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Emerging techniques
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Abstract

The development of a technique for laser measurement of Photosystem II (PS II) photochemical characteristics
of phytoplankton and terrestrial vegetation from an airborne platform is described. Results of theoretical analysis
and experimental study of pump-and-probe measurement of the PS II functional absorption cross-section and
photochemical quantum yield are presented. The use of 10 ns probe pulses of PS II sub-saturating intensity provides
a significant, up to 150-fold, increase in the fluorescence signal compared to conventional ‘weak-probe’ protocol.
Little effect on the fluorescence yield from the probe-induced closure of PS II reaction centers is expected over
the short pulse duration, and thus a relatively intense probe pulse can be used. On the other hand, a correction
must be made for the probe-induced carotenoid triplet quenching and singlet-singlet annihilation. A Stern-Volmer
model developed for this correction assumes a linear dependence of the quenching rate on the laser pulse fluence,
which was experimentally validated. The PS II saturating pump pulse fluence (532 nm excitation) was found to be
10 and 40 µmol quanta m−2 for phytoplankton samples and leaves of higher plants, respectively. Thirty µs was
determined as the optimal delay in the pump-probe pair. Our results indicate that the short-pulse pump-and-probe
measurement of PS II photochemical characteristics can be implemented from an airborne platform using existing
laser and LIDAR technologies.

Abbreviations: CA− – proportion of closed (P680PheoQA
−state) photochemically active RC’s (0 < CA− < 1); CT –

proportion of carotenoid molecules in the triplet state (0 < CT < 1); EEQ – excessive energy quenching; E and
Epm – probe and pump pulse fluences (µmol quanta m−2), respectively; Es – pulse fluence required to fully sat-
urate PS II photochemistry; f – proportion of photochemically active RC’s (0 < f < 1); �F and �P – actual Chl
fluorescence and photochemical yields in PS II, respectively; �m – maximum Chl fluorescence yield when all
RC’s are closed (CA− ∼= 1); �o and �Po – minimum fluorescence and maximum potential photochemical yields
when all RC’s are open (CA− ∼= 0); �oQ and �mQ – minimum and maximum fluorescence yields, respectively, in
the EEQ excitation mode; �PoQ ≡ (�mQ − �oQ)/�mQ – relative pump-induced change in Chl fluorescence yield
in the EEQ excitation mode; kF – rate constant of Chl fluorescence in PS II; k� – sum of all non-photochemical
PS II rate constants (fluorescence, thermal dissipation, spillover to Photosystem I, etc); kP – maximum potential
rate constant of photochemical quenching in PS II; kQ and kSSQ – averaged over the pulse EEQ and SSQ rate
parameters, respectively (the averaged EEQ and SSQ rate constants are equal to kQE and kSSQE, respectively);
kSTQ – STQ rate parameter at the end of the pulse; kT – maximum potential STQ rate constant with all carotenoid
molecules in the triplet state; P&P – pump and probe (technique); LIDAR – abbreviation of ‘LIght Detection And
Ranging’, a laser remote sensing technique; P680

+PheoQA
− – intermediate RC state with oxidized pigment P680

and reduced quinone acceptor QA; P680PheoQA
− – closed RC state with re-reduced P680

+ and reduced QA; QE –
EEQ factor, see Equation (14); RC – PS II reaction center; RP = kP/k�; RQ = kQ/k�; RSSQ = kSSQ/k� ; RSTQ =
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kSTQ/k�; SP – short pulse (∼ 10 ns); STQ and SSQ – singlet-triplet and singlet-singlet quenching, respectively;
σ PSII – PS II functional absorption cross-section; t – delay between pump and probe pulses in the pump-probe pair;
τT and τA− – time constants of carotenoid triplet state decay and RC reopening, respectively

Introduction

During the past decade, a considerable emphasis
within the remote sensing and marine biology com-
munities has been focused on developing and im-
proving algorithms for estimating oceanic primary
productivity from satellite ocean color imagery (Hoge
et al. 1999 and references cited therein). One of
the major obstacles to achieving this capability is
the high temporal and spatial variability in photo-
synthetic quantum yield among marine phytoplankton
strains. There is currently no way to retrieve the in-
formation on the efficiency of light energy utilization
directly from satellite ocean color imagery. The major-
ity of techniques capable of measuring photosynthetic
rate or quantum yield parameters must be conduc-
ted from a ship, which limits coverage for validation
of satellite estimates of primary production. There is
clearly a need for a technology capable of filling the
spatial/temporal gap between satellite and shipboard
measurements to provide more accurate estimates of
phytoplankton photosynthesis and abundance.

