
Using	  solar-‐induced	  
fluorescence	  to	  constrain	  
model	  GPP	  

•  Observed at 757nm and 771 nm!
•  Ep is a function of temperature and 

moisture stress. The satellite-retrieved 
SIF can identify periods of such stress, 
and show instantaneous response 
whereas NDVI and LAI are more 
integrated responses.!
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Figure�4Ͳ1.�Linear�regressions�of�GOSAT�SIF�vs.�SIF*cos(SZA)�
where�SZA�is�the�solar�zenith�angle�at�the�time�of�overpass�
(Guanter�et�al.,�2012).�Each�symbol�represents�one�month�
(2009–2011).�Biomes�follow�the�International�GeosphereͲ
Biosphere�Programme�(IGBP)–based�land�cover�classes:�
[DBF]=Deciduous�Broadleaf�Forest,�[EBLN(S)]=Evergreen�
Broadleaf�Forest�in�the�northern�(southern)�hemisphere,�
[NF]=Needleleaf�Forest,�[CLN(S)]=Cropland�in�the�northern�
(southern)�hemisphere,�[GL]=Grasslands,�[SVN(S)]=Savannas�
in�the�northern�(southern)�hemisphere�(from�Guanter�et�al.,�
2012).��
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Figure�4Ͳ1.�Linear�regressions�of�GOSAT�SIF�vs.�SIF*cos(SZA)�
where�SZA�is�the�solar�zenith�angle�at�the�time�of�overpass�
(Guanter�et�al.,�2012).�Each�symbol�represents�one�month�
(2009–2011).�Biomes�follow�the�International�GeosphereͲ
Biosphere�Programme�(IGBP)–based�land�cover�classes:�
[DBF]=Deciduous�Broadleaf�Forest,�[EBLN(S)]=Evergreen�
Broadleaf�Forest�in�the�northern�(southern)�hemisphere,�
[NF]=Needleleaf�Forest,�[CLN(S)]=Cropland�in�the�northern�
(southern)�hemisphere,�[GL]=Grasslands,�[SVN(S)]=Savannas�
in�the�northern�(southern)�hemisphere�(from�Guanter�et�al.,�
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Figure�4Ͳ2.�A�plot�of�SIF�as�a�function�of�PAR�(the�slope�
is�the�apparent�ɸf)�made�from�a�radiometer�on�a�
tower�above�a�rain�fed�sorghum�crop�(adapted�from�
Daumard�et�al.,�2010).�The�authors�note�that�there�
was�no�change�in�LAI�or�NDVI,�indicating�that�
absorption�of�light�was�constant�over�this�interval.�
Thus,�ɸf�appears�to�decrease�with�water�stress.�
Photosynthesis�was�not�measured�in�these�studies,�
but�there�is�every�reason�to�expect�that�GPP�also�
declined,�leading�us�to�expect�that�SIF�may�be�used�as�
a�proxy�for�stress�effects�on�GPP.�

Drought-‐induced	  
reduc3on	  in	  SIF	  when	  no	  
concurrent	  decline	  in	  LAI	  
or	  NDVI	  observed.	  

Daumard et al. 2010; Joiner et al. 
2011; Frankenberg et al. 2011; 
Parazoo et al. 2013; Parazoo et al. 
2014. !



•  GPP	  is	  highly	  correlated	  
with	  SIF	  (as	  it	  should	  be	  –	  
both	  are	  a	  func3on	  of	  
radia3on)	  

•  How	  do	  we	  do	  on	  the	  
biome	  level?	  

•  Okay	  for	  temperate	  and	  
tropical	  grasslands.	  

•  Boreal	  forests	  and	  
Mediterranean	  shrub	  not	  
great.	  

