
SIF Based Estimates of  Terrestrial 
Vegetation Photosynthesis

Grand Challenge: Consistent explanation of terrestrial ecosystem 
dynamics from stomata to globe. 

Method: Multi-scale synthesis of satellite, airborne, and tower plant 
fluorescence
Workshop Challenge: How to provide complementary information 
from OCS
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IPCC AR5, 
Ch 6

Model Predictions of Carbon-Climate 
Feedback Are Uncertain
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scaled to primary 
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Climate
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response to 
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except in high 

latitudes)



(1) Diverse Process Models Leads to Range 
in GPP Predictions

Zonal Average Gross Primary Production
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(1) Prior uncertainty, based on spread in 
model predictions, is high



Solar	induced	fluorescence:	SIF



Why SIF?
• Linear correlation to photosynthesis without ancillary information
• Reflects dynamic photosynthetic response to heat and water stress
• Dense, long term global coverage, in cloudy and remote regions

SIF Vegetation index (VI)

Simple	light-use	efficiency	model: Heat & 
Water Stress

GPP (r2 = 0.74), but significantly worse correlations against
the other MODIS vegetation index products (r2 = 0.47–0.63)
and the CASA model (r2 = 0.52) (Figure 2). Two biome
types caused most of the differences in the comparisons:
needleleaf forest for MPI‐ BGC and MODIS, and evergreen
broadleaf forest for CASA. The MODIS greenness indices
showed saturation at high values, particularly in high
northern latitude needleleaf forests; this may be attributed to

problems with using greenness as an indicator for photo-
synthetic activity. This becomes evident in the correlation of
vegetation indices with Fs, where the relationship appears
curvilinear and needleleaf forests deviate most strongly
regarding all indices, especially at low temperatures
(Figure 2). Calculation of GPP from vegetation indices thus
requires ancillary information, which can add further
uncertainties. It is important to note that the chlorophyll

Figure 2. (top) Scatter‐plot of 4° × 4° grid cell averages of fluorescence (FS) vs. GPP model estimates (small dots color‐
coded by latitude, only grid boxes over vegetated areas and with a 1‐s precision error in FS of <0.04 Wm−2 m m−1 sr−1 are
shown). The linear regression line in all panels equals a linear fit through the origin on the basis of the MPI‐BGC GPP model.
(bottom) Normalized Fs/cos(SZA) vs. MODIS LAI, NDVI and fPAR. The large symbols in all plots are biome averages,
further separated for northern and southern hemisphere and based on 1x1° biome classification see auxiliary material.

Table 1. Linear Pearson Correlation Coefficients (r2) With Chlorophyll Fluorescence on 4° × 4° Grid Cells for the Annual Average and
Different Seasonsa

MPI‐BGC MODIS CASA MODIS MODIS MODIS MODIS CASA
Season GPP GPP GPP LAI NDVI fPAR MPI GPP MPI GPP

JJA 0.76 0.56 0.57 0.53 0.48 0.44 0.82 0.74
SON 0.86 0.78 0.64 0.73 0.64 0.63 0.87 0.80
DJF 0.88 0.76 0.77 0.63 0.63 0.61 0.87 0.80
MAM 0.81 0.72 0.64 0.63 0.51 0.53 0.86 0.77
Annual 0.80 0.74 0.52 0.64 0.46 0.46 0.81 0.63
JJA‐DJF 0.89 0.65 0.72 0.70 0.53 0.80 0.78 0.86

aSeasons: June‐August 2009 (JJA), September‐November 2009 (SON), December‐February 2009–2010 (DJF) and March‐May 2010 (MAM).
Vegetation‐free areas are excluded in the analysis. In addition, the correlation of the difference between JJA and DJF is displayed (JJA‐DJF, see
Figure S12 in Text S1). The two right columns indicate the correlation coefficients of MODIS against MPI‐BGC and CASA against MPI‐BGC,
respectively.

FRANKENBERG ET AL.: CHLOROPHYLL FLUORESCENCE FROM SPACE L17706L17706
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Model and SIF-based GPP Uncertainties

1. Measurement 
Error

2. Coverage

3. Scaling Between 
SIF and GPP

4. Empirical Model

5. Sampling Bias

SIF Models
1. Processes
2. Inputs
3. Downscaling from 

monthly to diurnal 
averages



• y: vector of monthly GOSAT SIF observations (scaled to GPP using MPI)
• f(β): Vector of model estimates sampled at GOSAT overpass, based on diurnal 

downscaling of monthly GPP from TRENDY ensemble average
• R: Observation error (SIF measurement error + scaling error + MPI error)
• β: monthly scale factor
• βb: prior estimate of monthly scale factor (assumed to be 1)
• P: Error in scale factor (spread of TRENDY models)

