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Absorption of sunlight drives it all.

shorter wavelengths) is in the ultravi-
olet region of the spectrum, and light
of slightly lower frequencies (or longer
wavelengths) is in the infrared region.
The output of the sun is shown in Fig-
ure 7.3, along with the energy density
that strikes the surface of Earth. The
absorption spectrum of chlorophyll a
(curve C in Figure 7.3) indicates ap-
proximately the portion of the solar
output that is utilized by plants.

An absorption spectrum (plural
spectra) displays the amount of light
energy taken up or absorbed by a mol-
ecule or substance as a function of the
wavelength of the light. The absorp-
tion spectrum for a particular substance in a nonabsorbing
solvent can be determined by a spectrophotometer as illus-
trated in Figure 7.4. Spectrophotometry, the technique used
to measure the absorption of light by a sample, is more
completely discussed in Web Topic 7.1.

When Molecules Absorb or Emit Light, They
Change Their Electronic State
Chlorophyll appears green to our eyes because it absorbs
light mainly in the red and blue parts of the spectrum, so
only some of the light enriched in green wavelengths
(about 550 nm) is reflected into our eyes (see Figure 7.3).

The absorption of light is represented by Equation 7.3,
in which chlorophyll (Chl) in its lowest-energy, or ground,
state absorbs a photon (represented by hn) and makes a
transition to a higher-energy, or excited, state (Chl*):

Chl + hn ! Chl* (7.3)

The distribution of electrons in the excited molecule is
somewhat different from the distribution in the ground-
state molecule (Figure 7.5) Absorption of blue light excites
the chlorophyll to a higher energy state than absorption of
red light because the energy of photons is higher when
their wavelength is shorter. In the higher excited state,
chlorophyll is extremely unstable, very rapidly gives up
some of its energy to the surroundings as heat, and enters
the lowest excited state, where it can be stable for a maxi-
mum of several nanoseconds (10–9 s). Because of this inher-
ent instability of the excited state, any process that captures
its energy must be extremely rapid.

In the lowest excited state, the excited chlorophyll has
four alternative pathways for disposing of its available
energy.

1. Excited chlorophyll can re-emit a photon and thereby
return to its ground state—a process known as fluo-
rescence. When it does so, the wavelength of fluores-
cence is slightly longer (and of lower energy) than the
wavelength of absorption because a portion of the
excitation energy is converted into heat before the flu-
orescent photon is emitted. Chlorophylls fluoresce in
the red region of the spectrum.

2. The excited chlorophyll can return to its ground state
by directly converting its excitation energy into heat,
with no emission of a photon.
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FIGURE 7.3 The solar spectrum and its relation to the
absorption spectrum of chlorophyll. Curve A is the energy
output of the sun as a function of wavelength. Curve B is
the energy that strikes the surface of Earth. The sharp val-
leys in the infrared region beyond 700 nm represent the
absorption of solar energy by molecules in the atmosphere,
chiefly water vapor. Curve C is the absorption spectrum of
chlorophyll, which absorbs strongly in the blue (about 430
nm) and the red (about 660 nm) portions of the spectrum.
Because the green light in the middle of the visible region is
not efficiently absorbed, most of it is reflected into our eyes
and gives plants their characteristic green color.
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FIGURE 7.4 Schematic diagram of a spectrophotometer. The instrument consists
of a light source, a monochromator that contains a wavelength selection device
such as a prism, a sample holder, a photodetector, and a recorder or computer.
The output wavelength of the monochromator can be changed by rotation of the
prism; the graph of absorbance (A) versus wavelength (") is called a spectrum.
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(A) (B)FIGURE 7.5 Light absorption and emis-
sion by chlorophyll. (A) Energy level
diagram. Absorption or emission of light
is indicated by vertical lines that connect
the ground state with excited electron
states. The blue and red absorption
bands of chlorophyll (which absorb blue
and red photons, respectively) corre-
spond to the upward vertical arrows,
signifying that energy absorbed from
light causes the molecule to change from
the ground state to an excited state. The
downward-pointing arrow indicates
fluorescence, in which the molecule goes
from the lowest excited state to the
ground state while re-emitting energy as
a photon. (B) Spectra of absorption and
fluorescence. The long-wavelength (red)
absorption band of chlorophyll corre-
sponds to light that has the energy
required to cause the transition from the
ground state to the first excited state.
The short-wavelength (blue) absorption
band corresponds to a transition to a
higher excited state. 