•  Tundra	  is	  very	  bad	  (oken	  
too	  produc3ve)	  

Using	  solar-‐induced	  fluorescence	  to	  
constrain	  model	  GPP	  

M
od

el
ed

 G
PP

 
(g

C
 m

-2
 d

-1
)"

M
od

el
ed

 G
PP

 
(g

C
 m

-2
 d

-1
)"

Observed SIF (W m-2 um-1 sr-1)" Observed SIF (W m-2 um-1 sr-1)"

Tropical Forest                 Extra-trop. Mixed Forest     Boreal Coniferous Forests        Trop. Savannah               "

Temperate Grassland                   Tundra                             Mediterranean                         Desert"

r2=.33	   r2=.28	   r2=.16	   r2=.43	  

r2=.46	   r2=.02!	   r2=.21	   r2=.30	  

r2=.58	  



the unburned Amazonian vegetation to being a sink in 2011 seems to
have been driven primarily by precipitation, which changed from anega-
tive anomaly in 2010 to a positive anomaly in 2011 (Extended Data
Fig. 1a, b). However, temperatures were higher than average for both
years, reflecting a netwarming trend in recent decades (ExtendedData
Fig. 1c, d).

A more detailed picture of the Amazonian carbon cycle response to
climate is revealed by the quarterly fluxes and by focusing first on RBA,
TAB and ALF. For both years, during the first quarter of the year (the
start of the wet season), measurements indicate a net carbon sink, and
during the second and drier half of the year, measurements indicate a
net source (Fig. 4a). However, during the second quarter of 2010 (in
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Figure 3 | Surface flux signals in vertical profiles. a–d, Mean difference
between CO2 profiles measured in 2010 at the four Amazonian aircraft
sampling sites and oceanic CO2 background (that is, DCO2) during the dry
(red lines) and wet (blue lines) seasons, respectively (solid lines) and the
standard deviation divided by the square root of number of profiles
(dashed lines). The background is estimated from in situ SF6 and CO2 at the

NOAA/ESRLmonitoring stations ASC and RPB, as described in themain text.
e–h, As for a–d, but for CO. p.p.t., parts per trillion. The dry season (red lines)
is affected by fires at most sites and is here defined as July–October for
illustrative purposes only; it does not correspond to all months with fire
emissions (see Methods).
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Drought sensitivity of Amazonian carbon balance
revealed by atmospheric measurements
L.V.Gatti1*,M.Gloor2*, J. B.Miller3,4*, C. E.Doughty5, Y.Malhi5, L. G.Domingues1, L. S. Basso1, A.Martinewski1, C. S. C. Correia1,
V. F. Borges1, S. Freitas6, R. Braz6, L. O. Anderson5,7, H. Rocha8, J. Grace9, O. L. Phillips2 & J. Lloyd10,11

Feedbacks between land carbonpools and climate provide oneof the
largest sources of uncertainty in our predictions of global climate1,2.
Estimates of the sensitivity of the terrestrial carbon budget to cli-
mate anomalies in the tropics and the identification of the mechan-
isms responsible for feedback effects remainuncertain3,4.TheAmazon
basin stores a vast amount of carbon5, and has experienced increas-
ingly higher temperatures and more frequent floods and droughts
over the past two decades6. Here we report seasonal and annual
carbon balances across the Amazon basin, based on carbon dioxide
and carbon monoxide measurements for the anomalously dry and
wet years 2010 and 2011, respectively. We find that the Amazon
basin lost 0.486 0.18 petagrams of carbon per year (PgC yr21)
during the dry year but was carbon neutral (0.066 0.1 PgC yr21)
during the wet year. Taking into account carbon losses from fire by
using carbon monoxide measurements, we derived the basin net
biome exchange (that is, the carbon flux between the non-burned
forest and the atmosphere) revealing that during the dry year, vege-
tationwas carbonneutral.During thewet year, vegetationwas a net
carbon sink of 0.2560.14PgCyr21, which is roughly consistent with
themean long-termintact-forestbiomass sinkof0.3960.10PgCyr21

