorescence (SIF) and modeled GPP (Frankenberg et al., 2011).  

 To understand this we need to dispose of two myths:
• Myth 1.  Fluorescence will go up when the light-use-efficiency 
(LUE) of photosynthesis goes down. 

 Mythbuster. Under the conditions of the satellite measurements 
fluorescence goes down together with LUE.

• Myth 2.  Pulse Amplitude Modulated (PAM) fluorometry is need to 
determine LUE. 

 Mythbuster. Passive fluorescence emission has been used 
successfully to obtain LUE in laboratory studies.  It would be 
nice, but pulsing the sun is beyond our technology.

SIF = PAR · fPAR · �F

How does it work?   Solar induced fluorescence (SIF) can be 
expressed as:

where PAR is the incident photosynthetically active light, fPAR is the 
fractional absorption of that light, and εF is the quantum yield for 
fluorescence emission (corrected for reabsorption).

GPP = PAR · fPAR · �P

This is analogous to a commonly used expression for gross primary 
productivity, (GPP);

where εP is the LUE for photosynthesis.  These expressions can be 
combined to eliminate PAR and fPAR.

GPP = SIF · �P

�F

 If the ratio εP/εF is constant, SIF should be a good proxy for 
photosynthetic rate whether the variation is by changes in fPAR, PAR 
or stress.  Is it?

From first principles

The light use efficiencies are analogous to the photon yields for 
photochemistry (ΦP ) and fluorescence (ΦF ) given in the expressions 
above. During photosynthesis the rate constants kP and kNPQ are 
changed by feedback mechanisms that regulate the rate of electron 
transport, whereas kD & kF are constant.  The solution to these 
equations shows that the ratio εP/εF should be constant if the ratio 
kP/kF is constant.  This can be tested by following the behavior of kP 
using PAM fluorometry.

Gas exchange, fluorescence and modeling

★ Studies of photosynthetic mechanisms support the use of 
satellite measured SIF as a proxy for GPP.  Inversion of SIF to 
obtain FPAR and Vcmax seem plausible.  The ability to simulate SIF 
has been added to SIB3 and CLM4 enabling comparison of model 
output with satellite retrievals.

Stress detection

!

!

!
Biweekly temporal profiles of 
SIF from GOSAT together 
with GPP, APAR, and FAPAR 
averaged for all vegetated 
areas at latitude >45°N.

Carbon cycle studies
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�P

�F
� �P

�F

�F = kF /(kF + kD + kP + kNPQ)
�P = kP /(kF + kD + kP + kNPQ)
�P = �F · kP /kF

kF = fluorescence
kD = radiationless decay
kP = photochemistry

kNPQ = non-photochem.

Rate constants

GOSAT measurements of  column CO2  over Amazonia correlate with GPP 
estimated from GOSAT SIF (Parazoo et al., 2013 GRL in press).

Tower fluxes  indicate higher GPP in some agricultural areas than expected 
based on model output.  Analysis of SIF from GOME-2 shows less scatter in 
comparison to the tower data and captures the higher GPP, perhaps indicating a 
path for model improvement (Luis Guanter in preparation).

Conclusions

Measurements of kP and kNPQ were 
conducted by PAM fluorometry on leaves 
during studies of CO2 exchange (A) to light 
(Q). Lines are modeled responses. Under 
conditions of the satellite measurement 
(red points, left) feedback tends to keep kP 
about constant.  Thus, fluorescence from 
PSII and photosynthesis at the leaf scale 
change in parallel in high light.

Feedback on models

http://www.kiss.caltech.edu/study/photosynthesis/
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Fig. 2. Comparison of monthly GPP estimates from flux tower data with GPP esimates from
the MPI-BGC model and GOME-2 SIF observations. Plots in the top row correspond to only
US midwest crops, whereas the plots in the bottom row combine data from different vegetation
types. The dashed line in (a) and (c) represents the 1:1 line. [Should we add MODIS GPP?]