H

H
H

CH3

CH2

CH2 COOCH3

CH3

H3C

H3C

CH2

H

H
C

HH

H

H
H

O

C2H5 C2H5 C2H5
H3C

CO

O

CH2

CH

C

(CH2)3

(CH2)3

(CH2)3

CH3

CH3

CH3

HC

HC

CH

CH3 CH3

H3C
NH

CH

OH

N N N N

N N

A AB B B

D

E

C

CHO H3C

O

H

H

CH3
C

H

NH

N

O

NH

H3C

H3C

H3C

H3C

CH2HOOC CH2

CH2HOOC CH2

CHH3C

CH
HC

C
HC

CH
HC

C
HC

CH
HC

CH
HCH3C

CH
HC

CH
HC

CH
HC

CH3

H3C

H3C

H3C

CH3

CH3

CH3
CH3

CH3

CH3

Mg  

H

(C)  Bilin pigments(B)  Carotenoids

Phycoerythrobilin

Chlorophyll a

Chlorophyll b Bacteriochlorophyll a

!-Carotene

(A)  Chlorophylls

 Taiz and Zeiger,  "Plant Physiology", 2010.

Biggest 2 factors: 
1) How much light is absorbed  
by the antenna system? 
2) How efficiently is this light used for 
photosynthesis? 



The light reactions
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somewhat different from the distribution in the ground-
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the chlorophyll to a higher energy state than absorption of
red light because the energy of photons is higher when
their wavelength is shorter. In the higher excited state,
chlorophyll is extremely unstable, very rapidly gives up
some of its energy to the surroundings as heat, and enters
the lowest excited state, where it can be stable for a maxi-
mum of several nanoseconds (10–9 s). Because of this inher-
ent instability of the excited state, any process that captures
its energy must be extremely rapid.
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return to its ground state—a process known as fluo-
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wavelength of absorption because a portion of the
excitation energy is converted into heat before the flu-
orescent photon is emitted. Chlorophylls fluoresce in
the red region of the spectrum.

2. The excited chlorophyll can return to its ground state
by directly converting its excitation energy into heat,
with no emission of a photon.
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Because the green light in the middle of the visible region is
not efficiently absorbed, most of it is reflected into our eyes
and gives plants their characteristic green color.

1.0

1.5

2.0

0.5

400 800 1200
Wavelength, l

Ir
ra

di
an

ce
 W

 m
–2

 n
m

–1

1600 2000

Visible 
spectrum

Solar output

Energy at Earth‘s surface

Absorption of 
chlorophyll

I0 I

Light Prism
Monochromator

Sample
Transmitted
light

Monochromatic incident light

Photodetector
Recorder
or computer

l(nm)

A

FIGURE 7.4 Schematic diagram of a spectrophotometer. The instrument consists
of a light source, a monochromator that contains a wavelength selection device
such as a prism, a sample holder, a photodetector, and a recorder or computer.
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114 C h a p t er 7

W
avelength, l

Ground state (lowest energy state)

Red

Blue
400

500

600

700

900

800

En
er

gy

A
bs

or
pt

io
n 

of
 b

lu
e 

lig
ht

A
bs

or
pt

io
n 

of
 

re
d 

lig
ht Fluorescence

Absorption

Fluorescence
(loss of energy by
emission of light
of longer l)

Heat loss

Lowest excited state

Higher excited state

(A) (B)FIGURE 7.5 Light absorption and emis-
sion by chlorophyll. (A) Energy level
diagram. Absorption or emission of light
is indicated by vertical lines that connect
the ground state with excited electron
states. The blue and red absorption
bands of chlorophyll (which absorb blue
and red photons, respectively) corre-
spond to the upward vertical arrows,
signifying that energy absorbed from
light causes the molecule to change from
the ground state to an excited state. The
downward-pointing arrow indicates
fluorescence, in which the molecule goes
from the lowest excited state to the
ground state while re-emitting energy as
a photon. (B) Spectra of absorption and
fluorescence. The long-wavelength (red)
absorption band of chlorophyll corre-
sponds to light that has the energy
required to cause the transition from the
ground state to the first excited state.
The short-wavelength (blue) absorption
band corresponds to a transition to a
higher excited state. 

