
Potentials and Pitfalls for Using 
Chlorophyll Fluorescence on the 
Observational and Modeling Side to 
Constrain the Carbon Cycle 

http://www.jeffsullivanphotography.com/

Christian Frankenberg1,2 
(1) California Institute of Technology, Pasadena, CA, United States 
(2) Jet Propulsion Laboratory / Caltech, Pasadena, CA, United States 

Ying Sun, Troy Magney, Philipp Koehler, Liyin He, Katja Grossmann, Jochen 
Stutz, CFIS team… 

1
2

3 4

http://www.jeffsullivanphotography.com/


Photosynthesis is more than just about plants  
(it alters the planet), Mueller et al, NatCC, 2015)



What is SIF —> Joe’s talk



Previous SIF success stories —Early days (GOSAT)
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Previous SIF success stories —GOME-2

Guanter et al, PNAS (2014)



Previous SIF success stories —OCO-2



Previous SIF success stories —OCO-2



Previous SIF success stories —OCO-2 
Primary GPP models, Sun, Frankenberg et al, Science special issue



Fate of absorbed photons in antenna system

NPQ

Heat
Kn

ΔpHPS2

Kf

Kp Kd→ O2, e
Photochemistry

-
Decay

Solar 
photon

Fluorescence 
photon

�f =
Kf

Kf + Kd + Kn + Kp

 Taiz and Zeiger,  "Plant Physiology", 2010.



Fate of absorbed photons in antenna system

NPQ

Heat
Kn

ΔpHPS2

Kf

Kp Kd→ O2, e
Photochemistry

-
Decay

Solar 
photon

Fluorescence 
photon

�f =
Kf

Kf + Kd + Kn + Kp

 Taiz and Zeiger,  "Plant Physiology", 2010.

Pure Chlorophyll Solution —> Kp and Kn=0, fluorescence yield around 1 
higher fluorescence from Chl solution than leaf already found in 1874 (Mueller)



https://www.licor.com/env/help/6800/Content/theory.html

Pulse Amplitude Modulated  
(PAM) fluorometry

SIF

Fs (dSIF/dAPAR)



The leaf scale — Active Fluorometry
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The potential and pitfalls of SIF

Potential 

• SIF is the first remote sensing metric to excite plant physiologists (as opposed to 
greenness indices) 

• SIF is related to APAR and/or changes in efficiencies 

• Far less affected by atmospheric effects (unlike NDVI/EVI/LAI) 

• “easy” to implement in Earth System Model  

Pitfall 

• We only measure absolute fluorescence, not yields (unlike PAM), requires some re-
thinking of physiologists 

• With SIF alone, it is hard to differentiate changes in APAR from changes in efficiencies 
and structure.



“Easy to model”: General yield relationship 
—> not all models expose effective PSII yield  

INTRODUCTION CHLOROPHYLL FLUORESCENCE SOLAR INDUCED FLUORESCENCE

HOW DO �f AND �p RELATE?
Page 22 of 31 | Porcar-Castell et al.

Fluorescence (ΦF) and photochemical (ΦP) yields 
(Equations 7 and 9, respectively) are affected by photo-
chemical (PQ) and non-photochemical quenching (NPQ) 
(see Equation 10 and Fig. 9). In the field, the quantum yield 
of  fluorescence is highly dynamic, both during the course 
of  a day (Porcar-Castell et al., 2008b) and throughout sea-
sons (Soukupová et al., 2008; Porcar-Castell, 2011), where 
ΦF decreases during stress episodes and increases upon 
recovery in a process that appears to be largely controlled 
by the presence of  sustained NPQ forms (Ensminger et al., 
2004; Porcar-Castell et  al., 2008a; Porcar-Castell, 2011). 
Therefore, ΦF is related to ΦP and hence to LUE. In con-
clusion, SIF contains information relating to LUE as well as 
APAR. Yet, disentangling these two contributions remains 
a challenge from a remotely sensed large-scale observation 
platform.