Cropland GPP in Fig. 3(a) corresponds to the median GPP from the data driven models130

used by Beer et al. (2010) (referred to as MTE1, MTE2, ANN, Miami, KGB and LUE by131

Beer et al. (2010); the WUE modelled has not been used because the annual GPP patterns132

by this model were very different from those of the other 6 models ?). It must be remarked133

that the median GPP from this set of models is very close to the one by the MPI-BGC134

model (MTE2 in Beer et al. (2010)) shown in Figs. 1–2. The GPP from the scaled SIF135

(GPPf ) is shown in Fig. 3(b). The difference between the median of the GPP models and136

the scaled SIF is depicted in Fig. 3(c).137

Fig. 3 shows that the GPP estimate from the scaled SIF (GPPf) is systematically higher138

than that from the models, both in North America and Eurasia. The largest differences139

between the modelled cropland GPP and the scaled SIF are in the midwest US, China and140
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★ It appears that SIF measurements can provide useful feedback for 
models.

 SIF captures changes in photosynthesis that are associated with 
changes in greeness AND changes that are associated with LUE.  
While models can do this, other information (eg. temperature, soil 
moisture, precipitation, canopy properties) is required.

 The Physiological Reflectance Index (PRI) appears to co-vary 
with SIF and this measurement may be synergistic.

 SIF shows promise for improving the representation  of 
photosynthesis and its role in Earth System models. 

 SIF retrievals (using Fraunhofer lines) are more robust to 
interferences from atmospheric scattering, clouds and spatial 
scaling issues.

The satellite seems to be directly reporting on molecular events 
in the chloroplast membranes in its footprint.  This represents a 
unique opportunity to connect with scientists who work at the 
molecular scale.

 There is still much to learn about the linkage of SIF to molecular 
mechanisms and especially about chloroplast to canopy scaling.

 Ecological research on SIF is limited and is mostly occurring in 
Europe.

 Current and planned satellites are not optimized for SIF 
retrievals.

 See also Poster #13, Session 1-B, this afternoon.

A comparison of photographic and SIF images taken by the European, HyPlant 
sensor.  SIF measurements see only the vegetated surfaces, and their respective 
radiances, making it un-necessary to have high spatial resolution to scale up over 
heterogeneous terrain. (Gome-2 has a 40 x 60 km footprint).

SIF monitored from above a rain-fed 
sorghum field before during and after a 
drought event.   The slope of the 
relationship is εF.  εF was high on day 214, 
had declined to half by day 243, and it is 
almost completely recovered 5 days later 
following a rain event. The PRI showed 
similar changes, but  NDVI did not change, 
photosynthesis was not measured but it 
probably declined during the drought. (from 
Daumard et al., 2009; see also Lee et al. 
Proc. of the Royal Society, tomorrow).

Chlorophyll Fluorescence is an established tool in photosynthesis 
research. (A search for “chlorophyll fluorescence” on Google Scholar 
brings up half as many papers as “remote sensing”  and 5x as many 
as “vegetation index”). It is widely used as an alternative  to the 
exchange of gases for measurement of photosynthetic rate, and the 
paper describing this method has >4,000 citations. 
    It has mostly been applied at the leaf and chloroplast scale.  Prior 
to 2009, it had not been used to study photosynthesis at regional and 
global scales because it was difficult to separate light emitted  as 
fluorescence from reflected sun light. This problem was solved 
independently by Joanna Joiner at GSFC and Christian Frankenberg 
at JPL by taking advantage of a spectrometer on the Japanese 
satellite, GOSAT that can resolve absorption lines in the solar 
spectrum known as Fraunhofer lines. As a result, we are now getting 
retrievals from GOSAT and GOME-2, but neither satellite is optimized 
for fluorescence measurement.  The FLEX mission proposed to the 
ESA would be the first to be designed specifically for this purpose.  
This workshop was convened to explore what we might learn from 
this new measurement and to engage the photosynthesis research 
community in studies of the Earth System.  
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Spectra of chlorophyll fluorescence (green) and of sun light reflected by a 
leaf (black).  The red and blue lines punctuating the reflected light are due 
to molecular oxygen and water vapor in Earth's atmosphere.  The grey lines 
are due to constituents of the solar atmosphere.  The depth of Fraunhofer 
lines (relative to the base line) is not changed by reflection or scattering.  At 
the right is a blow-up of a single Fraunhofer line.  The fraction of 
fluorescence light (no lines) mixed with reflected sunlight can be detected 
by analysis of the line depths. 