previously estimated fromforest censuses7.Observations fromAma-
zonian forest plots suggest the suppression of photosynthesis dur-
ing drought as the primary cause for the 2010 sink neutralization.
Overall, our results suggest that moisture has an important role in
determining the Amazonian carbon balance. If the recent trend of
increasing precipitation extremes persists6, the Amazonmay become
an increasing carbon source as a result of both emissions from fires
and the suppression of net biome exchange by drought.
To observe the state, changes and climate sensitivity of the Amazon

carbon pools we initiated a lower-troposphere greenhouse-gas sam-
pling programmeover theAmazonbasin in 2010,measuring bi-weekly
vertical profiles of carbon dioxide (CO2), sulphur hexafluoride (SF6)
and carbonmonoxide (CO) from just above the forest canopy to4.4 km
above sea level (a.s.l.) at four locations spread across the basin (Fig. 1).
Repeated measurements of the CO2 mole fraction in the low to mid-
troposphere have the ability to constrain surfaceCO2 fluxes at regional
scales (about 105–106 km2) including all knownandunknownprocesses.
This is in contrast to small temporal8,9 and spatial10,11 scale atmospheric
approaches, which need substantial and difficult-to-verify assumptions
to scale up; it is also in contrast to basin-scale surface-based studies,
which include only a subset of relevant processes3,12,13.
Our selection of sites reflects the dominant mode of horizontal air

flow atmid- to low-troposphere altitudes across theAmazon basin, with
air entering the basin from the equatorial Atlantic Ocean, sweeping

over the tropical forested region towards theAndes and turning south-
wards and back to theAtlantic (Fig. 1). Air at the end-of-the-basin sites
Tabatinga (TAB) andRioBranco (RBA) is thus exposed to carbon fluxes
from a large fraction of the basin’s rainforest vegetation. Flux signatures
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1Instituto de Pesquisas Energéticas e Nucleares (IPEN)–Comissao Nacional de Energia Nuclear (CNEN)–Atmospheric Chemistry Laboratory, 2242 Avenida Professor Lineu Prestes, Cidade Universitaria,
Sao Paulo CEP 05508-000, Brazil. 2School of Geography, University of Leeds, Woodhouse Lane, Leeds LS9 2JT, UK. 3Global Monitoring Division, Earth System Research Laboratory, National Oceanic and
Atmospheric Administration, 325Broadway, Boulder, Colorado 80305, USA. 4Cooperative Institute for Research in Environmental Sciences (CIRES), University of Colorado, Boulder, Colorado 80309, USA.
5Environmental Change Institute, School of Geography and the Environment, University of Oxford, South Parks Road, Oxford OX1 3QY, UK. 6Center for Weather Forecasts and Climate Studies, Instituto
Nacional de Pesquisas Espaciais (INPE), Rodovia Dutra, km 39, Cachoeira Paulista CEP 12630-000, Brazil. 7Remote Sensing Division, INPE (National Institute for Space Research), 1758 Avenida dos
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Figure 1 | Station’s region of influence (‘footprint’). The combined
sensitivity of all observed atmospheric CO2 concentrations to surface fluxes
(that is, measurement ‘footprints’) is shown for the four sites TAB, RBA, SAN
andALF (solid black dots). Sensitivity is given in units of concentration (p.p.m.)
per unit flux (mmolm22 s21). As seen in Extended Data Fig. 6a, footprints
from the four sites overlap substantially. Footprints are calculated at 0.5-degree
resolution using ensembles of stochastically generated back trajectories using
the FLEXPART Lagrangian particle dispersion model and then calculating
the residence times of these back trajectories in the 100m layer above the
surface. Values above 0.001 p.p.m.mmol21m22 s21 comprise 97% of the land
surface signal and values above 0.01 p.p.m.mmol21m22 s21 comprise 50%
of the land surface signal; thus apparently small values are still important
because they occupy a large area. Black arrows represent average climatological
wind speed and direction in June, July and August (from the National Centers
for Environmental Prediction (NCEP); http://www.esrl.noaa.gov/psd/data/
gridded/data.ncep.reanalysis.html) averaged between the surface and
600mbar.Open symbols (RPB andASC) represent theNOAA tropical Atlantic
sites used to define the background concentrations of CO2, CO and SF6 coming
into the Amazon basin. Solid green dots indicate the locations of forest plot
clusters where long-term biomass gains and respiration have been observed.
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Feedbacks between land carbonpools and climate provide oneof the
largest sources of uncertainty in our predictions of global climate1,2.
Estimates of the sensitivity of the terrestrial carbon budget to cli-
mate anomalies in the tropics and the identification of the mechan-
isms responsible for feedback effects remainuncertain3,4.TheAmazon
basin stores a vast amount of carbon5, and has experienced increas-
ingly higher temperatures and more frequent floods and droughts
over the past two decades6. Here we report seasonal and annual
carbon balances across the Amazon basin, based on carbon dioxide
and carbon monoxide measurements for the anomalously dry and
wet years 2010 and 2011, respectively. We find that the Amazon
basin lost 0.486 0.18 petagrams of carbon per year (PgC yr21)
during the dry year but was carbon neutral (0.066 0.1 PgC yr21)
during the wet year. Taking into account carbon losses from fire by
using carbon monoxide measurements, we derived the basin net
biome exchange (that is, the carbon flux between the non-burned
forest and the atmosphere) revealing that during the dry year, vege-
tationwas carbonneutral.During thewet year, vegetationwas a net
carbon sink of 0.2560.14PgCyr21, which is roughly consistent with
themean long-termintact-forestbiomass sinkof0.3960.10PgCyr21

