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Biosphere

Large intermodel spread, large interannual variability
Participate to the definition of [CO2]=f(emission flux)

C. Le Quéré et al.: Global Carbon Budget 2017 423

timated by Regnier et al. (2013) at 0.65 ± 0.35GtC yr�1. We
do not attempt to incorporate the changes in LOAC in our
study.

The inclusion of freshwater fluxes of anthropogenic CO2
affects the estimates of, and partitioning between, SLAND and
SOCEAN in Eq. (1) in complementary ways, but does not af-
fect the other terms. This effect is not included in the GOBMs
and DGVMs used in our global carbon budget analysis pre-
sented here.

2.7.3 Loss of additional sink capacity

The DGVM simulations now used to estimate SLAND are car-
ried out with a time-invariant pre-industrial land-use mask.
Hence, they overestimate the land sink by ignoring histori-
cal changes in vegetation cover due to land use and how this
affected the global terrestrial biosphere’s capacity to remove
CO2 from the atmosphere. Historical land-cover change was
dominated by transitions from vegetation types that can pro-
vide a large sink per area unit (typically forests) to others
less efficient in removing CO2 from the atmosphere (typi-
cally croplands). The resultant decrease in land sink, called
the “loss of sink capacity”, is calculated as the difference be-
tween the actual land sink under changing land cover and the
counterfactual land sink under pre-industrial land cover.

An efficient protocol has yet to be designed to estimate the
magnitude of the loss of additional sink capacity in DGVMs.
Here, we provide a quantitative estimate of this term to
be used in the discussion. Our estimate uses the compact
Earth system model OSCAR (Gasser et al., 2017), whose
land carbon cycle component is designed to emulate the be-
haviour of TRENDY and CMIP5 complex models. We use
OSCAR v2.2.1 (an update of v2.2, with minor changes) in a
probabilistic setup identical to the one of Arneth et al. (2017)
but with a Monte Carlo ensemble of 2000 simulations. For
each, we calculate separately SLAND and the loss of ad-
ditional sink capacity. We then constrain the ensemble by
weighting each member to obtain a distribution of cumula-
tive SLAND over 1850–2005 close to the DGVMs used here.
From this ensemble, we estimate a loss of additional sink ca-
pacity of 0.4 ± 0.3 GtC yr�1 on average over 2005–2014 and
by extrapolation of 20 ± 15 GtC accumulated between 1870
and 2016.

3 Results

3.1 Global carbon budget mean and variability for
1959–2016

The global carbon budget averaged over the last half-century
is shown in Fig. 3. For this time period, 82 % of the to-
tal emissions (EFF + ELUC) were caused by fossil fuels
and industry and 18 % by land-use change. The total emis-
sions were partitioned among the atmosphere (45 %), ocean
(23 %), and land (32 %). All components except land-use
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Figure 3. Combined components of the global carbon budget il-
lustrated in Fig. 2 as a function of time, for emissions from fossil
fuels and industry (EFF; grey) and emissions from land-use change
(ELUC; brown), as well as their partitioning among the atmosphere
(GATM; purple), land (SLAND; green), and oceans (SOCEAN; blue).
The partitioning is based on nearly independent estimates from ob-
servations (for GATM) and from process model ensembles con-
strained by data (for SOCEAN and SLAND) and does not exactly
add up to the sum of the emissions, resulting in a budget imbal-
ance which is represented by the difference between the bottom red
line (reflecting total emissions) and the sum of the ocean, land, and
atmosphere. All time series are in GtC yr�1. GATM and SOCEAN
prior to 1959 are based on different methods. EFF is primarily from
Boden et al. (2017) with uncertainty of about ±5 % (±1� ); ELUC
are from two bookkeeping models (Table 2) with uncertainties of
about ±50 %; GATM prior to 1959 is from Joos and Spahni (2008)
with uncertainties equivalent to about ±0.1–0.15 GtC yr�1, and
from Dlugokencky and Tans (2018) from 1959 with uncertainties
of about ±0.2 GtC yr�1; SOCEAN prior to 1959 is averaged from
Khatiwala et al. (2013) and DeVries (2014) with uncertainty of
about ±30 %, and from a multi-model mean (Table 4) from 1959
with uncertainties of about ±0.5 GtC yr�1; SLAND is a multi-model
mean (Table 4) with uncertainties of about ±0.9 GtC yr�1. See the
text for more details of each component and their uncertainties.

change emissions have grown since 1959, with important in-
terannual variability in the growth rate in atmospheric CO2
concentration and in the land CO2 sink (Fig. 4), as well as
some decadal variability in all terms (Table 6).