The airborne approach to meet this demand can
rely on recent advances in active fluorosensing of
photosynthesizing organisms. Fluorescence ‘pump-
and-probe’(P&P) (Mauzerall 1972; Falkowski et al.
1986; Kramer et al. 1990; Chekalyuk and Gor-
bunov 1994), ‘fast-repetition-rate’ (Falkowski and
Kolber 1995; Kolber et al. 1998), ‘pulse-amplitude-
modulation’ (Schreiber et al. 1993; Hofstraat et al.
1994), and ‘pump-during-probe’ (Olson et al. 1996;
Chekalyuk et al. 1997; Olson et al. 1999) tech-
niques are currently in use in shipboard and laborat-
ory settings to monitor phytoplankton photochemical
parameters. The basic concept is to saturate the photo-
chemical activity within PS II reaction centers (RC’s)
with a light flash (or series of ‘flashlets’) while meas-
uring a corresponding induction rise in the quantum
yield of chlorophyll (Chl) fluorescence (Govindjee
1995; Kramer and Crofts 1996).

Since its introduction in the 1970s (Kim 1973),
LIDAR-fluorosensor techniques have matured from a
research area into a useful operational tool for eco-
logical and biological surveying over large aquatic
areas (e.g. see Hoge 1988; Chekalyuk et al. 1995).
Chl fluorescence can be routinely monitored by air-
borne LIDAR. The conversion of these laser-induced
Chl fluorescence measurements into absolute units

of Chl concentration and phytoplankton abundance,
however, is complicated because of variability in the
quantum yield of Chl fluorescence (Falkowski and
Kolber 1995). This variability is caused, to a large
extent, by changes in PS II photochemical efficiency
under varying environmental conditions. The devel-
opment of an advanced LIDAR-fluorosensor capable
of assaying photochemical parameters along with con-
ventional fluorescence monitoring would improve the
accuracy of ‘traditional’ LIDAR-based estimates and
provide valuable information on phytoplankton pho-
tosynthetic activity.

The first shipboard (Chekalyuk and Gorbunov
1994) and airborne (Johnson et al. 1995) tests of P&P
LIDAR prototypes proved the feasibility of the ap-
proach, but these proof-of-concept experiments also
emphasized the sensitivity limitation of the P&P tech-
nique as the major obstacle for its operational imple-
mentation from an airborne platform. Utilization of
intense laser pulses can provide an acceptable sig-
nal/noise ratio for LIDAR measurement from an air-
borne platform flying at a reasonable altitude. On the
other hand, such pulses may cause RC closure poten-
tially affecting the accuracy of P&P measurement, and
produce excessive energy quenching (EEQ) through
singlet–triplet and singlet-singlet mechanisms (Breton
et al. 1979; Mathis et al. 1979). EEQ conversion of
excitation energy into heat causes a decline in the
yields of Chl fluorescence (Bunin et al. 1992) and PS
II photochemistry as competitive energy dissipation
mechanisms, and may also result in less-efficient RC
blocking by the saturating pump pulse (Rosema and
Zahn 1997). The experimental data must, therefore,
be corrected to retrieve ‘original’ PS II fluorescence
and photochemical characteristics. The goals of the
research reported here were to develop and experi-
mentally verify a simplified, yet adequate biophysical
model to account for effects of intense short-pulse ex-
citation, and to optimize laser excitation for airborne
P&P LIDAR measurements.

Chl fluorescence and photochemical quantum
yields

The active fluorescence techniques for assessment of
the PS II photochemical characteristics are based on
the competing relationship (Krause and Weis 1991;
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Govindjee 1995) between Chl fluorescence and pho-
tochemical light energy utilization in PS II. Assuming
a high connectivity between RC’s and a rapid equilib-
ration of excitation within the PS II light harvesting
antenna, the quantum yields of Chl fluorescence �F
and PS II photochemistry �P can be respectively
expressed as

�F = kF/(k� + (1 − CA−) · f · kP), (1)

and

�P = (1 − CA−) · f · kP/

(k� + (1 − CA−) · f · kP). (2)

Here, kF is a fluorescence rate constant, k� is a sum
of all non-photochemical PS II rate constants (fluores-
cence, thermal dissipation, spillover to Photosystem I,
etc.); f is a proportion of the functional RC’s (Greene
et al. 1992); and CA− is a proportion of functional
RC’s in the ‘closed’ P680PheoQA

− state (Krause and
Weis 1991). CA− depends on the intensity of incid-
ent light and can vary in value between 0 and 1. f
can also vary in a range of 0–1 depending on envir-
onmental factors such as nutrient supply (Greene et
al. 1992; Falkowski and Kolber 1995). kP is the max-
imum potential rate constant of photochemical charge
separation in PS II when all the RC’s are functional
and open.