Estimate a Scale Factor For Monthly GPP, 
Called β, 

At Each Grid Cell For Each Month

Parazoo et al., 2014, GCB 

Combine for Optimal GPP Constraint
Balance	of	Estimates	from	SIF	&	Models,	Weighted	by	Respective	
Uncertainties



• Posterior uncertainty reduced by ~ 30%
• Opportunity for model benchmarking
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So this is great – what are 
the uncertainties? 
• Multiple	satellites
• Multiple	retrieval	algorithms
• Multiple	observing	strategies



GOME:	1996	- 2011

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

SCIAMACHY:	2002	- 2012

GOME-2:	2007	- present

GOSAT:	2009	- present

OCO-2:	2014	- present

Current	SIF	Record:	2002-2016	

Proposed	SIF	Record:	1996-2020	
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L. Guanter et al.: Chlorophyll fluorescence monitoring from TROPOMI 1339

Table 1. Relevant characteristics of current and near-future satellite missions enabling SIF retrievals. The improvement in spatial resolution
and number of clear-sky observations per day from Sentinel-5 Precursor/TROPOMI are highlighted with ⇤. NIR stands for near-infrared.
It must be noted that GOME-2 on MetOp-A has been operating in a reduced-swath mode since 15 July 2013 with a reduced pixel size of
40⇥ 40 km2.

GOSAT GOME-2 SCIAMACHY OCO-2 TROPOMI

Data since/from Jun 2009 Jan 2007 2002–2012 Aug 2014 Mid 2016
Overpass time Midday Morning Morning Midday Midday
Red/NIR spectral coverage 757–775 nm 650–790 nm 650–790 nm 757–775 nm 675–775 nm
Spectral resolution at 750 nm ⇠ 0.025 nm ⇠ 0.5 nm ⇠ 0.5 nm ⇠ 0.05 nm ⇠ 0.5 nm
Type of spatial sampling Sparse Continuous Continuous Sparse Continuous
Spatial resolution of 10 km diam. 40⇥ 80 km2 30⇥ 240 km2 1.3⇥ 2.25 km2 7⇥ 7 km2⇤single measurements
Typical resolution of 2� 0.5� 1.5� 1� 0.1�⇤
global composites
Approx. number of NIR clear-sky 600 2800 900 ⇠ 129 900 ⇠ 544 300⇤observations over land per day

Figure 1.Normalized spectra of sun-induced fluorescence (SIF), at-
mospheric transmittance, solar irradiance at the top-of-atmosphere
(TOA) and TOA radiance from a green vegetation target. The spec-
tra are presented at the 0.1 nm spectral sampling and 0.5 nm reso-
lution of TROPOMI. The TOA radiance spectrum is also plotted at
0.005 nm resolution (grey shading).

in Sect. 5. The main findings of the study are summarized in
Sect. 6.

2 SIF retrieval from space

2.1 In-filling of solar Fraunhofer lines by SIF

The remote estimation of SIF based on the in-filling of solar
Fraunhofer lines in high spectral resolution spectra was first
proposed by Plascyk and Gabriel (1975), whereas its appli-
cability to the satellite scale was demonstrated in simulations
by Sioris et al. (2003) and Frankenberg et al. (2011a). The
SIF emission is a spectrally smooth signal superimposed on
the solar radiation reflected and transmitted by the Earth’s

surface and atmosphere. Due to the additive nature of SIF
on the solar radiation, the fractional depth of the Fraunhofer
lines in the solar spectrum decreases in the presence of SIF
(Plascyk and Gabriel, 1975).
The first global retrievals of SIF exploited the high spec-

tral resolution of the GOSAT FTS to evaluate the in-filling
of Fraunhofer lines by SIF (Joiner et al., 2011; Frankenberg
et al., 2011b; Guanter et al., 2012; Joiner et al., 2012). The
retrieval model is fairly simple in this case, as only individual
lines within narrow spectral windows devoid of atmospheric
absorption are considered. However, for measurements with
a coarser spectral resolution, such as those of GOME-2 or
TROPOMI, the Fraunhofer lines interfere with atmospheric
absorption lines in the spectrum. This is illustrated in Fig. 1.
Only the spectral windows 675–685 and 745–758 nm, and
to some extent 710–715 nm, can be considered free from
atmospheric absorption feature and therefore enable a pure
Fraunhofer line-based retrieval (GOSAT-like). Depending on
the instrument signal-to-noise ratio (SNR) and spectral res-
olution, however, these spectral windows may not contain a
sufficient number of spectral measurements to achieve the
required measurement precision. For example, Joiner et al.
(2013) used a fitting window from 712 to 783 nm for the first
retrievals from GOME-2. The retrieval model becomes more
complicated for such wider fitting windows, as both the spec-
trally smooth surface reflectance and atmospheric scattering
and absorption must be modelled as well.