3.1.1 CO2 emissions

Global CO2 emissions from fossil fuels and industry have in-
creased every decade from an average of 3.1 ± 0.2 GtC yr�1

www.earth-syst-sci-data.net/10/405/2018/ Earth Syst. Sci. Data, 10, 405–448, 2018
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Figure 6.24 |  Cumulative land and ocean carbon uptake simulated for the historical period 1850–2005 (top) and for the four RCP scenarios up to 2100 (b–e). Mean (thick 
line) and 1 standard deviation (shaded). Vertical bars on the right show the full model range as well as standard deviation. Black bars show observationally derived estimates for 
2005. Models used: Canadian Earth System Model 2 (CanESM2), Geophysical Fluid Dynamics Laboratory–Earth System Model 2G (GFDL–ESM2G), Geophysical Fluid Dynamics 
Laboratory–Earth System Model 2M (GFDL–ESM2M), Hadley Centre Global Environmental Model 2–Carbon Cycle (HadGEM2-CC), Hadley Centre Global Environmental Model 
2–Earth System (HadGEM2-ES), Institute Pierre Simon Laplace–Coupled Model 5A–Low Resolution (IPSL–CM5A–LR), Institute Pierre Simon Laplace–Coupled Model 5A–Medium 
Resolution (IPSL–CM5A–MR), Institute Pierre Simon Laplace–Coupled Model 5B–Low Resolution (IPSL–CM5B–LR), Model for Interdisciplinary Research On Climate–Earth System 
Model (MIROC–ESM–CHEM), Model for Interdisciplinary Research On Climate–Earth System Model (MIROC–ESM), Max Planck Institute–Earth System Model–Low Resolution 
(MPI–ESM–LR), Norwegian Earth System Model 1 (Emissions capable) (NorESM1–ME), Institute for  Numerical Mathematics Coupled Model 4 (INMCM4), Community Earth System 
Model 1–Biogeochemical (CESM1–BGC), Beijing Climate Center–Climate System Model 1.1 (BCC–CSM1.1). Not every model performed every scenario simulation.
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Biosphere
Largely defines continental water cycle response 

(as it modulates evapotranspiration ET) (Lemordant et al., 2018)

Lemordant, L., Gentine, P., et al. (2018)., PNAS.
Converse: Green, J.K…, Gentine P., (2019), Nature

accompanying increased precipitation (Figs. 2B and 3A and SI
Appendix, Fig. S4A). Tropical rainforests, which are also energy-
limited, display an increase in ET from radiative effects (Fig. 2B)
but this effect is overcompensated by the physiological response
of stomata to [CO2] (Fig. 2C). The Mediterranean, Central
America, and West Africa all exhibit reduced ET (Fig. 2A) in
response to radiatively driven precipitation declines (Fig. 2B),
but are also largely physiologically controlled (Fig. 3A and SI
Appendix, Figs. S4 A–C and S7B).
The response of P-ET, i.e., long-term runoff (Fig. 2D), reflects

the changes in both P and ET, and should be more strongly re-
lated to radiative changes as they mostly alter precipitation.
Nonetheless, physiology still slightly dominates precipitation
changes of P-ET, 37% vs. 32% of the total changes, respectively
(Fig. 3B). In CTRL, the response is a smoothed version of the
precipitation response (Fig. 1A) and does not reflect the increase
in Ep (Fig. 3B) (6), further confirming that Ep is not a pertinent
variable of changes in ET in the future (6). The geographical
structure of P-ET thus largely reflects global warming changes
(Fig. 2E). Physiological effects and their impact on ET (Fig. 2C)
drive the P-ET response in the regions where ET changes are the