previously estimated fromforest censuses7.Observations fromAma-
zonian forest plots suggest the suppression of photosynthesis dur-
ing drought as the primary cause for the 2010 sink neutralization.
Overall, our results suggest that moisture has an important role in
determining the Amazonian carbon balance. If the recent trend of
increasing precipitation extremes persists6, the Amazonmay become
an increasing carbon source as a result of both emissions from fires
and the suppression of net biome exchange by drought.
To observe the state, changes and climate sensitivity of the Amazon

carbon pools we initiated a lower-troposphere greenhouse-gas sam-
pling programmeover theAmazonbasin in 2010,measuring bi-weekly
vertical profiles of carbon dioxide (CO2), sulphur hexafluoride (SF6)
and carbonmonoxide (CO) from just above the forest canopy to4.4 km
above sea level (a.s.l.) at four locations spread across the basin (Fig. 1).
Repeated measurements of the CO2 mole fraction in the low to mid-
troposphere have the ability to constrain surfaceCO2 fluxes at regional
scales (about 105–106 km2) including all knownandunknownprocesses.
This is in contrast to small temporal8,9 and spatial10,11 scale atmospheric
approaches, which need substantial and difficult-to-verify assumptions
to scale up; it is also in contrast to basin-scale surface-based studies,
which include only a subset of relevant processes3,12,13.
Our selection of sites reflects the dominant mode of horizontal air

flow atmid- to low-troposphere altitudes across theAmazon basin, with
air entering the basin from the equatorial Atlantic Ocean, sweeping