In the dark-adapted state, when all RC’s are open
(CA− = 0), the fluorescence yield is minimal:

�o = kF/(k� + f · kP), (3)

while �P reaches its maximum potential value in the
current PS II photochemical functional state f:

�Po = f · kP/(k� + f · kP). (4)

The maximal �Po magnitudes were found to be 0.65
(Falkowski and Kolber 1995) and 0.83 (Krause and
Weis 1991) for phytoplankton and higher plants, re-
spectively. Using these values and assuming f = 1 in
Equation (4), the ratios RP = kP/k� can be then re-
spectively estimated as 1.86 (phytoplankton) and 4.95
(higher plants). Equation (4) can be transformed to a
convenient parameterized form:

�Po = f · RP/(1 + f · RP). (5)

When all RC’s are closed (CA− = 1), the PS II photo-
chemistry is blocked (�P = 0 in Equation (2)) and the
Chl fluorescence yield is maximal:

�m = kF/k� (6)

From Equations (3), (4), and (6):

�Po = (�m − �o)/�m. (7)

Equation (7) relates the relative change in Chl fluor-
escence yield, (�m − �o)/�m, and photochemical
quantum yield (Genty et al. 1989; Krause and Weis
1991; Govindjee 1995). It is widely used for es-
timating PS II photochemical efficiency based on
measurements of variable fluorescence, �m − �o.

Pump-and-probe technique

The conventional P&P protocol (left panel in Fig-
ure 1) is based on the use of a ‘pump’ pulse to
initialize a transition of a fraction of RC’s to the
closed P680PheoQA

− state. The corresponding change
in the fluorescence yield is measured using a weak
probe pulse that follows the pump pulse by a delay
t. In the 1–100 µs delay time interval, pump-induced
carotenoid singlet–triplet quenching (STQ) (Mathis et
al. 1979; Breton et al. 1979) also affects fluorescence
yield, therefore the post-pump transition of fluores-
cence quantum yield in this interval can be presented
as:

�F(t) = kF/(k� + (1 − CA−exp(−t/τA−))

·f · kP + kTCTexp(−t/τT)). (8)

Here, CT is the proportion of carotenoid molecules
in the triplet state at the end of the pump pulse
(0<CT<1), kT is the maximum potential STQ rate
constant, τA− and τT are time constants of RC reopen-
ing and triplet decay, respectively. From Equations (8),
(3) and (4) it follows that:

(�F − �o)/�F = �PoCA−(exp(−t/τA−)

−(kTCT/f · kPCA−) · exp(−t/τT)). (9)

The closing of dark-adapted RC’s by a short (<1
µs) actinic flash can be well described (e.g. see
Vulkunas et al. 1991) by:

CA− = 1 − exp(−σPSIIEpm). (10)

Here, σ PSII is a PS II functional absorption cross-
section, and Epm is the pump pulse fluence. The
pump-induced carotenoid triplet states decay at the
delay time t ∼ 2 ln 10 τT while the magnitude of exp(-
t/τA−) is still close to 1 (τA− >> τT) and, therefore,
(�F − �o)/�F ∼= �Po·CA− in Equation (9). This and
the use of Equation (10) results in:

(�F − �o)/�F ∼=
�Po(1 − exp(−σPSIIEpm)). (11)

Equation (11) is the basic equation of the P&P tech-
nique. If the pump pulse is strong enough to close most
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Figure 1. Diagram of the weak-probe (left panel) and short-pulse (right panel) pump-and-probe protocols for measurement of PS II photo-
chemical parameters. Both protocols are based on measuring the relative change in Chl fluorescence yield caused by the PS II saturating pump
pulse at a delay time, t, after its action. The use of a sub-saturating 10 ns probe pulse in the SP-P&P protocol provides up to a 150-fold increase
in sensitivity, but requires a correction for excessive energy quenching. Pump-induced Chl fluorescence (blank triangle in the right panel) can
be used to retrieve correction parameters.

of the RC’s (Epm ∼= Es, left panel in Figure 1), �F ∼=
�m and (�F−�o)/�F is a good estimate for the poten-
tial PS II photochemical yield �Po in accordance with
Equation (7). Such a ‘saturating’ fluence magnitude Es
can be assessed from Equation (10) as 4.6σ−1

PSII (CA−
= 0.99). Performing a best fit of Equation (11) to the
measured (�F − �o)/�F dependence on Epm in the
sub-saturating fluence range yields the magnitude of
σ PSII, another important PS II parameter. The closer
the (exp (−t/τA−) − (kTCT/f · kPCA−) · exp(−t/τT))
value in Equation (9) is to 1, the higher the accuracy
of the estimate. In practice, the P&P underestimation
of �Po is in the range of few percent due to partial
reopening of pump-closed RC’s (see ‘Discussion’).