largest (Eastern United States,, central South America, Southeast
Asia, and central Africa) (SI Appendix, Fig. S9I); they contribute
most to P-ET in about one-third of the globe (Fig. 3B and SI
Appendix, Fig. S4F). Precipitation accounts for about one-third of
the P-ET changes (Fig. 3B and SI Appendix, Fig. S4E) and dom-
inates the P-ET response in one-quarter of the globe (SI Appendix,
Fig. S7C), which is a much larger fraction than for other stress
indices such as LAI, ET, EF, or soil moisture. Over Western
Europe, the northern part of Amazon, and southern South
America, the decreasing trend in precipitation (Fig. 1A) has a
large impact on P-ET. Radiation and related temperature in-
crease drives P-ET change in the northern latitudes and in some
semiarid regions (Fig. 3B and SI Appendix, Fig. S4D). However,
one-third of the globe surface is not dominated by one single
factor, and only their combined effects can explain the overall
response (SI Appendix, Fig. S7C). This multimodel analysis of P-
ET shows that both total greenhouse gas effects (as assessed in
ATMO) and PHYS play a very significant role in long-term runoff
similarly to a previous single Earth system model analysis (19).
The EF (latent heat flux divided by the total energy input) and

its associated quantity, the Bowen ratio (sensible heat flux di-
vided by latent heat flux), measure the surface energy parti-
tioning toward ET and its impact on the overlying atmosphere
(32, 33), and reflects ecosystem stress. While changes in EF are
constrained by ET, they are impacted by the energy cycle changes
as well. Both the radiative flux and EF changes impact the global
changes in evaporation and precipitation (1). Since ET equals EF
times the radiative flux, the responses of ET and EF are related
but distinct, especially in regions where radiative changes are
large, such as in cold regions. The linear combination of radiative
and physiological effects very well explains the spatial patterns of
EF in CTRL (Fig. 2G). Radiative (Fig. 2H and SI Appendix, Fig.
S7D) and physiological effects (Fig. 2I and SI Appendix, Fig. S7D)
show strong and opposite control on EF. Radiative effects in-
crease EF (34), except in the Mediterranean, Central America,
West Africa, and around the Amazon delta (Figs. 2H and 3C and
SI Appendix, Figs. S4G and S7D). On the contrary, physiological
effects have a large negative impact on EF (Fig. 2I and SI Ap-
pendix, Fig. S7D) in most regions (79% of the globe, SI Appendix,
Fig. S7D) and especially in tropical regions (Fig. 3C and SI Ap-
pendix, Fig. S4I), as decreases in transpiration due to stomatal
closure under rising [CO2] are not compensated by saved soil
moisture resources (17, 35) or increased LAI, which is already
very high in tropical regions. In Alaska, Siberia, Australia, and the
horn of Africa, the physiological-induced decrease of EF indicates
increased partitioning toward sensible heating compared with
ET and thus increased temperature through land–atmosphere
feedback (36). It is therefore critical to correctly represent physio-
logical effects in models to estimate future land–atmosphere inter-
actions and extremes (17). Precipitation (Fig. 3C and SI Appendix,
Fig. S4H) is a major driver of EF changes in Europe, Australia, in
the Great Plains, and some of Central and South America. In the
northern west coast of South America, EF decreases significantly,
while ET tends to increase because of increased radiative effect (Fig.
2 A, B, andG). In Northern latitudes regions like Québec or central
northern Russia, EF increases slightly but ET increases much more
because of the additional radiative heating (Fig. 2 A, B, and G).
Overall though, physiology accounts for the majority (almost two-
thirds) of the EF changes (Fig. 3C and SI Appendix, Fig. S4I).
Growing season soil moisture at 2-m depth (SM2m) (Materials