! !
Early studies showed a very good correlation between the intensity of solar 
induced fluorescence (SIF) and modeled GPP (Frankenberg et al., 2011).  

 To understand this we need to dispose of two myths:
• Myth 1.  Fluorescence will go up when the light-use-efficiency 
(LUE) of photosynthesis goes down. 

 Mythbuster. Under the conditions of the satellite measurements 
fluorescence goes down together with LUE.

• Myth 2.  Pulse Amplitude Modulated (PAM) fluorometry is need to 
determine LUE. 

 Mythbuster. Passive fluorescence emission has been used 
successfully to obtain LUE in laboratory studies.  It would be 
nice, but pulsing the sun is beyond our technology.

SIF = PAR · fPAR · �F

How does it work?   Solar induced fluorescence (SIF) can be 
expressed as:

where PAR is the incident photosynthetically active light, fPAR is the 
fractional absorption of that light, and εF is the quantum yield for 
fluorescence emission (corrected for reabsorption).

GPP = PAR · fPAR · �P

This is analogous to a commonly used expression for gross primary 
productivity, (GPP);

where εP is the LUE for photosynthesis.  These expressions can be 
combined to eliminate PAR and fPAR.

GPP = SIF · �P

�F

 If the ratio εP/εF is constant, SIF should be a good proxy for 
photosynthetic rate whether the variation is by changes in fPAR, PAR 
or stress.  Is it?

From first principles

The light use efficiencies are analogous to the photon yields for 
photochemistry (ΦP ) and fluorescence (ΦF ) given in the expressions 
above. During photosynthesis the rate constants kP and kNPQ are 
changed by feedback mechanisms that regulate the rate of electron 
transport, whereas kD & kF are constant.  The solution to these 
equations shows that the ratio εP/εF should be constant if the ratio 
kP/kF is constant.  This can be tested by following the behavior of kP 
using PAM fluorometry.

Gas exchange, fluorescence and modeling

★ Studies of photosynthetic mechanisms support the use of 
satellite measured SIF as a proxy for GPP.  Inversion of SIF to 
obtain FPAR and Vcmax seem plausible.  The ability to simulate SIF 
has been added to SIB3 and CLM4 enabling comparison of model 
output with satellite retrievals.

Stress detection

!

!

!
Biweekly temporal profiles of 
SIF from GOSAT together 
with GPP, APAR, and FAPAR 
averaged for all vegetated 
areas at latitude >45°N.
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� �P

�F

�F = kF /(kF + kD + kP + kNPQ)
�P = kP /(kF + kD + kP + kNPQ)
�P = �F · kP /kF

kF = fluorescence
kD = radiationless decay
kP = photochemistry

kNPQ = non-photochem.

Rate constants

GOSAT measurements of  column CO2  over Amazonia correlate with GPP 
estimated from GOSAT SIF (Parazoo et al., 2013 GRL in press).

Tower fluxes  indicate higher GPP in some agricultural areas than expected 
based on model output.  Analysis of SIF from GOME-2 shows less scatter in 
comparison to the tower data and captures the higher GPP, perhaps indicating a 
path for model improvement (Luis Guanter in preparation).

Conclusions

Measurements of kP and kNPQ were 
conducted by PAM fluorometry on leaves 
during studies of CO2 exchange (A) to light 
(Q). Lines are modeled responses. Under 
conditions of the satellite measurement 
(red points, left) feedback tends to keep kP 
about constant.  Thus, fluorescence from 
PSII and photosynthesis at the leaf scale 
change in parallel in high light.

Feedback on models

http://www.kiss.caltech.edu/study/photosynthesis/
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Fig. 2. Comparison of monthly GPP estimates from flux tower data with GPP esimates from
the MPI-BGC model and GOME-2 SIF observations. Plots in the top row correspond to only
US midwest crops, whereas the plots in the bottom row combine data from different vegetation
types. The dashed line in (a) and (c) represents the 1:1 line. [Should we add MODIS GPP?]