Short-pulse pump-and-probe protocol

The ‘weak-probe’ condition (Falkowski et al. 1992;
Kolber et al. 1998) of the conventional P&P protocol

assumes that the pulse should not significantly affect
the Chl fluorescence yield, i.e. it should close less
than 1% of the RC’s. A ‘weak’ probe fluence level
can therefore be estimated as 10−2σ PSII

−1 ∼= Es/500.
The restriction imposed on the probe pulse results in
a potentially weak probe-induced Chl fluorescence re-
sponse. The laser used in the NASA Airborne Ocean-
ographic LIDAR provides a reasonable signal/noise
ratio in laser-induced Chl fluorescence signal from an
operational altitude of 150 m with a pulse energy of
∼100 mJ. Our measurements indicate that the corres-
ponding in-water excitation pulse fluence reaches the
PS II saturating magnitude Es ∼ 10 µmol quanta m−2.
Modifying the system to meet the ‘weak-probe-pulse’
requirement of the P&P protocol (i.e. maintaining a
500-fold difference between the pump and probe flu-
ence) would require either (i) a 20-fold increase in the
beam diameter of the existing probe laser along with
the use of a pump laser of 50 J pulse energy, or (ii) the
use of the existing laser as a pump laser in conjunc-
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tion with a probe laser of 0.2 mJ pulse energy. The
first option is practically impossible. The second one,
which would require a 500-fold decrease in excitation
intensity compared to the current system configura-
tion, would result in an unacceptable signal/noise ratio
in fluorescence response. Thus, the use of a PS II sub-
saturating probe pulse seems to be inevitable in an
airborne P&P LIDAR.

According to our analysis, a probe pulse of 10 ns
width can be of sufficient energy density to eventually
close a substantial portion of the RC’s, but probe-
induced changes in the RC state during the pulse
should not noticeably affect the P&P estimate of PS
II photochemical yield. Indeed, exciton trapping by
initially open RC’s causes a fast (sub-ns time scale)
transition into the intermediate state P680

+PheoQA
−

(Krause and Weis 1991), which has about the same
trapping efficiency as the open RC state (Deprez et
al. 1983; Bunin et al. 1992). The time constant of
further transition to the closed state P680PheoQA

− is
in the range of 28–300 ns or longer (Deprez et al.
1983; Schlodder et al. 1984). Therefore, the probe-
induced fraction of RC’s actually transferred to the
P680PheoQA

− state during the 10 ns sub-saturating
pulse is too small to noticeably change the PS II
energy balance and Chl fluorescence yield. Accord-
ing to our assessment, based on data presented in
(Schlodder et al. 1984), even the use of a PS II sat-
urating probe pulse would result in less than a 3%
overestimation in the original fluorescence yield �o.
Regarding �m measurement, note that the preced-
ing pump pulse has already closed most of the RC’s.
Therefore, the delayed probe pulse would not change
their state regardless of its intensity. Thus, the ‘weak-
pulse’ restriction in terms of ‘non-closing’ RC’s can
be eliminated in the case of sub-10 ns probe pulses
and the use of intensive sub-saturating (0.1–15 µmol
quanta m−2) probe pulses may provide a significant
increase in the response signal.

Excessive energy quenching

Generally, both SSQ and STQ rates are non-linear
with respect to excitation intensity (Breton et al. 1979;
Rosema and Zahn 1997). Nonetheless, as with any
non-linear function, they can be approximated by lin-
ear dependencies within some limited intensity range.
The experimentally observed linear dependencies of
the reciprocal of the fluorescence and photochemical
yields on the probe pulse fluence in the PS II sub-
saturating range (for example, see Figure 6, which

will be discussed later) suggest that a simple Stern–
Volmer-type model (e.g. Karukstis et al. 1987) is
applicable to describe the overall quenching effect.
Equations for photochemical and fluorescence yields
in the EEQ mode can therefore be derived by adding
the EEQ rate constant kQ · E to the denominators of
Equations (1)–(4) and (6). In particular, the original
(�oQ) and maximum (�mQ) fluorescence yields in the
presence of EEQ can be expressed as:

�oQ = kF/(k� + f · kP + kQ · E) and

�mQ = kF/(k� + kQ · E). (12)

According to the above discussion, we can neglect to
a first approximation the formation of the closed RC
state P680PheoQA

− during the 10 ns sub-saturating
probe pulse, so f · kP describes the overall excitation
trapping by both open and probe-induced intermediate
P680

+PheoQA
− states. Similar to Equation (7), one

can derive from Equation (12):

�PoQ = (�mQ − �oQ)/�mQ =
f · RP/(1 + f · RP + RQ · E). (13)

Here, RQ = kQ/k� . The product RQ · E characterizes
the ratio of the EEQ rate to the overall rate of non-
photochemical energy quenching in the low-excitation
mode. Note that a decrease in the quenching rate,
RQ · E, results in transforming Equation (13) into
Equation (5), which describes the PS II photochemical
yield, �Po.