and Methods) changes almost everywhere but the sign and
magnitude of the response varies widely across the globe (Fig.
2J). SM2m is influenced by changes in seasonality imposed by
changes in phenology and LAI (SI Appendix, Fig. S6C) (17, 37).
Most of the soil moisture decrease (Fig. 2J) is due to radiative
effects (Figs. 2K and 3D and SI Appendix, Fig. S4J), whereas
physiological effects tend to increase SM2m (Fig. 2L ), especially
in equatorial Africa, South America, South Asia, and Indonesia
(Fig. 2J). Soil moisture does not homogeneously change over the
whole soil column, consistent with recent findings (38). Soil
moisture changes are often thought to be driven by changes in P,
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Fig. 3. Decomposition along the three main drivers of ET (A), P-ET (B), EF
(C), and Sm (D) in CTRL. Green quantifies the effect of the vegetation
physiology based on the run PHYS; red and blue quantify the contribution
of, respectively, net radiation and precipitation, based on a multiple linear
regression of ATMO. Pie charts show for ET (E), P-ET (F), EF (G), and Sm (H)
the global average of each contribution, weighted by the total effect in-
cluding error terms, reported as a gray shaded area.
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How can we tackle those issues
to better constrain those predictions?

Approach:
Multiscale modeling/observations 

Combined with physical and statistical (when needed) modeling

Why now?
Golden age for Earth Observations (e.g. satellites)

+ 
Dramatic increase in computational power 

(many processes can now be resolved)

Radiation

Vegetation
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Biosphere: photosynthesis
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Radiation

Vegetation

Largest terrestrial CO2 flux: photosynthesis (GPP)
How can we constrain it to inform global env. changes?

We now have a proxy for photosynthesis, 
called solar-induced fluorescence (SIF) 

During photosynthesis a plant absorbs energy 
through its chlorophyll

o % used for ecosystem gross 
primary production (GPP) 

o % lost as heat
o % re-emitted (SIF: byproduct)

Small flux of a small flux: a very small and noisy flux

Guanter, L., et al. 2013 PNAS
Sun et al., 2018 Science

Alemohammad,et al., Gentine P.., 2017, Biogeosciences

Photosynthesis
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Radiation

Vegetation

Example of success with SIF

Better characterization of phenological cycle

Jeong et al. (2017). Remote Sensing of Environment, 190, 178–187. 

sensed variables (Fig. 3). At both of two continents, in spring, seasonal
evolution of NDVI and SIF lagged behind that of temperature and
SWR. On the contrary, in fall, after reaching the annual maximum, SIF
falls as the radiation forcing decreases, whereas NDVI and temperature
see higher values that extend further into the fall season. Overall, in con-
trast to NDVI, as a physiological response variable, SIF implicitly in-
cludes the impacts of temperature as well as aspects of radiation
availability at large-scale.

We further quantified differences in the timing of phenology events
in the spring and fall (i.e., spring/fall onset/offset or start/end of growing
season) between NDVI, SIF, and GPP (Fig. 4). Here, we also estimated
spring and fall dates by calculating NDVI × SWR to understand the im-
pact of radiation availability. In spring, over Eurasia, regardless of the se-
lected threshold values (e.g., 20, 50, and 80%, respectively), NDVI-based
onset dates increase in spring before SIF- and GPP-based onset dates for
all latitude bands (upper panel in Fig. 4). Averaged over the latitude

bands, the spring onset date of NDVI for the 20% threshold (day of
year: DOY 76 (±17 days)) precedes SIF and GPP by 24 (±6) days and
23 (±9) days, respectively. However, the spring initiation of SIF (DOY
100 (±8days) for 20% threshold, DOY 126 (±7days) for 50% threshold,
and DOY 154 (±9 days) for 80% threshold corresponds to spring initia-
tion of GPP DOY 99 (±11 days) for 20% threshold, DOY 125 (±7 days)
for 50% threshold, andDOY 153 (±9days) for 80% threshold. In contrast
to spring days, the fall days for NDVI lag the days from SIF andGPP by 46
(±11 days) and 43 (±8 days) days, respectively. These general differ-
ences between SIF and NDVI onset and offset days are observed in
North America as well, indicating that the two types of measurements
observe fundamentally different phenomena with information on con-
trasting aspects of system function.