Cropland GPP in Fig. 3(a) corresponds to the median GPP from the data driven models130

used by Beer et al. (2010) (referred to as MTE1, MTE2, ANN, Miami, KGB and LUE by131

Beer et al. (2010); the WUE modelled has not been used because the annual GPP patterns132

by this model were very different from those of the other 6 models ?). It must be remarked133

that the median GPP from this set of models is very close to the one by the MPI-BGC134

model (MTE2 in Beer et al. (2010)) shown in Figs. 1–2. The GPP from the scaled SIF135

(GPPf ) is shown in Fig. 3(b). The difference between the median of the GPP models and136

the scaled SIF is depicted in Fig. 3(c).137

Fig. 3 shows that the GPP estimate from the scaled SIF (GPPf) is systematically higher138

than that from the models, both in North America and Eurasia. The largest differences139

between the modelled cropland GPP and the scaled SIF are in the midwest US, China and140
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★ It appears that SIF measurements can provide useful feedback for 
models.

 SIF captures changes in photosynthesis that are associated with 
changes in greeness AND changes that are associated with LUE.  
While models can do this, other information (eg. temperature, soil 
moisture, precipitation, canopy properties) is required.

 The Physiological Reflectance Index (PRI) appears to co-vary 
with SIF and this measurement may be synergistic.

 SIF shows promise for improving the representation  of 
photosynthesis and its role in Earth System models. 

 SIF retrievals (using Fraunhofer lines) are more robust to 
interferences from atmospheric scattering, clouds and spatial 
scaling issues.

The satellite seems to be directly reporting on molecular events 
in the chloroplast membranes in its footprint.  This represents a 
unique opportunity to connect with scientists who work at the 
molecular scale.

 There is still much to learn about the linkage of SIF to molecular 
mechanisms and especially about chloroplast to canopy scaling.

 Ecological research on SIF is limited and is mostly occurring in 
Europe.

 Current and planned satellites are not optimized for SIF 
retrievals.

 See also Poster #13, Session 1-B, this afternoon.

A comparison of photographic and SIF images taken by the European, HyPlant 
sensor.  SIF measurements see only the vegetated surfaces, and their respective 
radiances, making it un-necessary to have high spatial resolution to scale up over 
heterogeneous terrain. (Gome-2 has a 40 x 60 km footprint).

SIF monitored from above a rain-fed 
sorghum field before during and after a 
drought event.   The slope of the 
relationship is εF.  εF was high on day 214, 
had declined to half by day 243, and it is 
almost completely recovered 5 days later 
following a rain event. The PRI showed 
similar changes, but  NDVI did not change, 
photosynthesis was not measured but it 
probably declined during the drought. (from 
Daumard et al., 2009; see also Lee et al. 
Proc. of the Royal Society, tomorrow).

Chlorophyll Fluorescence is an established tool in photosynthesis 
research. (A search for “chlorophyll fluorescence” on Google Scholar 
brings up half as many papers as “remote sensing”  and 5x as many 
as “vegetation index”). It is widely used as an alternative  to the 
exchange of gases for measurement of photosynthetic rate, and the 
paper describing this method has >4,000 citations. 
    It has mostly been applied at the leaf and chloroplast scale.  Prior 
to 2009, it had not been used to study photosynthesis at regional and 
global scales because it was difficult to separate light emitted  as 
fluorescence from reflected sun light. This problem was solved 
independently by Joanna Joiner at GSFC and Christian Frankenberg 
at JPL by taking advantage of a spectrometer on the Japanese 
satellite, GOSAT that can resolve absorption lines in the solar 
spectrum known as Fraunhofer lines. As a result, we are now getting 
retrievals from GOSAT and GOME-2, but neither satellite is optimized 
for fluorescence measurement.  The FLEX mission proposed to the 
ESA would be the first to be designed specifically for this purpose.  
This workshop was convened to explore what we might learn from 
this new measurement and to engage the photosynthesis research 
community in studies of the Earth System.  
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Spectra of chlorophyll fluorescence (green) and of sun light reflected by a 
leaf (black).  The red and blue lines punctuating the reflected light are due 
to molecular oxygen and water vapor in Earth's atmosphere.  The grey lines 
are due to constituents of the solar atmosphere.  The depth of Fraunhofer 
lines (relative to the base line) is not changed by reflection or scattering.  At 
the right is a blow-up of a single Fraunhofer line.  The fraction of 
fluorescence light (no lines) mixed with reflected sunlight can be detected 
by analysis of the line depths. 