The EEQ effect can be quantitatively described by
the quenching factor QE. From Equations (3), (5) and
(12)–(13), both the original fluorescence and photo-
chemical yields must be equally quenched at any given
excitation intensity in a sub-saturating EEQ probe
mode:

QE = �Po/�PoQ = �o/�oQ =
1 + RQ · E/(1 + f · RP). (14)

A correction procedure can be applied to calcu-
late the magnitude of the low-light photochemical
quantum yield, �Po, based on the measured magnitude
of the ‘quenched’ fluorescence parameter, �PoQ. A
correction formula is derived from Equations (5) and
(14):

�Po = (1 + RQ · E)/(�−1
PoQ + RQ · E). (15)

STQ and SSQ contributions to the overall EEQ
effect

Estimates of individual STQ and SSQ rate paramet-
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ers and their relative contributions to EEQ help in
the optimization of the SP-P&P experimental protocol,
particularly in selecting the pulse duration. The overall
STQ effect depends on the pulse-induced concentra-
tion of carotenoid triplets, CT, which was found to be
identical for picosecond pulse trains and microsecond
pulse in the PS II saturating fluence range (Breton
et al. 1979). The instantaneous SSQ rate is depend-
ent on the square of the exciton concentration in the
light-harvesting antenna (e.g. see Breton et al. 1979;
Bunin et al. 1992; Rosema and Zahn 1997). Therefore,
the SSQ effect should quickly decline with increasing
pulse duration at a fixed fluence, while the STQ must
remain of the same order of magnitude.

For evaluation purposes, let us consider a few-ns
actinic flash of sub-saturating (or saturating) fluence
E that causes both STQ and SSQ. A linear rise of
carotenoid triplet concentration was observed over a
fluence range up to 250 µmol quanta m−2 (e.g. see
Figure 3 in Breton et al. (1979). Therefore, a linear
dependence kSTQ · E can be a reasonable approxima-
tion for the STQ rate, kTCT, in a PS II sub-saturating
fluence range E < 15 µmol quanta m−2. Equation (9)
can then be transformed to a parameterized form:

(�F − �o)/�F = (f · RP · CA− · exp(−t/τA−)

− RSTQ · E · exp(−t/τT))/(1 + f · RP). (16)

Here, RSTQ = kSTQ /k� . Pump-induced SSQ is not
included in Equations (9) and (16), since the exciton
concentration and SSQ, respectively, decline at sub-ns
scales during extinguishing excitation. Equation (16)
provides a basis for assessing a number of paramet-
ers, including the RSTQ ratio, τT, and τA−. Due to a
linear rise, the STQ rate constant averaged over the
pulse duration must be equal to half of the one at the
end of the pulse, i.e. 0.5 · kSTQ · E. The observed lin-
ear rise in the overall EEQ effect (e.g. see Figure 6)
suggests a linear dependence of the SSQ rate on E,
and the overall EEQ rate can be presented then as
kQ · E = (kSSQ + 0.5 · kSTQ) · E. Here, kSSQ is an
SSQ rate parameter. Therefore, the relative SSQ rate
parameter RSSQ = kSSQ/k� can be estimated as:

RSSQ = RQ − 0.5 · RSTQ (17)

Experimental setup and materials

A schematic of the lab-built double-pulse laser fluoro-

Figure 2. Schematic of the double-pulse laser fluorometer used to
perform the SP-P&P laboratory experiments (see description in the
text).

meter is presented in Figure 2. It includes two Nd:YAG
lasers (CFR 400, Big Sky Laser Technologies, 8.5 ns
pulse duration, max pulse energy 135 mJ at 532 nm), a
99% dielectric folding mirror (Newport), a 50% beam
splitter/mixer (Melles Griot), and a 4× beam expander
(lab-made). The power of the probe pulse from Laser 2
was adjusted through a combination of neutral density
filters and computer control of the laser power supply.
A thin glass beam sampler reflected a small portion
of the beams to a photodiode (Hamamatsu) for mon-
itoring laser output energy. A gaussian compensator
(Optics for Research) homogenized the energy distri-
bution in the cross sections of both laser beams. A
phytoplankton sample in the cylindrical glass cell (or a
leaf attached to the sample holder) was placed in front
of the focusing lens (f = 100 mm, D = 60 mm, Melles
Griot) used for fluorescence collection. A black box
(not shown in Figure 2) was placed over the sample
holder to provide isolation from the ambient light. A
laser power meter (H310, Scientech), mounted be-
hind the sample holder, provided data for calculation
of excitation fluence. A photomultiplier tube (PMT)
module (HC125, Hamamatsu) was placed normal to
the path of the laser excitation beam to measure the
chlorophyll fluorescence from the sample through a
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band-pass interference filter (700/70 nm, Intor) and
removable neutral density (Melles Griot) filters.