Consequently, NDVI-based phenology shows longer growing sea-
sons than those derived from SIF- or GPP-based phenology. In particu-
lar, the differences in fall offset dates between NDVI and SIF (or GPP)

Fig. 1.Normalizedmean seasonal cycle of area averagedGOSATSIF, GOMESIF,MODISNDVI, GIMMSNDVI,MPIGPP, andMODISGPP over northern temperate and boreal forests (40–55°N)
for the period 2010–2012 in Eurasia (a) and in North America (b). Error bars in all figures indicate monthly standard deviations for the period 2010–2012.

Fig. 2.Normalizedmean seasonal cycle of area averagedGOSATSIF, GOMESIF,MODISNDVI, GIMMSNDVI,MPIGPP, andMODISGPP over northern temperate and boreal forests (40–55°N)
for the period 2010–2012 in deciduous and evergreen forests over Eurasia (a, b) and over North America (c, d). Error bars in all figures indicatemonthly standard deviations for the period
2010–2012.

181S.-J. Jeong et al. / Remote Sensing of Environment 190 (2017) 178–187

NDVI exaggerates seasonal cycle
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Zhang, Y., … & Gentine, P. (2018), Biogeosciences

MODIS 
channels

Contiguous
Solar-induced fluorescence

(CSIF)

Cost function:
misfit to SIF 
observations

Biosphere: photosynthesis

SIF is too noisy, not long enough or not sufficient resolution
Use machine learning: 

Reproduce SIF with MODIS (visible and near infrared channels):
higher accuracy and resolution, longer (2002-now)

Called Contiguous SIF (CSIF)

25 
 

 
Figure 1. Samples that were used for NN training (year 2015 and 2016) and validation (2014 and 2017). Upper panel shows the 
spatial distribution of observation day of year (DOY) and the bottom panel shows the spatial distribution of the sample density. 
Each point in (a,c) represents a 0.05-degree training gridcell. Limited observations in South America were caused by the South 
Atlantic Anomaly (Sun et al., 2018).  5 

 

Figure 2. Predicted SIF in comparison with the OCO-2 SIF. Red lines represent the regression slope and the black dotted lines 
represent the 1:1 line. 

Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-255
Manuscript under review for journal Biogeosciences
Discussion started: 22 June 2018
c� Author(s) 2018. CC BY 4.0 License.



8 | Transcending Disciplines, Transforming Lives, Educating Leaders8 | Multiscale LA Zhang, Y et al. (2018). Geophysical Research Letters, 45(8), 3508–3519. 
https://doi.org/10.1029/2017GL076354

Biosphere: photosynthesis

What is the rational behind this?
Let us go back to the basics (light use efficiency a la Monteith)

GPP = LUEChl.fPARChl.PAR
Similarly

SIF = Yield.fPARChl.PAR

So SIF = Yield/ LUEChl . GPP
If Yield, LUEChl are not varying much then 

APARChl = fPARChl.PAR is a good proxy for GPP (and SIF) 

https://doi.org/10.1029/2017GL076354
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Original SIF (GOME-2) - 0.5 degree

Gentine, P., & Alemohammad, S. H. (2018). . Geophysical Research Letters.
Zhang, Y., … & Gentine, P. (2018), Biogeosciences

Nile example
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Contiguous SIF Modis - 0.5 degree

Gentine, P., & Alemohammad, S. H. (2018). . Geophysical Research Letters.
Zhang, Y., … & Gentine, P. (2018), Biogeosciences

Nile example
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Contiguous SIF Modis - 0.05 degree

Gentine, P., & Alemohammad, S. H. (2018). Geophysical Research Letters.
Zhang, Y., … & Gentine, P. (2018), Biogeosciences

Nile example
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Application 1. Northern latitude temperature sensitivity

12 | Multiscale LA

Use Contiguous SIF to understand sensitivity to warming
T ↑   ➡ greener vegetation