Over the course of a day, the relationship between ΦF 
and ΦP falls apart into two distinct phases: under low light 
(first morning hours and towards sunset) the changes in the 
quantum yield of photochemistry are controlled by PQ, with 

NPQ remaining approximately constant and low (Fig. 9). In 
contrast, under high light (noon hours) the changes in ΦP 
are dominated by NPQ, with PQ remaining rather constant. 
Since decreasing PQ and increasing NPQ have opposite effects 
on ΦF (see Equation 7), this non-complementary behaviour 
generates a two-phased inverted ‘V’ relationship between ΦP 
and ΦF (Fig. 9), where ΦP and ΦF are inversely proportional 
under low light ‘PQ-Phase’, and proportional under high light 
‘NPQ-Phase’. The inverted ‘V’ relationship can be reproduced 
using current process-based understanding of the relationship 
between ChlF and photosynthesis (see Fig. 2 in van der Tol 
et al., 2009).

Remotely sensed SIF will always be obtained under 
high-light conditions (‘NPQ-Phase’); therefore, it could be 
expected that SIF and ΦP vary concomitantly in response 
to stress, with SIF~ΦF APAR. Indeed, a good correla-
tion between ΦF and photosynthesis has been observed in 
response to water stress episodes (Flexas et al., 2000) when 
measured under high light in the ‘NPQ-Phase’. Similarly, 
both ΦF and ΦP tend to decrease simultaneously in response 

(ΦP)

(Φ
F)

Fig. 9. Relationships between the quantum yields of photochemistry (ΦP) and fluorescence (ΦF) in relation to photochemical (PQ) and non-
photochemical quenching (NPQ) of excitation energy. Lines were obtained by assuming a maximum quantum yield of fluorescence at the FM state of 
10% [i.e. kF=0.1(kF+kD)], and by varying PQ and NPQ to estimate ΦF=0.1/(1+PQ+NPQ) and ΦP=PQ/(1+PQ+NPQ). It can be appreciated that under 
constant NPQ (dotted lines), fluorescence and photochemical yield are inversely proportional, whereas at constant PQ (solid lines), fluorescence 
and photochemical yield become proportional. Data were obtained during a summer day and using a Monitoring PAM fluorometer (Walz GmbH, 
Germany); data are from Porcar-Castell et al. (2008c). Black points correspond to data from midnight to noon, grey points from noon to midnight.

 at V
iikki Science Library on M

ay 27, 2014
http://jxb.oxfordjournals.org/

D
ow

nloaded from
 

from Porcar-Castell et al (2014)



Leaf-level yields (Top) and absolute (Bottom)  
SIF and Photosynthesis for C3 (from SCOPE model)
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http://plantsinaction.science.uq.edu.au/

What if plants use an 
alternative method 

to avoid excess 
light? Avoid 

absorption in the 
first place 

— Leaf orientation



Alternative method: Avoid absorption in the first place 
— Chloroplast movements

 Taiz and Zeiger,  "Plant Physiology", 2010.



Carbon - Water coupling (Flexas et al)
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TROPOMI, the new kid on the block…

launched on 13 October  
2017



2300km Swath 
daily global coverage



First global map (4 days in November)



First global map (few days in February)



Validation against OCO-2
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Ground-based measurements

Ground-based measurements (PhotoSpec) 
— Niwot Ridge, CO



Ground-based measurements

Ground-based measurements (PhotoSpec) 
— Niwot Ridge, CO

PhotoSpec : A New Instrument to Measure Spatially Distributed Red and Far-Red Solar Induced Chlorophyll Fluorescence
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Plant fluorescence has been used in photosynthesis studies for
several decades1 and is now observable on a global scale from
space2,3, by a method called Solar-Induced Chlorophyll Fluorescence
(SIF). Chlorophyll fluorescence is an electromagnetic signal emitted
between 650 – 800 nm by chlorophyll-a (Chl-a) leaf pigments during
photosynthesis4 (Figure 1).