The PMT module included a built-in preamplifier
(8 MHz bandwidth) and a high-voltage power sup-
ply. Chlorophyll excitation was provided using single
probe pulses and pump-probe pairs (see Figure 1) al-
ternately applied to the sample at a repetition rate of
0.5 Hz. The delay between pump and probe pulses in
the pump-probe pair could be varied over a range of 1
– 100 µs. A personal computer (PC) was used to con-
trol the operation of the laser power supplies and the
PMT gain. The laser pulses were triggered with a mul-
tifunctional PC board (PCI-20428W-1A, Intelligent
Instrumentation). The analog signals from the PMT
and photodiode were routed into a 2-channel digital
oscilloscope (model 9450, LeCroy) and the output was
transferred to the PC through a GPIB-488 interface.
The software for data acquisition and hardware control
was developed using a ‘Visual Designer 4.0’ applic-
ation generator package (Intelligent Instrumentation).
Data processing, including non-linear regression fit-
ting, was accomplished using ‘Axum 5’ (MathSoft)
software.

Batch cultures of the diatom Thalassiosira weiss-
flogii and the flagellate Pleurochrysis carterae were
grown in an f/2 medium (Guillard 1975) at 20 ◦C un-
der continuous illumination (‘cool-white’ fluorescent,
∼100 µmol quanta m−2s−1). The P&P measurements
were conducted with samples taken at different cul-
ture ages. Surface seawater samples of 250 ml were
taken in the Middle Atlantic Bight in June–July 1998.
Though the major focus of our investigation was on
studying marine phytoplankton, measurements with
leaves of Fagus grandifolia were conducted to provide
data for further optimization of LIDAR P&P measure-
ment of terrestrial vegetation.

Experimental methods and results

‘P&P vs. Pump’ measurements

Knowledge of the PS II saturating fluence Es =
4.6 · σPSII

−1 and its potential variability is a crit-
ical factor in the optimization of airborne SP-P&P
protocol. The σ PSII magnitudes were assessed along
with �Po values by best fitting with Equation (11) to
measured (�F − �o)/�F dependencies on the pump
fluence (‘P&P vs. Pump’ protocol). During the ex-
periment the pump fluence was varied within a range
of 0.7–50 µmol quanta m−2 (phytoplankton) or 0.7–
100 µmol quanta m−2 (leaves), while the probe pulse

Figure 3. Chl fluorescence induction with increasing the actinic
pump pulse fluence Epm measured with the ‘P&P vs. Pump’
protocol. (1) sample of seawater; (2) P. carterae, (3) leaf of F. gran-
difolia. Measurements obtained during the experiment are shown as
discrete points. The solid lines are plots of curves generated from a
non-linear regression of the points with Equation (11).

fluence was fixed at 0.08 µmol quanta m−2 to minim-
ize the EEQ effect. The delay t in the pump-probe pair
was 30 µs. Typical results for phytoplankton (curves
1, 2) and leaves of Fagus grandifolia (curve 3) are
presented in Figure 3. The horizontal axis of Fig-
ure 3 (and other plots to follow) is scaled in absolute
pulse flux units obtained through calibration of the
laser excitation energy with a laser power meter. The
solid lines represent non-linear regression fitting of
the experimentally determined points (symbols) using
Equation (11). The retrieved σ PSII and �Po paramet-
ers are presented in the ‘P&P vs. Pump’ column of
Table 1.

‘P&P vs. Probe’ measurements

Verification of the theoretical model and assessment of
the magnitude, species and functional variability of the
overall EEQ effect were conducted by measuring the
�PoQ dependence on the probe fluence with the pump
fluence fixed at the PS II saturating level (‘P&P vs.
Probe’ protocol). A non-linear regression of the fluor-
escence measurements with Equation (13) provided
magnitudes for the RQ and f parameters. The �Po
magnitude was estimated by using Equation (5). In
this experiment series, the pump fluence was fixed at
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Table 1. Magnitudes of PS II photochemical, absorption and quenching parameters estimated based on experimental measurements for phyto-
plankton cultures, seawater samples and leaves of Fagus grandifolia. Results obtained in the ‘P&P vs. Pump’, ‘P&P vs. Probe’, and ‘P&P vs.
Delay’ experiments are presented in corresponding columns. The RSSQ/0.5 RSTQ parameter reflects the relative contributions of singlet–singlet
and singlet–triplet quenching mechanisms (SSQ and STQ, respectively) to the overall EEQ rate, kQE, under 10 ns pulse excitation at 532 nm