! !
Early studies showed a very good correlation between the intensity of solar 
induced fluorescence (SIF) and modeled GPP (Frankenberg et al., 2011).  

 To understand this we need to dispose of two myths:
• Myth 1.  Fluorescence will go up when the light-use-efficiency 
(LUE) of photosynthesis goes down. 

 Mythbuster. Under the conditions of the satellite measurements 
fluorescence goes down together with LUE.

• Myth 2.  Pulse Amplitude Modulated (PAM) fluorometry is need to 
determine LUE. 

 Mythbuster. Passive fluorescence emission has been used 
successfully to obtain LUE in laboratory studies.  It would be 
nice, but pulsing the sun is beyond our technology.

SIF = PAR · fPAR · �F

How does it work?   Solar induced fluorescence (SIF) can be 
expressed as:

where PAR is the incident photosynthetically active light, fPAR is the 
fractional absorption of that light, and εF is the quantum yield for 
fluorescence emission (corrected for reabsorption).

GPP = PAR · fPAR · �P

This is analogous to a commonly used expression for gross primary 
productivity, (GPP);

where εP is the LUE for photosynthesis.  These expressions can be 
combined to eliminate PAR and fPAR.

GPP = SIF · �P

�F

 If the ratio εP/εF is constant, SIF should be a good proxy for 
photosynthetic rate whether the variation is by changes in fPAR, PAR 
or stress.  Is it?

From first principles

The light use efficiencies are analogous to the photon yields for 
photochemistry (ΦP ) and fluorescence (ΦF ) given in the expressions 
above. During photosynthesis the rate constants kP and kNPQ are 
changed by feedback mechanisms that regulate the rate of electron 
transport, whereas kD & kF are constant.  The solution to these 
equations shows that the ratio εP/εF should be constant if the ratio 
kP/kF is constant.  This can be tested by following the behavior of kP 
using PAM fluorometry.

Gas exchange, fluorescence and modeling

★ Studies of photosynthetic mechanisms support the use of 
satellite measured SIF as a proxy for GPP.  Inversion of SIF to 
obtain FPAR and Vcmax seem plausible.  The ability to simulate SIF 
has been added to SIB3 and CLM4 enabling comparison of model 
output with satellite retrievals.

Stress detection

!

!

!
Biweekly temporal profiles of 
SIF from GOSAT together 
with GPP, APAR, and FAPAR 
averaged for all vegetated 
areas at latitude >45°N.
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�F = kF /(kF + kD + kP + kNPQ)
�P = kP /(kF + kD + kP + kNPQ)
�P = �F · kP /kF

kF = fluorescence
kD = radiationless decay
kP = photochemistry

kNPQ = non-photochem.

Rate constants

GOSAT measurements of  column CO2  over Amazonia correlate with GPP 
estimated from GOSAT SIF (Parazoo et al., 2013 GRL in press).

Tower fluxes  indicate higher GPP in some agricultural areas than expected 
based on model output.  Analysis of SIF from GOME-2 shows less scatter in 
comparison to the tower data and captures the higher GPP, perhaps indicating a 
path for model improvement (Luis Guanter in preparation).

Conclusions

Measurements of kP and kNPQ were 
conducted by PAM fluorometry on leaves 
during studies of CO2 exchange (A) to light 
(Q). Lines are modeled responses. Under 
conditions of the satellite measurement 
(red points, left) feedback tends to keep kP 
about constant.  Thus, fluorescence from 
PSII and photosynthesis at the leaf scale 
change in parallel in high light.

Feedback on models

http://www.kiss.caltech.edu/study/photosynthesis/
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Fig. 2. Comparison of monthly GPP estimates from flux tower data with GPP esimates from
the MPI-BGC model and GOME-2 SIF observations. Plots in the top row correspond to only
US midwest crops, whereas the plots in the bottom row combine data from different vegetation
types. The dashed line in (a) and (c) represents the 1:1 line. [Should we add MODIS GPP?]