H

H
H

CH3

CH2

CH2 COOCH3

CH3

H3C

H3C

CH2

H

H
C

HH

H

H
H

O

C2H5 C2H5 C2H5
H3C

CO

O

CH2

CH

C

(CH2)3

(CH2)3

(CH2)3

CH3

CH3

CH3

HC

HC

CH

CH3 CH3

H3C
NH

CH

OH

N N N N

N N

A AB B B

D

E

C

CHO H3C

O

H

H

CH3
C

H

NH

N

O

NH

H3C

H3C

H3C

H3C

CH2HOOC CH2

CH2HOOC CH2

CHH3C

CH
HC

C
HC

CH
HC

C
HC

CH
HC

CH
HCH3C

CH
HC

CH
HC

CH
HC

CH3

H3C

H3C

H3C

CH3

CH3

CH3
CH3

CH3

CH3

Mg  

H

(C)  Bilin pigments(B)  Carotenoids

Phycoerythrobilin

Chlorophyll a

Chlorophyll b Bacteriochlorophyll a

!-Carotene

(A)  Chlorophylls

shorter wavelengths) is in the ultravi-
olet region of the spectrum, and light
of slightly lower frequencies (or longer
wavelengths) is in the infrared region.
The output of the sun is shown in Fig-
ure 7.3, along with the energy density
that strikes the surface of Earth. The
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spectra) displays the amount of light
energy taken up or absorbed by a mol-
ecule or substance as a function of the
wavelength of the light. The absorp-
tion spectrum for a particular substance in a nonabsorbing
solvent can be determined by a spectrophotometer as illus-
trated in Figure 7.4. Spectrophotometry, the technique used
to measure the absorption of light by a sample, is more
completely discussed in Web Topic 7.1.

When Molecules Absorb or Emit Light, They
Change Their Electronic State
Chlorophyll appears green to our eyes because it absorbs
light mainly in the red and blue parts of the spectrum, so
only some of the light enriched in green wavelengths
(about 550 nm) is reflected into our eyes (see Figure 7.3).

The absorption of light is represented by Equation 7.3,
in which chlorophyll (Chl) in its lowest-energy, or ground,
state absorbs a photon (represented by hn) and makes a
transition to a higher-energy, or excited, state (Chl*):

Chl + hn ! Chl* (7.3)

The distribution of electrons in the excited molecule is
somewhat different from the distribution in the ground-
state molecule (Figure 7.5) Absorption of blue light excites
the chlorophyll to a higher energy state than absorption of
red light because the energy of photons is higher when
their wavelength is shorter. In the higher excited state,
chlorophyll is extremely unstable, very rapidly gives up
some of its energy to the surroundings as heat, and enters
the lowest excited state, where it can be stable for a maxi-
mum of several nanoseconds (10–9 s). Because of this inher-
ent instability of the excited state, any process that captures
its energy must be extremely rapid.

In the lowest excited state, the excited chlorophyll has
four alternative pathways for disposing of its available
energy.

1. Excited chlorophyll can re-emit a photon and thereby
return to its ground state—a process known as fluo-
rescence. When it does so, the wavelength of fluores-
cence is slightly longer (and of lower energy) than the
wavelength of absorption because a portion of the
excitation energy is converted into heat before the flu-
orescent photon is emitted. Chlorophylls fluoresce in
the red region of the spectrum.