In order to better relate SIF to photosynthetic activity and the carbon
cycle, reliable ground observations are urgently needed. In addition,
the influence of environmental variables, viewing geometry, radiation
environment, as well as the temporal and spatial averaging scale of
the SIF measurements requires further study.

We present a novel state-of-the-art spectrometer system - PhotoSpec
- for measuring red and far-red SIF above a canopy as well as various
vegetation indices. PhotoSpec observations will provide unique
datasets on photosynthetic activity of natural and agricultural
ecosystem continuously and at high temporal resolution.

Figure 1: Idealized diagram illustrating the possible energy levels of absorbed photons in a Chl-a molecule. Chl-a absorbs photons of blue and red light
very efficiently; Absorption of a blue photon by Chl-a raises an e- from S0 to an orbital of a highly excited state; Absorption of a red photon produces
the state S1 directly; from there the e- can relax to the ground state via emission of a chlorophyll fluorescence photon4.
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Figure 2: Principle of SIF retrievals using Fraunhofer band in-filling. Panel a) shows the change
in intensity of a Fraunhofer band. For clarity, we chose the canopy reflectivity aC = 1. Panel b)
shows the same bands as - ln(I/I0) and -ln(IC/IC

0).

The detection of SIF is based on measuring the change of the optical
depths of a well-known spectral feature in the presence of fluorescence,
which acts as an additive offset (Figure 1). We use solar Fraunhofer
lines5 in the fluorescence emission wavelength range.

We assume a narrow Fraunhofer line with an optical density -ln(I/I0),
where I is the intensity in the band minimum and I0 is the intensity of
the band edges interpolated to the wavelength of the band minimum. IC

refers to the intensity of the canopy and can be written as:

Figure 3: Schematic layout of the PhotoSpec spectrometer system with the option to change
the azimuth and elevation viewing angles using a 2D scanning telescope unit.

PhotoSpec design criteria (Figure 3-5):

• three thermally stabilized commercial spectrometers for the retrieval of
red and far-red SIF at high spectral resolution (0.3 nm), but also
moderate resolution spectra (1.2 nm) in order to retrieve vegetation
indices

• good thermal stability and signal-to-noise ratios to apply Fraunhofer line
based retrieval algorithms

• 2D scanning telescope unit to provide spatial canopy scans in the vertical
and horizontal viewing direction

• narrow field of view of 0.7°
• simultaneous co-centered observations of red and far-red SIF as well as

vegetation indices
• time resolution of 20-60 sec per target

Figure 4: Images of the PhotoSpec prototype instrument: a) 2D scanning telescope unit, b) electronic box (left) and temperature-controlled
spectrometer box (right), c) 2D scanning telescope unit with mounting hardware on the UCLA Math Sciences roof.

Figure 6: Example for a SIF spectral retrieval in the red wavelength range for a Penthaclethra macroloba spectrum
recorded on 4/21/2017 at 13:09 (LT) at an SZA of 23°, and a fit RMS of 9.11·10-4. The calibrated SIF signal of this
spectrum is 2.26±0.08 mW m-2sr-1nm-1.

The comparison illustrates
that the main spectral
structures in this wavelength
range are solar Fraunhofer
lines.

The middle panel shows the
results of the retrieval by
comparing the fit result with
the spectrum and added fit
residuals (red).

The bottom panel shows the
residual of the fit, which is
mostly noise above 681.5
nm, with a small unidentified
structure below 681.5 nm.

Dark-light transition measurements5

Figure 8: Kautsky curve of a single banana plant leaf on 10/18/2016 measured in the red (λred = 680 -
686 nm) and far-red (λfar-red = 745 - 758 nm) wavelength range using the PhotoSpec instrument (top
panel) and the PAM-2500 instrument (lower panel).

Figure 7: Dark-light measurements of a banana
plant using the PhotoSpec instrument and PAM-
2500 leaf clip on the roof of the UCLA Math
Sciences building. The yellow circle marks the
sampled leaf area.

with aC being the spectrally smooth reflectance of the canopy. The
change in optical density due to the additive emission by SIF can be
approximated by:

Thus, the optical density of any feature is reduced by the fraction determined
by the SIF radiance and the overall continuum radiance: ISIF/(aC · I0). This
fraction is typically in the range of 0 - 0.03 in the far-red and 0 - 0.2 in the red
wavelength range, where aC is small.