Cropland GPP in Fig. 3(a) corresponds to the median GPP from the data driven models130

used by Beer et al. (2010) (referred to as MTE1, MTE2, ANN, Miami, KGB and LUE by131

Beer et al. (2010); the WUE modelled has not been used because the annual GPP patterns132

by this model were very different from those of the other 6 models ?). It must be remarked133

that the median GPP from this set of models is very close to the one by the MPI-BGC134

model (MTE2 in Beer et al. (2010)) shown in Figs. 1–2. The GPP from the scaled SIF135

(GPPf ) is shown in Fig. 3(b). The difference between the median of the GPP models and136

the scaled SIF is depicted in Fig. 3(c).137

Fig. 3 shows that the GPP estimate from the scaled SIF (GPPf) is systematically higher138

than that from the models, both in North America and Eurasia. The largest differences139

between the modelled cropland GPP and the scaled SIF are in the midwest US, China and140
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★ It appears that SIF measurements can provide useful feedback for 
models.

 SIF captures changes in photosynthesis that are associated with 
changes in greeness AND changes that are associated with LUE.  
While models can do this, other information (eg. temperature, soil 
moisture, precipitation, canopy properties) is required.

 The Physiological Reflectance Index (PRI) appears to co-vary 
with SIF and this measurement may be synergistic.

 SIF shows promise for improving the representation  of 
photosynthesis and its role in Earth System models. 

 SIF retrievals (using Fraunhofer lines) are more robust to 
interferences from atmospheric scattering, clouds and spatial 
scaling issues.

The satellite seems to be directly reporting on molecular events 
in the chloroplast membranes in its footprint.  This represents a 
unique opportunity to connect with scientists who work at the 
molecular scale.

 There is still much to learn about the linkage of SIF to molecular 
mechanisms and especially about chloroplast to canopy scaling.

 Ecological research on SIF is limited and is mostly occurring in 
Europe.

 Current and planned satellites are not optimized for SIF 
retrievals.

 See also Poster #13, Session 1-B, this afternoon.

A comparison of photographic and SIF images taken by the European, HyPlant 
sensor.  SIF measurements see only the vegetated surfaces, and their respective 
radiances, making it un-necessary to have high spatial resolution to scale up over 
heterogeneous terrain. (Gome-2 has a 40 x 60 km footprint).

SIF monitored from above a rain-fed 
sorghum field before during and after a 
drought event.   The slope of the 
relationship is εF.  εF was high on day 214, 
had declined to half by day 243, and it is 
almost completely recovered 5 days later 
following a rain event. The PRI showed 
similar changes, but  NDVI did not change, 
photosynthesis was not measured but it 
probably declined during the drought. (from 
Daumard et al., 2009; see also Lee et al. 
Proc. of the Royal Society, tomorrow).
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The carbon water cycle link -- water limitation 
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Fig. 2. Light response curves of Fs/Fo at six
different gradients of water stress,
determined by their g (in mmol mª2 sª1) at
750 mmol mª2 sª1 PPFD. Insert: Fs/Fo vs. g
at 750 mmol mª2 sª1 PPFD (the vertical line
in the main figure).

times each summer, three times per day (at 9, 12 and 15 h,
local time) on fully expanded, south-orientated leaves.
The presented values are averages of 6 different measure-
ments on 6 different plants of each variety, treatment and
sampling time. The other species were measured only at
midday during 3 weeks in August-September 2000. The
values presented are single measurements of different
leaves and plants.

Results

Water stress induces stomatal closure and changes in the
light response curve of steady-state Chl fluorescence
(Fs), which are reversed by high CO2 and DTT

The dark-adapted Fv/Fm value for all leaves examined
was between 0.80 and 0.83 (data not shown), and al-
though Fo remained quite constant during the experi-
ments, small variations were used to normalize Fs values.
A typical time course of the response of grapevine leaves
to increasing and decreasing irradiance (Fig. 1A), with
constant temperature and humidity, is shown in Fig. 1 at
different values of predawn leaf water potential (YPD). A
mild water stress only slightly reduced A and g, whereas a
more severe stress induced drastic reductions of both par-
ameters (Fig. 1B,C). For all three water status conditions
ETR did not vary (Fig. 1D). However, differences were
observed in NPQ between the well-watered plant and the
two water-stressed plants (Fig. 1E). Interestingly, at high
irradiance, changes in NPQ were almost inversely
matched by changes in Fs (Fig. 1F).