2. The excited chlorophyll can return to its ground state
by directly converting its excitation energy into heat,
with no emission of a photon.
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FIGURE 7.3 The solar spectrum and its relation to the
absorption spectrum of chlorophyll. Curve A is the energy
output of the sun as a function of wavelength. Curve B is
the energy that strikes the surface of Earth. The sharp val-
leys in the infrared region beyond 700 nm represent the
absorption of solar energy by molecules in the atmosphere,
chiefly water vapor. Curve C is the absorption spectrum of
chlorophyll, which absorbs strongly in the blue (about 430
nm) and the red (about 660 nm) portions of the spectrum.
Because the green light in the middle of the visible region is
not efficiently absorbed, most of it is reflected into our eyes
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trated in Figure 7.4. Spectrophotometry, the technique used
to measure the absorption of light by a sample, is more
completely discussed in Web Topic 7.1.
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light mainly in the red and blue parts of the spectrum, so
only some of the light enriched in green wavelengths
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in which chlorophyll (Chl) in its lowest-energy, or ground,
state absorbs a photon (represented by hn) and makes a
transition to a higher-energy, or excited, state (Chl*):
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The distribution of electrons in the excited molecule is
somewhat different from the distribution in the ground-
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the chlorophyll to a higher energy state than absorption of
red light because the energy of photons is higher when
their wavelength is shorter. In the higher excited state,
chlorophyll is extremely unstable, very rapidly gives up
some of its energy to the surroundings as heat, and enters
the lowest excited state, where it can be stable for a maxi-
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return to its ground state—a process known as fluo-
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wavelength of absorption because a portion of the
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The output of the sun is shown in Fig-
ure 7.3, along with the energy density
that strikes the surface of Earth. The
absorption spectrum of chlorophyll a
(curve C in Figure 7.3) indicates ap-
proximately the portion of the solar
output that is utilized by plants.

An absorption spectrum (plural
spectra) displays the amount of light
energy taken up or absorbed by a mol-
ecule or substance as a function of the
wavelength of the light. The absorp-
tion spectrum for a particular substance in a nonabsorbing
solvent can be determined by a spectrophotometer as illus-
trated in Figure 7.4. Spectrophotometry, the technique used
to measure the absorption of light by a sample, is more
completely discussed in Web Topic 7.1.

When Molecules Absorb or Emit Light, They
Change Their Electronic State
Chlorophyll appears green to our eyes because it absorbs
light mainly in the red and blue parts of the spectrum, so
only some of the light enriched in green wavelengths
(about 550 nm) is reflected into our eyes (see Figure 7.3).

The absorption of light is represented by Equation 7.3,
in which chlorophyll (Chl) in its lowest-energy, or ground,
state absorbs a photon (represented by hn) and makes a
transition to a higher-energy, or excited, state (Chl*):

Chl + hn ! Chl* (7.3)

The distribution of electrons in the excited molecule is
somewhat different from the distribution in the ground-
state molecule (Figure 7.5) Absorption of blue light excites
the chlorophyll to a higher energy state than absorption of
red light because the energy of photons is higher when
their wavelength is shorter. In the higher excited state,
chlorophyll is extremely unstable, very rapidly gives up
some of its energy to the surroundings as heat, and enters
the lowest excited state, where it can be stable for a maxi-
mum of several nanoseconds (10–9 s). Because of this inher-
ent instability of the excited state, any process that captures
its energy must be extremely rapid.

In the lowest excited state, the excited chlorophyll has
four alternative pathways for disposing of its available
energy.

1. Excited chlorophyll can re-emit a photon and thereby
return to its ground state—a process known as fluo-
rescence. When it does so, the wavelength of fluores-
cence is slightly longer (and of lower energy) than the
wavelength of absorption because a portion of the
excitation energy is converted into heat before the flu-
orescent photon is emitted. Chlorophylls fluoresce in
the red region of the spectrum.

2. The excited chlorophyll can return to its ground state
by directly converting its excitation energy into heat,
with no emission of a photon.
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FIGURE 7.3 The solar spectrum and its relation to the
absorption spectrum of chlorophyll. Curve A is the energy
output of the sun as a function of wavelength. Curve B is
the energy that strikes the surface of Earth. The sharp val-
leys in the infrared region beyond 700 nm represent the
absorption of solar energy by molecules in the atmosphere,
chiefly water vapor. Curve C is the absorption spectrum of
chlorophyll, which absorbs strongly in the blue (about 430
nm) and the red (about 660 nm) portions of the spectrum.
Because the green light in the middle of the visible region is
not efficiently absorbed, most of it is reflected into our eyes
and gives plants their characteristic green color.
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The output of the sun is shown in Fig-
ure 7.3, along with the energy density
that strikes the surface of Earth. The
absorption spectrum of chlorophyll a
(curve C in Figure 7.3) indicates ap-
proximately the portion of the solar
output that is utilized by plants.