PhotoSpec red and far-red SIF shows the
expected high initial values and fast decay
after a dark (20 -30 min) – light transition
(Kautsky curve7) (Figure 8).

Comparison of SIF and momentary
fluorescence yield from a portable
chlorophyll fluorometer (PAM-2500, Walz)
have a similar time dependency. Thus, the
dark-light measurement confirms that the
PhotoSpec instrument does indeed detect
SIF.

Figure 9: Diurnal cycle of PAR, SIF, NDVI, and effective quantum yield of PSII of a peace lily leaf
(Spathiphyllum spp.) (10/11/2016). The distance between the peace lily leaf and the PhotoSpec
telescope is approximately 1 m.
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Diurnal SIF cycle6 

The retrieval algorithm is based on our long experience with Differential Optical Absorption
Spectroscopy (DOAS)6, an established method to measure atmospheric trace gases using scattered
sunlight using the following fit function:

References

The far-red SIF signal of the peace lily leaf is larger than that in the red (Figure 9).
The transition from cloudy to sunny conditions can be observed in the
simultaneous increase of the PAR and SIF signals at about 12:30. The morning
observations show that the PhotoSpec instrument is able to measure SIF during
cloudy conditions.

The effective quantum yield of PSII shows a typical diurnal cycle with the
minimum during the sunny period, when the SIF signal is largest. The levels of
the effective quantum yield are overall very low because the plant was exposed
to a highly stressful environment on the roof, i.e., high light and temperature,
and low humidity and wind.

Long-term deployment in Costa Rica7 

Since March 2017, the PhotoSpec instrument is collecting data of
tropical species from a 40 m tower at La Selva Biological Station in
Costa Rica.

Figure 10 shows a typical diurnal cycle of five exemplary targets. The
red and far-red SIF signals (second column) directly correlate with the
intensity in the red and far-red wavelength range (left column),
respectively. The NDVI for all sampled species (fourth row) is about
0.9 and varies slightly by 0.05. The PRI varies with the incoming
sunlight, and shows a diurnal cycle with a minimum in the afternoon
as observed in other studies.

Figure 10: Diurnal cycle of intensity, SIF, relative SIF, NDVI, and PRI of five different
species at La Selva on 4/21/2017 (SZA < 75°): Penthaclethra macroloba (α = -44°),
Vismia macrophyllata (α = -67°), Castilla elastica (α = -70°), Dussia macrophyllata (α = -
15°), Phylodendron radiatum (α = -25). α is the elevation angle with -90° corresponding
to nadir viewing direction and 90° to zenith viewing direction.

Conclusions8 

• We developed the automated remote sensing system – PhotoSpec - for simultaneous measurements of red
and far-red SIF and vegetation indices.

• The instrument is designed for highly stable and sensitive operations using the principle of the in-filling of
solar Fraunhofer lines.

• The PhotoSpec system was designed to provide spatial canopy scans and probe various plants with one single
instrument using a newly developed 2D scanning telescope unit with a narrow field of view of 0.7°.

• First tests of the PhotoSpec instrument, in combination with measurements using the PAM-2500 fluorometer,
show that the PhotoSpec is indeed able to sensitively detect SIF under various conditions.

• Flux-tower based PhotoSpec observations will provide unique datasets on photosynthetic activity ecosystems
continuously and at high temporal resolution to bridge the gap between leaf, canopy, and satellite SIF
observations.

Grossmann, K., Frankenberg, C., Magney ,T., Hurlock, S., Seibt, U., and Stutz, J.: PhotoSpec: A New
Instrument to Measure Spatially Distributed Red and Far-Red Solar Induced Chlorophyll Fluorescence, to be

submitted to AMTD 2017

Figure 6 shows an example for a SIF spectral retrieval in the red wavelength range. The top panel
compares the logarithms of a diffuser spectrum with that observed on a tree canopy and a literature
solar spectrum convoluted with the PhotoSpec instrument function.