Species and ‘P&P vs. Pump’ ‘P&P vs. Probe’ ‘P&P vs. Delay’

samples examined σPSII, �Po RQ, �Po 0.5 RSTQ, �Po τT, RSSQ/0.5 RSTQ

10−15 cm2 µmol−1 quanta m2 µmol−1 quanta m2 µs

T. weissflogii 12 0.55 0.43 0.60 0.12 0.56 4.2

8.2 0.16 0.45 0.19 0.11 0.57 5.7 2.9

P. carterae 11 0.50 0.20 0.51 0.012 0.55 7.3 16

Seawater 9.0 0.27 0.44 0.53 0.018 0.58 4.5 22

sample 0.40 0.38

Fagus grandifolia 2.0 0.60 0.12 0.65 0.012 0.55 4.2 9

44–53 µmol quanta m−2 for excitation of phytoplank-
ton and leaves of higher plants, respectively. Plots
showing the �PoQ dependence on the probe pulse
fluence, which was varied within a range of 0.17–
30 µmol quanta m−2, are presented in Figure 4. The
solid lines represent non-linear regression fitting of
the experimentally determined points (symbols) us-
ing Equation (13). Estimated magnitudes of the EEQ
relative rate parameter, RQ, and the PS II photochem-
ical yield, �po, are presented in the ‘P&P vs. Probe’
column of Table 1.

‘P&P vs. Delay’ measurements

The following procedure was applied to assess the
individual STQ and SSQ contributions to the overall
EEQ effect. The (�F − �o)/�F dependence on the
delay time, t, between the pump and probe pulses were
measured by using a ‘P&P vs. Delay’ protocol similar
to that used in (Mauzerall 1972). In this procedure,
a saturating (or sub-saturating) pump pulse of fixed
intensity was used in combination with a weak probe
pulse of fixed intensity while the delay in the pump-
probe pair was varied within a range of 4–90 µs (see
left panel in Figure 1). A non-linear regression of the
experimentally determined data points using Equation
(16) revealed the magnitudes of RSTQ, τT, τA−, and
f. The magnitude of pump-closed RC fraction, CA−,
was calculated using Equation (10) and the σ PSII value
measured in the ‘P&P vs. Pump’ experiment. The
RSSQ parameter was then estimated using Equation
(17) and the RQ value derived from ‘P&P vs. Probe’

measurement. The pump pulse fluences were fixed
at different sub-saturating and saturating magnitudes
(1.7–50 µmol quanta m−2) in different experimental
series, which helped to verify the validity of Equation
(16) in this fluence range. The probe pulse fluence was
fixed at 0.08 µmol quanta m−2. Examples of measured
(�F − �o)/�F dependencies on t can be seen in Fig-
ure 5 and magnitudes of the retrieved 0.5 RSTQ and
�Po parameters are presented in the ‘P&P vs. Delay’
column of Table 1. �Po values were calculated based
on f magnitudes and Equation (5). The τA− estimates
were found to be in a range of 0.43–2 ms, which is
consistent with data presented in the literature (e.g.
see Krause and Weis 1991; Govindjee 1995), see also
related references in Olson et al. 1996).

Discussion

In the ‘P&P vs. Probe’ investigation, a linear rise of
�PoQ

−1 with increasing probe pulse fluence (within
the PS II sub-saturating range) was found for all
samples examined. This trend is clearly in evidence
in Figure 6 where two experimental dependencies are
plotted as a function of pulse fluence. This finding
confirms the applicability of the Stern–Volmer model
(Equations (13, 14)) to describe EEQ effect within this
range. A pronounced decline in �PoQ with increasing
probe pulse intensity was observed for all samples in
the ‘P&P vs. probe’ experiment (see Figure 4). The RQ
values given in Table 1 can be used to quantitatively
estimate the EEQ effect using Equation (14) for any
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Figure 4. EEQ decline in �PoQ with increasing probe pulse fluence Ep measured with the ‘P&P vs. Probe’ protocol. Measurements obtained
from P. carterae (1), T. weissflogii (2, 4), seawater samples (3, 6), and leaf of F. grandifolia (5) are shown as discrete points. The solid lines are
plots of curves generated from a non-linear regression of the points with Equation (13).

given PS II photochemical efficiency and excitation
intensity. For example, a quenching factor QE = 2.8
can be calculated for a PS II saturating fluence Es =
4.6 · σPSII