Figure 2 shows the light response of normalized Fs in
potted grapevines for six different degrees of water
stress, defined by their leaf conductance at 750 mmol
photons mª2 sª1. Increasing water stress diminished the
maximum Fs/Fo ratio, as well as the irradiance at which
the maximum ratio was observed. When the Fs/Fo value

Physiol. Plant. 114, 2002234

at a given irradiance (750 mmol photons mª2 sª1) was
plotted against the corresponding g, a positive curvi-
linear relationship was observed between the two par-
ameters (Fig. 2, insert).

When irrigated or severely stressed leaves of potted
grapevines (similar to those of Fig. 1) were exposed to
high CO2 concentrations (1500 mmol (mol air)ª1) in the
absence of O2, a total or partial reversion of water stress
effects on A and NPQ was observed (Fig. 3A,B). As ex-
pected from Fig. 1, the decrease in Fs/Fo was almost to-
tally suppressed by the treatment (Fig. 3C).

The effects of water stress on Fs were confirmed during
a short transient in water stress using the Fi-PAM equip-
ment (Flexas et al. 2000). The Fi-PAM uses a measuring
spot larger than that of the PAM-2000, so the leaf areas
used for gas-exchange and Chl fluorescence measure-
ments were about the same. Water stress was imposed by
cutting the petiole of leaves in air, while maintaining con-
stant the leaf temperature (25æC) and illumination (in this
case, 500 mmol photons mª2 sª1). This procedure caused
the well-known Iwanoff effect of an initial stomatal open-
ing, followed by a progressive decline in conductance
(Heber et al. 1986). Interestingly, the time course of Fs
closely followed that of g (Fig. 4), and the inserts demon-
strate a good correlation between Fs and both g and NPQ.

The involvement of the xanthophyll cycle in the ob-
served changes of NPQ and Fs/Fo under water stress, was
examined in leaves infiltrated with DTT, a well-known in-
hibitor of xanthophyll de-epoxidation (Bilger and
Björkman 1994). Figure 5 shows that Fs/Fo of a stressed
leaf increased when PPFD was increased from 0 to 200
mmol mª2 sª1, and decreased at 500 and 900 mmol pho-
tons mª2 sª1. The same leaf was cut under water and
allowed to absorb DTT through the petiole for 3 h at 200
mmol mª2 sª1 PPFD, until it reached a tissue concen-
tration of about 3 mM (Bilger and Björkman 1994). The
quenching of Fs relaxed even at low light, and the Fs/Fo

adapted from Daumard 
measurements over 38 days have been 

carried out in summer 2008 over a 
sorghum field 

 



Science highlights from GOSAT 
Frankenberg, C. Fisher, J., Worden, J., Badgley, G., Saatchi, S., Lee, J.-E., et al. (2011).  
New global observations of the terrestrial carbon cycle from GOSAT: Patterns of plant fluorescence with gross primary productivity.  
Geophysical Research Letters, 38(17), L17706.
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varies widely across biomes [Turner et al., 2003] and
depends on uncertain variables such as nutrient and water
availability.
[4] As previously demonstrated [Frankenberg et al.,