over the tropical forested region towards theAndes and turning south-
wards and back to theAtlantic (Fig. 1). Air at the end-of-the-basin sites
Tabatinga (TAB) andRioBranco (RBA) is thus exposed to carbon fluxes
from a large fraction of the basin’s rainforest vegetation. Flux signatures
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Figure 1 | Station’s region of influence (‘footprint’). The combined
sensitivity of all observed atmospheric CO2 concentrations to surface fluxes
(that is, measurement ‘footprints’) is shown for the four sites TAB, RBA, SAN
andALF (solid black dots). Sensitivity is given in units of concentration (p.p.m.)
per unit flux (mmolm22 s21). As seen in Extended Data Fig. 6a, footprints
from the four sites overlap substantially. Footprints are calculated at 0.5-degree
resolution using ensembles of stochastically generated back trajectories using
the FLEXPART Lagrangian particle dispersion model and then calculating
the residence times of these back trajectories in the 100m layer above the
surface. Values above 0.001 p.p.m.mmol21m22 s21 comprise 97% of the land
surface signal and values above 0.01 p.p.m.mmol21m22 s21 comprise 50%
of the land surface signal; thus apparently small values are still important
because they occupy a large area. Black arrows represent average climatological
wind speed and direction in June, July and August (from the National Centers
for Environmental Prediction (NCEP); http://www.esrl.noaa.gov/psd/data/
gridded/data.ncep.reanalysis.html) averaged between the surface and
600mbar.Open symbols (RPB andASC) represent theNOAA tropical Atlantic
sites used to define the background concentrations of CO2, CO and SF6 coming
into the Amazon basin. Solid green dots indicate the locations of forest plot
clusters where long-term biomass gains and respiration have been observed.
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the unburned Amazonian vegetation to being a sink in 2011 seems to
have been driven primarily by precipitation, which changed from anega-
tive anomaly in 2010 to a positive anomaly in 2011 (Extended Data
Fig. 1a, b). However, temperatures were higher than average for both
years, reflecting a netwarming trend in recent decades (ExtendedData
Fig. 1c, d).

A more detailed picture of the Amazonian carbon cycle response to
climate is revealed by the quarterly fluxes and by focusing first on RBA,
TAB and ALF. For both years, during the first quarter of the year (the
start of the wet season), measurements indicate a net carbon sink, and
during the second and drier half of the year, measurements indicate a
net source (Fig. 4a). However, during the second quarter of 2010 (in
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Figure 3 | Surface flux signals in vertical profiles. a–d, Mean difference
between CO2 profiles measured in 2010 at the four Amazonian aircraft
sampling sites and oceanic CO2 background (that is, DCO2) during the dry
(red lines) and wet (blue lines) seasons, respectively (solid lines) and the
standard deviation divided by the square root of number of profiles
(dashed lines). The background is estimated from in situ SF6 and CO2 at the

NOAA/ESRLmonitoring stations ASC and RPB, as described in themain text.
e–h, As for a–d, but for CO. p.p.t., parts per trillion. The dry season (red lines)
is affected by fires at most sites and is here defined as July–October for
illustrative purposes only; it does not correspond to all months with fire
emissions (see Methods).
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the unburned Amazonian vegetation to being a sink in 2011 seems to
have been driven primarily by precipitation, which changed from anega-
tive anomaly in 2010 to a positive anomaly in 2011 (Extended Data
Fig. 1a, b). However, temperatures were higher than average for both
years, reflecting a netwarming trend in recent decades (ExtendedData
Fig. 1c, d).

A more detailed picture of the Amazonian carbon cycle response to
climate is revealed by the quarterly fluxes and by focusing first on RBA,
TAB and ALF. For both years, during the first quarter of the year (the
start of the wet season), measurements indicate a net carbon sink, and
during the second and drier half of the year, measurements indicate a
net source (Fig. 4a). However, during the second quarter of 2010 (in
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Figure 3 | Surface flux signals in vertical profiles. a–d, Mean difference
between CO2 profiles measured in 2010 at the four Amazonian aircraft
sampling sites and oceanic CO2 background (that is, DCO2) during the dry
(red lines) and wet (blue lines) seasons, respectively (solid lines) and the
standard deviation divided by the square root of number of profiles
(dashed lines). The background is estimated from in situ SF6 and CO2 at the

NOAA/ESRLmonitoring stations ASC and RPB, as described in themain text.
e–h, As for a–d, but for CO. p.p.t., parts per trillion. The dry season (red lines)
is affected by fires at most sites and is here defined as July–October for
illustrative purposes only; it does not correspond to all months with fire
emissions (see Methods).
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the unburned Amazonian vegetation to being a sink in 2011 seems to
have been driven primarily by precipitation, which changed from anega-
tive anomaly in 2010 to a positive anomaly in 2011 (Extended Data
Fig. 1a, b). However, temperatures were higher than average for both
years, reflecting a netwarming trend in recent decades (ExtendedData
Fig. 1c, d).