An absorption spectrum (plural
spectra) displays the amount of light
energy taken up or absorbed by a mol-
ecule or substance as a function of the
wavelength of the light. The absorp-
tion spectrum for a particular substance in a nonabsorbing
solvent can be determined by a spectrophotometer as illus-
trated in Figure 7.4. Spectrophotometry, the technique used
to measure the absorption of light by a sample, is more
completely discussed in Web Topic 7.1.

When Molecules Absorb or Emit Light, They
Change Their Electronic State
Chlorophyll appears green to our eyes because it absorbs
light mainly in the red and blue parts of the spectrum, so
only some of the light enriched in green wavelengths
(about 550 nm) is reflected into our eyes (see Figure 7.3).

The absorption of light is represented by Equation 7.3,
in which chlorophyll (Chl) in its lowest-energy, or ground,
state absorbs a photon (represented by hn) and makes a
transition to a higher-energy, or excited, state (Chl*):

Chl + hn ! Chl* (7.3)

The distribution of electrons in the excited molecule is
somewhat different from the distribution in the ground-
state molecule (Figure 7.5) Absorption of blue light excites
the chlorophyll to a higher energy state than absorption of
red light because the energy of photons is higher when
their wavelength is shorter. In the higher excited state,
chlorophyll is extremely unstable, very rapidly gives up
some of its energy to the surroundings as heat, and enters
the lowest excited state, where it can be stable for a maxi-
mum of several nanoseconds (10–9 s). Because of this inher-
ent instability of the excited state, any process that captures
its energy must be extremely rapid.

In the lowest excited state, the excited chlorophyll has
four alternative pathways for disposing of its available
energy.

1. Excited chlorophyll can re-emit a photon and thereby
return to its ground state—a process known as fluo-
rescence. When it does so, the wavelength of fluores-
cence is slightly longer (and of lower energy) than the
wavelength of absorption because a portion of the
excitation energy is converted into heat before the flu-
orescent photon is emitted. Chlorophylls fluoresce in
the red region of the spectrum.

2. The excited chlorophyll can return to its ground state
by directly converting its excitation energy into heat,
with no emission of a photon.
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FIGURE 7.3 The solar spectrum and its relation to the
absorption spectrum of chlorophyll. Curve A is the energy
output of the sun as a function of wavelength. Curve B is
the energy that strikes the surface of Earth. The sharp val-
leys in the infrared region beyond 700 nm represent the
absorption of solar energy by molecules in the atmosphere,
chiefly water vapor. Curve C is the absorption spectrum of
chlorophyll, which absorbs strongly in the blue (about 430
nm) and the red (about 660 nm) portions of the spectrum.
Because the green light in the middle of the visible region is
not efficiently absorbed, most of it is reflected into our eyes
and gives plants their characteristic green color.
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Light absorption can be dangerous!

excitations to the PSII reaction center to a manageable level,
depending on the light intensity and other conditions. The
process appears to be an essential part of the regulation of
antenna systems in most algae and plants.

Nonphotochemical quenching is the quenching of
chlorophyll fluorescence (see Figure 7.5) by processes other
than photochemistry. As a result of nonphotochemical
quenching, a large fraction of the excitations in the antenna
system caused by intense illumination are quenched by
conversion into heat (Krause and Weis 1991). Nonphoto-
chemical quenching is thought to be involved in protecting
the photosynthetic machinery against overexcitation and
subsequent damage.

The molecular mechanism of nonphotochemical
quenching is not well understood, although it
is clear that the pH of the thylakoid lumen and
the state of aggregation of the antenna com-
plexes are important factors. Three carotenoids,
called xanthophylls, are involved in nonpho-
tochemical quenching: violaxanthin, antherax-
anthin, and zeaxanthin (Figure 7.36).