2011; Joiner et al., 2011], the fluorescence signal can be
measured from space using high resolution spectra covering
Fraunhofer lines (narrow absorption features in the solar
spectrum) in the 660–800 nm range. By measuring the
fractional depth of these lines, Fs can be accurately estimated,
independent of scattering and albedo effects [Frankenberg
et al., 2011]. For the retrieval of steady‐state solar induced
chlorophyll fluorescence, we use radiance spectra measured
in the red spectral range between 756–759 nm and also
770.5–774.5 nm, recorded by the TANSO Fourier Trans-
form Spectrometer (FTS) on board the Japanese GOSAT
satellite [Hamazaki et al., 2005; Kuze et al., 2009], which
was launched on 23 January 2009 into a sun‐synchronous
orbit with a local overpass time of 13:00. ≈10000 soundings
with 82 km2 circular spatial footprints are recorded daily,
repeating a regularly spaced global footprint grid every
3 days.We retrieved the solar‐ induced fluorescence signal Fs
using an iterative least squares fitting technique. A unique
and critical step in our data processing is the correction of an
observed zero‐level offset in acquired GOSAT O2 A‐band
spectra. Without correction, the offset strongly biases Fs
because its impact on Fraunhofer line depth is indistin-
guishable from fluorescence [Frankenberg et al., 2011]. The
bias in Fs, which can be higher than 100%, is positively
correlated with radiance levels in the O2 A‐band. Therefore,
the bias is large at low solar zenith angles and over bright
surfaces (e.g., over tropical forest, ice and snow), in turn
strongly impacting previous [Joiner et al., 2011] analyses of
GOSAT data.
[5] After correction, the annual average of Fs clearly

reveals the contrast between highly active vegetation and
barren or snow‐covered surfaces (Figure 1a). Fluorescence
maxima appear over tropical evergreen forests as well as the
eastern United States followed by Asia and central Europe.
Overall, the global map of chlorophyll fluorescence also

captures many small‐scale features such as enhanced signal
in southeastern Australia or the comparatively low values of
the Iberian Peninsula. The temporal evolution of fluores-
cence is of particular interest because the seasonal variation
of atmospheric carbon dioxide is dominated by the sea-
sonality of GPP and respiration. We observe a pronounced
seasonal cycle in the northern hemisphere as well as sea-
sonal shifts in the location of maximum fluorescence in the
tropics (Figure 1b). The southern hemisphere, conversely,
exhibits a far smaller seasonal variability.
[6] Currently, the large footprint size, high single‐

measurement noise as well as the sparse and infrequent
spatial sampling of the GOSAT FTS only provides a coarse
global picture after substantial averaging, which impedes
both ground‐based validation as well as regional studies.
Hence, we rely on model or other remotely sensed data for
comparison on the global scale. As a benchmark, we com-
pare against the MPI‐BGC GPP model product [Beer et al.,
2010; Jung et al., 2011] because it is derived from direct
eddy‐covariance flux tower measurements of GPP and is
thus considered close to the truth where the flux tower
density is high. We also use MODIS‐derived GPP, as well
as NDVI, EVI and LAI indices, because these products have
been widely used as a proxy for GPP [Myneni et al., 2007;
Zhao and Running, 2010]. Additionally, we compare against
the CASA GPP monthly climatology model [van der Werf
et al., 2003]. For the comparison with GPP, we convert the
measured instantaneous fluorescence to daily averages (see
auxiliary material), denoted by FS , as GPP is an integrated
measure of carbon fluxes per day.1 When comparing with
vegetation indices, we ratio Fs by normalized down‐welling
PAR (approximated by the cosine of the solar zenith angle
(SZA) at the time of measurement).
[7] On the annual average, we find a strong linear spatial

correlation between FS with model‐based GPP, most
notably with MPI‐BGC (r2 = 0.81) followed by MODIS

Figure 1. (a) Annual average (June 2009 through May 2010) of retrieved chlorophyll‐a fluorescence at 755 nm on a
2° × 2° grid. Only grid‐boxes with more than 15 soundings constituting the average are displayed. (b) Latitudinal monthly
averages of chlorophyll fluorescence from June 2009 through end of August 2010.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL048738..
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First quantification of global solar induced fluorescence (SIF) made 
possible by GOSAT (Joiner et al; Frankenberg et al) 
--> tracks spatial and temporal variability of GPP very well



One year of OCO-2 data (biweekly averages)
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Long term average

19

SIF @ 757nm, all OCO-2 data averaged
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Chlorophyll Fluorescence 
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OCO-2 underpasses — OCO2 SIF

Aug. 13 
ND Orbit 5934

Aug. 16 
ND Orbit 5978



White lines indicate edges 
and center of CFIS swath
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