CSIF

Zhang, Y., Commane R., Gentine P.  Light limits end of season northern 
ecosystem carbon uptake, submitted

Veg. index (NDVI)

J F M A M J J A S O N D J

Greenness
Future Greenness
Photosynthesis
Future Photosynthesis

Greening

Greening Greening
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Application 1. Northern latitude temperature sensitivity

13 | Multiscale LA

Use Contiguous SIF to understand sensitivity to warming
T ↑   ➡ greener vegetation

CSIF

Zhang, Y., Commane R., Gentine P.  Light limits end of season northern 
ecosystem carbon uptake, submitted

Veg. index (NDVI)Increased sink
(photosynthesis>respiration)

Increased source
(photosynthesis<respiration)

❓
J F M A M J J A S O N D J

Greenness
Future Greenness
Photosynthesis
Future Photosynthesis

Greening

Greening Greening



14 | Transcending Disciplines, Transforming Lives, EducaDng Leaders

Application 1. Northern latitude temperature sensitivity

14 | Multiscale LA

Contiguous SIF: comparison with eddy covariances

 

10 

 
Figure 10: Comparison between C-SIF (continuous SIF) and GPP based on flux-tower sites from the Fluxnet 
2015 database above 30 degrees North for various plant functional types (Evergreen needleleaf forest ENF, 
Deciduous broadleaf forest DBF, Mixed Forest MF, Woody Savanna WSA, Open Shrublands OSH, 
Grassland GRA, Wetland WET). Comparison of Start of Photosynthetic (SOP) period as assessed from C-
SIF vs flux-tower based GPP and End of Photosynthetic (EOP) period for all site-year (middle column) and 
same but for NDVI (right column), which shows poor performance for phenology. 
2.2 Continuous SIF (C-SIF) 
The PI and his group recently demonstrated that machine learning techniques could be used to define a proxy 
for SIF, called Continuous SIF (C-SIF), based on older-generation MODIS visible and near infrared 
reflectance channels (Gentine and Alemohammad, 2018; Zhang et al., 2018a). In a nutshell C-SIF cannot 
capture variations in SIF yield Y but appears to be able to capture the other factors and has the advantage to 
have minimal noise  compared to SIF measurements: 

 C-SIF   (4)  
C-SIF largely improves the correlation with eddy-covariance partitioned GPP compared to the original SIF 
and compared to typical vegetation indices (Gentine & Alemohammad, 2018), Figure 10, especially to 
retrieve the beginning and end of the photosynthetic period. It is not affected by snow, unlike vegetation 
indices, and performs better than the SIF GOME-2 data in high-latitude regions and in particular in the 
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Figure 10: Comparison between C-SIF (continuous SIF) and GPP based on flux-tower sites from the Fluxnet 
2015 database above 30 degrees North for various plant functional types (Evergreen needleleaf forest ENF, 
Deciduous broadleaf forest DBF, Mixed Forest MF, Woody Savanna WSA, Open Shrublands OSH, 
Grassland GRA, Wetland WET). Comparison of Start of Photosynthetic (SOP) period as assessed from C-
SIF vs flux-tower based GPP and End of Photosynthetic (EOP) period for all site-year (middle column) and 
same but for NDVI (right column), which shows poor performance for phenology. 
2.2 Continuous SIF (C-SIF) 
The PI and his group recently demonstrated that machine learning techniques could be used to define a proxy 
for SIF, called Continuous SIF (C-SIF), based on older-generation MODIS visible and near infrared 
reflectance channels (Gentine and Alemohammad, 2018; Zhang et al., 2018a). In a nutshell C-SIF cannot 
capture variations in SIF yield Y but appears to be able to capture the other factors and has the advantage to 
have minimal noise  compared to SIF measurements: 

 C-SIF   (4)  
C-SIF largely improves the correlation with eddy-covariance partitioned GPP compared to the original SIF 
and compared to typical vegetation indices (Gentine & Alemohammad, 2018), Figure 10, especially to 
retrieve the beginning and end of the photosynthetic period. It is not affected by snow, unlike vegetation 
indices, and performs better than the SIF GOME-2 data in high-latitude regions and in particular in the 
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Zhang, Y., Commane R., Gentine P.  Light limits end of season northern 
ecosystem carbon uptake, submitted