In high light, violaxanthin is converted into
zeaxanthin, via the intermediate antheraxan-
thin, by the enzyme violaxanthin de-epoxidase.
When light intensity decreases, the process is
reversed. Binding of protons and zeaxanthin to
light-harvesting antenna proteins is thought to
cause conformational changes that lead to
quenching and heat dissipation (Demmig-
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capture and the protection and repair of photodamage.
Protection against photodamage is a multilevel process.
The first line of defense is suppression of damage by
quenching of excess excitation as heat. If this defense is not
sufficient and toxic photoproducts form, a variety of scav-
enging systems eliminate the reactive photoproducts. If this
second line of defense also fails, the photoproducts can
damage the D1 protein of photosystem II. This damage
leads to photoinhibition. The D1 protein is then excised
from the PSII reaction center and degraded. A newly syn-
thesized D1 is reinserted into the PSII reaction center to
form a functional unit. (After Asada 1999.) 
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with violaxanthin. Enzymes interconvert these
two carotenoids, with antheraxanthin as the
intermediate, in response to changing condi-
tions, especially changes in light intensity.
Zeaxanthin formation uses ascorbate as a cofac-
tor, and violaxanthin formation requires
NADPH. (After Pfündel and Bilger 1994.)

 Taiz and Zeiger,  "Plant Physiology", 2010.
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excitations to the PSII reaction center to a manageable level,
depending on the light intensity and other conditions. The
process appears to be an essential part of the regulation of
antenna systems in most algae and plants.
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called xanthophylls, are involved in nonpho-
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anthin, and zeaxanthin (Figure 7.36).

In high light, violaxanthin is converted into
zeaxanthin, via the intermediate antheraxan-
thin, by the enzyme violaxanthin de-epoxidase.
When light intensity decreases, the process is
reversed. Binding of protons and zeaxanthin to
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excitations to the PSII reaction center to a manageable level,
depending on the light intensity and other conditions. The
process appears to be an essential part of the regulation of
antenna systems in most algae and plants.

Nonphotochemical quenching is the quenching of
chlorophyll fluorescence (see Figure 7.5) by processes other
than photochemistry. As a result of nonphotochemical
quenching, a large fraction of the excitations in the antenna
system caused by intense illumination are quenched by
conversion into heat (Krause and Weis 1991). Nonphoto-
chemical quenching is thought to be involved in protecting
the photosynthetic machinery against overexcitation and
subsequent damage.

The molecular mechanism of nonphotochemical
quenching is not well understood, although it
is clear that the pH of the thylakoid lumen and
the state of aggregation of the antenna com-
plexes are important factors. Three carotenoids,
called xanthophylls, are involved in nonpho-
tochemical quenching: violaxanthin, antherax-
anthin, and zeaxanthin (Figure 7.36).
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zeaxanthin, via the intermediate antheraxan-
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cause conformational changes that lead to
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Pure Chlorophyll Solution —> Kp and Kn=0, fluorescence yield around 1 
higher fluorescence from Chl solution than leaf already found in 1874 (Mueller)
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Alternative method: 
Avoid absorption in 

the first place 
— Leaf orientation



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

 Taiz and Zeiger,  "Plant Physiology", 2010.
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General yield relationship 

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.
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Kp is variable 
back transfer of excitation at too high ETR
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steeper redox gradient, P700+ itself a quencher 

Kn is variable 
Quenching in antenna system

Kn ?? 
assumed constant



Combine PAM with SIF spectral shape measurements 
A modified WALZ GFS-3000 system 
Magney, Frankenberg et al, New Phytologist 2017



Remote Sensing of vegetation and SIF
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KISS director has a relevant hobby



How to measure an additive signal?
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I Absorption features in the sun’s outer layers
I Within the Earth’s atmosphere, the shape of isolated
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radiative transfer, ! the depth is conserved (exception:
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History of Fraunhofer line in-filling studies 
Lunar Luminescence (1950-1960), started with  NA Kozyrev in 1956