2.2 Retrieval approach: data-driven modelling of
atmospheric transmittance and solar irradiance

The monochromatic radiance measured by a sensor at the
top-of-atmosphere (TOA) over a fluorescent target with a re-
flectance assumed to be Lambertian can be formulated as

www.atmos-meas-tech.net/8/1337/2015/ Atmos. Meas. Tech., 8, 1337–1352, 2015
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SIF Grand Challenge: 
How does SIF-GPP linear relationship vary from 

stomata to globe? 

16

Challenge 1: 
How does linearity vary with canopy 
structure and plant functional type?
Challenge 2: 
How valid is the assumption from 
snapshot to integral

• Tower to pixel

• Overpass to day

Challenge 3: 
What are the influences of 
environmental conditions and structure?

Challenge 4: 
Can we achieve consistent SIF 
retrievals across satellites
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How to deal with this? 
• Multi-scale observations

• Satellites: Global coverage
• Airborne: High spatial resolution, target hotspots
• Tower: Canopy level, diurnal resolution, continuous
• Leaf: PAM fluorescence, develop process understanding

• Refine mechanistic SIF-GPP relationship
• Environmental vs structural influences

GPP = APAR x 𝝓P = APAR x f(VPD, T, SM)
SIF = APAR x 𝝓SIF x c x fesc

GPP = SIF x (𝝓P / 𝝓SIF) x (c x fesc)-1

• Directional Effect (BRDF)
• Observed vs emitted SIF
• Changes in plant structure or observing angle



Tower	Network	+	Aircraft	Campaigns



Figure 5 and Table 1. Locations of SIF tower sites in NA,
overlain in the figure on a map of OCO-2 SIF (May-Aug, 2015).

Location Code Location Time	Period Biome Collaborator Org

California, US* SMO 34.1°N,	118.7°W Mar	16	– Jul	16 Shrub J.	Stutz UCLA

Maine,	US** HO1 45.2°N,	68.7°W Jun 16	– Dec	19 Evergreen	Needleleaf D.	Hollinger USFS

Illinois,	US** BO1 40.1°N,	88.2°W Aug	16 – Dec	19 Corn,	Soybean K.	Guan UIUC

Michigan,	US** UMB 45.5°N,	84.7°W Jun 16	– Dec	18 Deciduous	Broadleaf G. Keppel-Aleks UMich

Colorado, US** NR1 40.0°N,	105.5°W Mar	17	– Dec	19 Evergreen	Needleleaf C.	Frankenberg CIT

New	Mexico,	US** MPJ 35.4°N,	106.2°W Mar	17	– Dec	19 Shrub (Pinyon-Juniper) M.	Litvak UNM

Virginia,	US** UVA 38.1°N,	78.8°W Mar	17	– Dec	19 Deciduous	Broadleaf X.	Yang UVA

Alaska,	US** ICT 68.6°N,	149.3°W Mar	17	– Dec	19 Shrub (Tussock	Tundra) E.	Euskirchen UAF

Virginia,	US*** UVA 38.1°N,	78.8°W Mar	17	– Dec	19 Deciduous	Broadleaf X.	Yang UVA

Saskatchewan,	
Canada***

OBS 54.0°N,	105.1°W Mar	17	– Dec	19 Evergreen	Needleleaf A.	Black UBC

*No	Longer	Operating
**	Externally	Funded

***	Proposed

Niwot	Ridge,	Colorado
Installed	May	2017

Toolik,	Alaska
Installed	June,	2017

Ames,	Iowa
Installed	May	2017

Twitter.com/Photo_spec

SIF	Tower	
Network

Charlottesville,	Virginia
Installed	June	2017



Chlorophyll	Imaging	Fluorescence	
Spectrometer	(CFIS)

CFIS	Flights	in	
Iowa	during	

SMAPVEX	(2015)

Validation	of	OCO-2	SIF Diurnal	scaling	and	
stress	impacts
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al.,	Science,	Accepted

Small	footprint	+	
vegetation	gradients



Harvard	Forest

Barrow,	Alaska
ABoVE	Airborne	Campaign	
Summer	2017	

Yang	et	al.,	2015,	GRL

GPP = SIF x (𝝓P / 𝝓SIF)

𝝓P

𝝓SIF



Harvard	Forest

Yang	et	al.,	2015,	GRL

Both	@	~9:30	am

Tower

Satellite
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