RSIF/IC reference spectrum scaled by CSIF

𝑓 𝑗 = ln(ID(j)) + Pk(j) + CSIF
ோୗ୍୊(௝)
ூେ(௝)

ID solar reference (diffuser) spectrum
IC canopy spectrum
Pk polynomial to describe broadband spectral featureswith

𝐼C0 = aC · I0 + ISIF

𝐼C = aC · I  + ISIF

ln ூେ

ூେ଴
= ln ௔C · I + ISIF

௔C · I0 + ISIF

= ln ூ
ூ଴

· 1 − ISIF
௔C · I0

Figure 5: PhotoSpec spectra of the diffuser plate (black line) and a
basil leaf (red line) acquired on the UCLA Math Sciences roof.

The upper and middle panels show high resolution spectra for SIF
Fraunhofer line based retrievals. The gray box marks the wavelength
range used for the SIF retrieval.

The lower panel shows broad-band measurements for vegetation
indices and chlorophyll content determination.



Thoughts

• SIF is powerful but even leaf-level formulation is still empirical (but we 
have more data now) 

• Should be easy to implement in ESM 

• [GPP,ET,SIF,reflectance]  =  F(Vcmax, LAI, PAR, Cab, CO2, T, VPD) 
                                   Y = F(x) 
 
—> To test F, we really need constraints on x and Y (too many knobs to just do 
parameter tuning, which might get Y kind of right but for the wrong reasons) 

• Water stress: Still mostly implemented as downscaling Vcmax, need for more 
mechanistic canopy approaches. 

• Make more use of ET!
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Airborne. PHANTOM features the airborne Chlorophyll Fluorescence Imaging Spectrometer 
(CFIS) that measures the reflected and emitted radiance in the 737-772 nm spectral range, covering 
the far-red -peak in SIF emission. 

The combination of high spectral resolution (FWHM=0.07 nm, spectral sampling=0.02 nm) and 
SNR of 300 allows for a high precision retrieval of far red (750 nm) SIF, see Figure 4-5 for an example 
over agricultural landscape. The single-measurement precision for SIF using Fraunhofer lines will be 
0.1-0.2 Wm-2sr-1µm-1 when aggregating to the PHANTOM 30 m analysis grid (Frankenberg et al. 
2017). An upward-looking photosynthetic photon flux density (PPFD) sensor, used for measuring 
incoming PAR is part of the CFIS standard package. The primary approach for retrieving GPP from 
SIF is based on training a scaling technique on the tower and satellite data (OCO-2 and TROPOMI).

Ground. While CFIS is focused on the far-red-peak in SIF emission, ground instrumentation will 
provide coverage in both the red and far-red region to study the information content of wavelength-de-
pendent fluorescence and provide full diurnal context. PHANTOM will procure a set of spectrometers 
(Photospec, Section 5.3.5) to augment the three (anchor) flux towers with fluorescence measurement 
capabilities across all seasons for 3 years. One spectrometer will measure SIF in the red (670 - 732 nm) 
and a second in the far-red (729 - 784 nm) wavelength range. PhotoSpec has moderate spectral resolu-
tion (FWHM = 0.25 nm) compensated by a very high signal-to-noise ratio (>2000), as well as excellent 
thermal and temporal stability. This combination allows high precision solar Fraunhofer line retrievals 
over the entire fluorescence wavelength range under clear and cloudy conditions. At a 20-30 second 
time resolution PhotoSpec measures SIF with a precision of 0.05 Wm-2sr-1µm-1 in the red and 0.1 Wm-

2sr-1µm-1 in the far-red, and an accuracy of ~7%, stemming from the in-field radiometric calibration. 

4.2.1.2 Vegetation Characteristics
Hyperspectral imaging of short-wave and long-wave reflectance will enable PHANTOM to test new 
approaches to classifying vegetation by plant functional traits from sustained land imaging.