A more detailed picture of the Amazonian carbon cycle response to
climate is revealed by the quarterly fluxes and by focusing first on RBA,
TAB and ALF. For both years, during the first quarter of the year (the
start of the wet season), measurements indicate a net carbon sink, and
during the second and drier half of the year, measurements indicate a
net source (Fig. 4a). However, during the second quarter of 2010 (in
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Figure 3 | Surface flux signals in vertical profiles. a–d, Mean difference
between CO2 profiles measured in 2010 at the four Amazonian aircraft
sampling sites and oceanic CO2 background (that is, DCO2) during the dry
(red lines) and wet (blue lines) seasons, respectively (solid lines) and the
standard deviation divided by the square root of number of profiles
(dashed lines). The background is estimated from in situ SF6 and CO2 at the

NOAA/ESRLmonitoring stations ASC and RPB, as described in themain text.
e–h, As for a–d, but for CO. p.p.t., parts per trillion. The dry season (red lines)
is affected by fires at most sites and is here defined as July–October for
illustrative purposes only; it does not correspond to all months with fire
emissions (see Methods).
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•  Natural fluxes were a C sink in JAS, C 

source in OND except for NE. 

•  TRENDY models capture the JAS sink 
but it is too strong. 

•  Do not capture the OND source in NE 
and SE. 

Total net flux to 
atm

osphere"
R

elease by burning 
+ land use"

N
on-fire N

et Biom
e 

Em
issions"



the unburned Amazonian vegetation to being a sink in 2011 seems to
have been driven primarily by precipitation, which changed from anega-
tive anomaly in 2010 to a positive anomaly in 2011 (Extended Data
Fig. 1a, b). However, temperatures were higher than average for both
years, reflecting a netwarming trend in recent decades (ExtendedData
Fig. 1c, d).

A more detailed picture of the Amazonian carbon cycle response to
climate is revealed by the quarterly fluxes and by focusing first on RBA,
TAB and ALF. For both years, during the first quarter of the year (the
start of the wet season), measurements indicate a net carbon sink, and
during the second and drier half of the year, measurements indicate a
net source (Fig. 4a). However, during the second quarter of 2010 (in
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between CO2 profiles measured in 2010 at the four Amazonian aircraft
sampling sites and oceanic CO2 background (that is, DCO2) during the dry
(red lines) and wet (blue lines) seasons, respectively (solid lines) and the
standard deviation divided by the square root of number of profiles
(dashed lines). The background is estimated from in situ SF6 and CO2 at the

NOAA/ESRLmonitoring stations ASC and RPB, as described in themain text.
e–h, As for a–d, but for CO. p.p.t., parts per trillion. The dry season (red lines)
is affected by fires at most sites and is here defined as July–October for
illustrative purposes only; it does not correspond to all months with fire
emissions (see Methods).
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•  How does JULES compare with the other TRENDY 
models? 

•  The LUC flux is miniscule and no firs, so NBP = 
NBP_natural 

•  Uptake is too strong in JAS (similar to the other 
models). 

•  C source in OND better simulated in JULES. 
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The new PFTs: 

•  Give JULES the ability to represent more biomes. 

•  9 is not a hard-wired number so experiments can be done with 
more or less.  

•  More closely match observed physiology. 

•  Evaluation against multiple datasets enables us to pinpoint 
regions most in need of further development. 

•  None of these runs used tuned parameters – so we know we can 
do better. 

•  In common with other DGVMs, JULES underestimated the GPP 
sensitivity to the 2010 Amazon drought, but captured some lag 
effects on overall biome C flux.	  

Thank you a.harper@exeter.ac.uk      @docAHarper 