History of Fraunhofer line in-filling studies 
Potter et al, 1984 —> unlikely to be a thermal effect (using multiple spectral ranges)



History of Fraunhofer line in-filling studies 
Grainger and Ring —> Detected Anomalous Fraunhofer Line Profiles in scattered sun-light



History of Fraunhofer line in-filling studies 
Theoretical Explanation by Brinkmann — Rotational Raman Scattering (RRS) in N2 and O2



History of Fraunhofer line in-filling studies 
In-depth study by Kattawar et al in 1980, RRS henceforth called “Ring” effect



Need absorption features that are only un-changed 
in the atmosphere —> Fraunhofer lines are ideal
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Incoming at the surface
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After reflection from canopy
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Ratio Spectrum (with/without SIF)
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Ratio Spectrum (with/without SIF)

600 650 700 750 800 850

wavelength (nm)

1.000

1.005

1.010

1.015

1.020

R
at

io
Sp

ec
tr

a
(W

ith
/W

ith
ou

tS
IF

)

Ha

SCIAMACHY (Ca II)

Ratio spectrum with and without SIF

All absorptions
Only Fraunhofer lines



Earliest work  
with GOSAT



Hemispheric-scale CO2 derivatives and SIF



The view from space: Now OCO-2 
Sun et al, Solar-induced chlorophyll fluorescence from the Orbiting Carbon Observatory-2: Overview of the retrieval and biophysical performance



Primary Modes of GPP 
Sun, Frankenberg et al, to be published end of Sept.



CFIS — Chlorophyll Fluorescence Imaging Spectrometerusing frame-transfer CCDs or more advanced detectors as used in AVIRIS-NG81

(citation) or OCO-2 (Teledyne Chroma or H2RG, respectively).82

Figure 2: Left: CFIS computer-aided design model, showing the mechanical and optical
layout. Right: Picture of CFIS without housing can in the laboratory.

To minimize spectral straylight, CFIS uses a spectral bandpass filter with83

>90% transmission within 737 to 772 nm and <0.1% at wavelengths smaller84

than 727 or larger than 782 nm. In addition, we use a linear polarizer to ensure85

that only the polarization with the highest grating e�ciency is measured.86

The core CFIS spectrometer is enclosed within an Aluminum can, as can87

be seen in Figure 2. The interior of the can is not in vacuum but includes a88

valve that allows adjustments of the interior pressure to ambient. Consequently,89

the wavelength calibration changes with the refractive index of air according to90

the actual can pressure. To keep the instrument stable across a wide range of91

outside temperatures, we heat the inside of the instrument can to 32 degrees92

Celsius and monitor temperatures at several key instrument elements. As will93

be discussed later, high-altitude flights in 2015 led to a noticeable change in94

the width of the ILS, which prompted the inclusion of more heating elements95

and sensors as well as better external thermal insulation of the entire can for96

all flights in 2016, for which an ILS widening was hardly noticeable but still97

somewhat present at altitudes above 3 km.98

SVEN: A more detailed paragraph on the optical design here would be good99

(optical elements, F number, instrument dimensions, slit, also spatial PSF dis-100

cussion). A few catchphrases are good enough, I will fold it into the main text.101

Figure 3 shows an an example of a full CCD readout in flight, with an102

individual column (spatial) and row (spectral) depicted on the right and left103

4



Airborne (CFIS) 
Frankenberg et al, paper in prep
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Airborne (CFIS) 
Frankenberg et al, paper in prep



OCO-2 underpasses — OCO2 SIF

Aug. 13
ND Orbit 5934

Aug. 16
ND Orbit 5978



White lines indicate edges 
and center of CFIS swath



OCO-2 SIF validation (via CFIS)
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Ground-based measurements

Ground-based measurements (enabled by KISS)



Ground-based measurements 
PhotoSpec systems, enable by KISS



Ground-based measurements 
PhotoSpec systems, enable by KISS



The future from space

• TROPOMI (will be launched soon, fingers crossed) 

• FLEX (chosen by ESA as Earth Explorer 8) 

• GeoCARB (Geostationary, SIF no primary focus though) 

• Sentinel 3?