Measurement Requirements. Imaging spectroscopy, which measures the reflected solar radiance in 
the visible to short-wave infrared (VSWIR) spectrum and thermal infrared has shown great promise 
to retrieve the key parameters needed for modeling the carbon uptake and transpiration at the leaf to 
canopy scales (e.g. Townsend, et al., 2003; Ustin et al., 2004; Kokaly et al., 2009; Serbin et al., 2015; 
Singh et al., 2015; Ollinger & Smith 2005). Plant functional diversity is generally expressed in the 
optical and thermal signals observed in remote sensing imagery (Curran, 1989; Kokaly et al., 2009; 
Ollinger, 2011). For state-of-the art mapping of vegetation characteristics PHANTOM therefore re-
quires reflectance over the entire VSWIR spectrum (400-2500 nm, FWHM<10nm). 
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Figure 4-5: CFIS images SIF (a) in great detail over agricultural landscape, complementing tradional vegetation indices such as 
NDVI (b).
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Airborne. The Next Generation Airborne Visible/Infrared Imag-
ing Spectrometer (AVIRIS-NG), provides atmospherically corrected 
surface reflectance at 5 nm FWHM from 400 through 2500 nm 
(Thompson et al. 2017, Details in Section 5.3.2).

The resolved spectral reflectance (Thompson et al. 2015) allows 
computation of the short-wave energy balance – needed for calcu-
lating ET – as well as all traditional vegetation indices (VI), includ-
ing NDVI and PRI (Gamon et al 1992, Hall et al, 2008, Hilker 
et al 2011). Chlorophyll content can be retrieved from established 
retrieval algorithms such as VIs, band ratios, and radiative transfer 
model (RTM) inversion approaches (e.g. Gitelson & Merzlyak 1997, 
Gitelson et al. 2005, Moorthy et al., 2008). 

In addition, a number of studies have shown the ability to retrieve 
other key parameters such as canopy water content, LAI, and fPAR 
through a range of empirical and physically-based approaches (Serbin 
et al, 2011, 2014). In this project we will use an Radiative Transfer 
Model (RTM) inversion approach to derive leaf and canopy traits 
(i.e. pigments, water content, and fPAR) which can be applied to 
both 1-D and 3-D models. This approach also yields appropriate pa-
rameter estimate uncertainties (e.g. Shiklomanov et al., 2016). Foliar 
traits such as nitrogen concentration and leaf mass per area (LMA) 
that correlate strongly with photosynthetic performance can also be 
derived from imaging spectroscopy data (Martin et al. 2007, Asner 
and Martin 2016, Singh et al. 2015). 

Finally, remote sensing of the key photosynthetic parameters Vc-
max and Jmax from leaf to landscape scales has also been demon-
strated in recent years. Figure 4-6 gives an example over cropland sites 
in California (Serbin et al., 2015). Importantly, it has been shown 
that spectroscopy together with thermal data can capture the short-
term, within day changes in photosynthetic parameters with environ-
mental conditions (e.g. Serbin et al., 2012; Ainsworth et al., 2014) as 
well as with changes across different locations (Serbin et al., 2015). 
Similarly, Croft et al., (2017) observed a potential link between leaf 
pigments and Vcmax and Jmax for temperate tree species. Here we 
will utilize these two approaches to provide maps of these vegetation 
characteristics across all PHANTOM transect flights to inform the 
modeling efforts.

Ground. The Photospec system, which PHANTOM will install at the three anchor sites for three 
years, includes two moderate resolution spectrometers (400 - 1000 nm with FWHM = 1.2 nm, 1000 
- 1700 nm with FWHM=10nm) to measure canopy radiances and reflectances. This will provide full 
diurnal monitoring of vegetation indices such as NDVI and PRI and the trait characterization as with 
the airborne data. 

4.2.1.3 Land Surface Temperature and Latent Heat
The retrieval of ET from thermal data is based on the energy balance principal: Given known radiative 
energy inputs, how much water loss is required to keep soil and vegetation at the observed temperature?