Eddy-covariance in situ observations

Greenness (NDVI)
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Contiguous SIF: Start and End of season light limitation
Day of photosynthesis gain per increased day of greening

CSIF

gSOSfPARCSIF

a
gEOSfPARCSIF

b

gSOSfPARNDVI

c
gEOSfPARNDVI

d

gSOSregression

e
gEOSregression

f
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Sensitivity (d d-1)

Radiation limitation (%)

gSOSfPARCSIF
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gEOSfPARCSIF
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gSOSregression
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gEOSregression
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100 80 60 40 20 0

Sensitivity (d d-1)

Radiation limitation (%)

EOS: 
lots of light 
limitation

(no benefits 
of being 
greener)

SOS: 
no light 

limitation
(benefits of 

being 
greener)

Greening: beneficial for beginning of season
not much benefits for end of season (light limitations)

Zhang, Y., Commane R., Gentine P.  Light limits end of season northern 
ecosystem carbon uptake, submitted

Application 1. Northern latitude temperature sensitivity

∂(Photosynthesis days)
∂(Greening days)
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Validation: In situ eddy-covariance Net Ecosystem Exchange (NEE)
NEE = -(Photosynthesis - Respiration)   < 0    ➡ Sink

Zhang, Y., Commane R., Gentine P.  Light limits end of season northern 
ecosystem carbon uptake, submitted

EOS 
lots of light 
limitation

(no benefits of 
being greener, 
increased CO2

source with 
increased T)

SOS 
no light 

limitation
(benefits of 

being 
greener)

Temperature beneficial for beginning of season
not much benefits for end of season (light) but large spatial variations

Models do not capture this

Source

Sink

Source

Sink

Application 1. Northern latitude temperature sensitivity
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Application 2. End of season water stress
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End of photosynthesis (EOP) date: 
dependence on pre-season T (Reanalysis) and Soil moisture (SMAP)

Regions not T limited are water limited
Clear separation between them using Support Vector Machine classification

Confirmed by eddy covariances (not shown)
Zhang, Y., Gentine P. , Parazoo N. Zhou S., Piao S., Compound 
temperature and moisture constraints on end-of-season plant 
photosynthesis , submitted

Correlation (EOP, T) Correlation (EOP, P)

Water limited

T limited
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Application 2. End of season water stress
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Interannual Variability (IAV) still dominates the signal

Trend in CSIF IAV in CSIF

Limitation

Trend is still too weak compared to trend in MODIS record
Turn to Earth System Models that relatively correctly capture this threshold

Zhang, Y., Gentine P. , Parazoo N. Zhou S., Piao S., Compound 
temperature and moisture constraints on end-of-season plant 
photosynthesis , submitted
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Application 2. End of season water stress

19 | Multiscale LA

Future prediction of regions with EOP limited by precipitation

Zhang, Y., Gentine P. , Parazoo N. Zhou S., Piao S., Compound 
temperature and moisture constraints on end-of-season plant 
photosynthesis , submitted
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Conclusions
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Machine learning applied to remote sensing 
as a ”filter” for noisy but good data

Two examples of end of season impact on carbon uptake:

1. Light limitation
Machine-learning retrievals of photosynthesis provide new observational 

constraints on GPP response across climates/ecosystems
• Cold regions: Light is the main regulator of end-of-season 

photosynthesis and carbon uptake temperature sensitivity

2. Dryness change
Clear threshold dependent on both T and P 

Supply vs. demand
Demand T change is expected to have more future impact than P
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Next steps
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Not just correlations, we want to assess causation, 
predict (e.g. climate change) and interpret

1) Causation: need to decompose cause and consequence, 
i.e. directionality and strength 

2) Prediction: implies good out-of-sample generalization
(beside basic overfitting avoidance)
3) Interpretability (black boxes)
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THANK YOU

Questions?