Measurement Requirements. The phase change of water from liquid to gas requires so much en-
ergy that the resulting thermal fingerprint is the most direct remotely sensed diagnostic of latent heat 

Figure 4-6: Novel techniques 
allow for the direct quantifica-
tion and mapping of important 
photosynthetic parameters (e.g. 
Vcmax)) alongside traditional VI’s 
from imaging spectroscopy as 
demonstrated over cropland sites 
in California (Serbin et al., 2015). 
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(or ET in units of water flux). Energy balance models for the retrieval of ET are based on this prin-
ciple and therefore require land surface temperature (LST) with great precision (Kustas and Norman, 
1999). For the retrieval of ET PHANTOM therefore requires a thermal infrared (TIR) spectrom-
eter (7-12 µm, FWHM<50nm, NEdT at sensor <0.3 K) that allows for the simultaneous estimation 
of emissivity and temperature. 

Airborne. The Hyperspectral Thermal Emission Spectrometer (HyTES) is a pushbroom imaging 
spectrometer that produces wide-swath TIR images. It has both high spectral (256 bands from 7.5 
to 12 µm) and spatial resolution (2 m at 1 km altitude) with NEdT of 0.2 K at sensor (Hook et al., 
2013; Hulley et al., 2016). An In-Scene Atmospheric Correction (ISAC: Young et al., 2002) ap-
proach was adapted for HyTES data that uses the hyperspectral data itself without the need for ex-
ternal atmospheric profiles or radiative transfer models, thereby reducing computational time and 
spectral band mis-registrations. 

The atmospherically corrected, spectrally resolved HyTES radiance data enable PHANTOM to re-
trieve LST and emissivity (E). This retrieval is based on the Temperature Emissivity Separation (TES) 
algorithm (Gillespie et al., 1998) with adaptations for HyTES (Hook et al., 2013; Hulley et al., 2014). 
The spectral resolution of HyTES (256 bands) allows for more sensitive discrimination between spec-
tral features of different surfaces (Hook et al. 1999; Ramsey et al. 1999; Vaughan et al. 2005) and veg-
etation properties (Buitrago et al. 2016; Meerdink et al. 2016; Ullah et al. 2012). Uncertainty analysis 
studies have demonstrated that the TES algorithm has an accuracy of 0.015 (1.5%) in emissivity and 
corresponding ~1 K in LST for a wide range of emissivities and land cover types (Hulley et al., 2012). 
Additional uncertainties from the ISAC method are typically at the 1-2 K level (Young et al., 2002) 
resulting in a total uncertainty of 2-2.5 K for the HyTES TES algorithm. Figure 4-7 gives an example 
of the application of HyTES LST for the retrieval of ET. The HyTES LST will allow us to disaggregate 
4-km GOES-based ALEXI ET retrievals through the DisALEXI scheme (see Section 4.2.2.1 below), 
resulting in a HyTES daily ET flux at 5 m resolution. A novel strategy that PHANTOM will apply is 
to constrain surface reflectance from the short-wave through the thermal spectral range and investigate 
how the joint dataset can further improve trait identification.

Ground. Although the standard flux towers do not include thermal infrared spectrometers, standard 
measurements do include upward and downwelling long-wave (4.5-42 µm) radiation. This can be used 
to study the diurnal variation of LST in greater detail, even if the emissivity is not as well determined.

4.2.1.4 Direct Flux Estimates of Heat, Water, CO2 and OCS

The PHANTOM C-23 instrument suite will provide direct flux measurements of atmospheric carbon, 
water, and sensible heat flux across the landscape independent of the remote sensing measurements.
Measurement Requirements. Direct flux estimates of heat, water, CO2 and OCS will enable 

PHANTOM to separately estimate key process fluxes at the surface (GPP, respiration, evaporation, 

Figure 4-7: PHANTOM will use HyTES retrieved LST (a) together with Net radiation (b) to retrieve field-scale ET as demonstrated 
in this example over the Russell Ranch experimental agricultural facility near UC Davis, CA.
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