−1 = 8.5 µmol quanta m−2 for a seawater
sample assuming a moderate PS II photochemical ef-
ficiency (f = 0.5) and a seawater-mean value of RQ =
0.42 µmol−1 quanta m2 as presented in Table 1. The
EEQ effect would become negligible (QE < 1.01) at
excitation fluences lower than 0.04 µmol quanta m−2,
which is of the same order of magnitude as the ‘weak-
probe’ fluence, 10−2σ PSII

−1 = 0.02 µmol quanta m−2.
As predicted by the theoretical analysis, EEQ was
found to be more pronounced (see data for the T.
weissflogii species in Figure 4) in the case of poor
photochemical efficiency (i.e. low f in Equation (14)),
while the EEQ relative rate parameter, RQ, per se did
not indicate significant changes with variations in PS
II photochemical efficiency (see Table 1). Generally,
the EEQ effect was found to be well pronounced over
the PS II sub-saturating range and should be taken into
account when interpreting SP-P&P measurements.

A comparison of data obtained using ‘P&P vs.
Probe’ protocol with observations acquired using the
‘P&P vs. Delay’ protocol provides useful informa-
tion about the SSQ and STQ contributions to the
EEQ effect. The magnitudes of the RSSQ/0.5 RSTQ

ratio determined by using Equation (17) are presen-
ted in the right-hand column of Table 1. These data
indicate that SSQ was the dominant EEQ mechan-
ism at 10 ns pulse excitation within the sample group
examined and showed that the SSQ/STQ rate ratio
varied between 2.9 and 22. The SSQ component and,
therefore, the overall EEQ effect did not show strong
species variability within the phytoplankton group
(∼2-fold variation range in RQ), while the STQ rate
and its relative contribution varied by a factor of 10.
The observed higher STQ variability can be poten-
tially caused by variations in carotenoid concentration
between species. In terms of airborne LIDAR meas-
urements in the ocean, a 10 ns pulse duration would be
expected to result in less variation in the EEQ effect
compared to a 100 ns pulse duration where the STQ
effect would dominate. Taking into account a high
signal/noise ratio requirement, well established laser
technology and the current use of 10 ns excitation in
most airborne LIDAR fluorosensors, this pulse dura-
tion seems to be an optimal solution for conducting
airborne P&P measurements.

A decay in the pump-induced fraction of caroten-
oid molecules in the triplet state explains the fast
initial (�F − �o)/�F rise over a few-µs scale in
Figure 5. The lifetime of the carotenoid triplet state
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Figure 5. Examples of the relative change in fluorescence yield,
(�F − �o)/�F, plotted as a function of delay, t, between the pump
and probe pulses in the pump-probe pair (‘P&P vs. Delay’ protocol).
Measurements obtained from T. weissflogii (1, 3) and P. carterae
(2), are shown as discrete points. The solid curves represent results
of non-linear regression of the points with Equation (16).

Figure 6. Examples of linear regression fitting (solid lines) of the
reciprocal of the relative change in Chl fluorescence yield, �PoQ

−1

(discrete points), plotted as a function of probe pulse fluence, E,
varied within the PS II sub-saturating range. 1: P. carterae, 2: T.
weissflogii.

τT was found to be in the 4–7 µs range (‘P&P vs.
Delay’ column of Table 1), which is consistent with
earlier observations (e.g. Mathis et al. 1979; Bre-
ton et al. 1979). Based on these data, the optimal
delay time between pulses in the pump-probe pair can
be specified as t = 2 ln 10τT ∼= 30 µs (see Equa-
tion (16)) both for phytoplankton and leaves of higher

plants, which is consistent with results on leaves in
Chekalyuk and Gorbunov (1995). The �Po underes-
timation caused by the partial reopening of pump-
closed RC’s over this time is 3–7% based on the 0.4–1
ms τA− range estimated from ‘P&P vs. Delay’ meas-
urements. The use of a longer pump-probe delay may
result in a more significant underestimation of �Po
because of reopening of a higher fraction of pump-
closed RC’s (see the gradual decline in (�F −�o)/�F
at t > 30µs in Figure 5).

The σ PSII estimates obtained within the phyto-
plankton groups studied (‘P&P vs. Pump’ column of
Table 1) do not show a wide range of variation (25%),
although the physiological state of the samples ranged
from very poor to very good (�P = 0.16..0.6). Further-
more, no significant differentiation was found between
species in the group used in our investigation. The
absolute σ PSII values found in our laboratory study
are consistent with those presented in the literature,
i.e. 10−14–10−13 cm2 (e.g. see Dubinsky et al. 1986;
Greene et al. 1992; Kolber et al. 1998). Somewhat
lower σ PSII values from our investigation (for instance,
8..12 · 10−15 cm2 in our experiment vs. 14..16 · 10−15

in Dubinsky et al. (1986) for T. weissflogii) can be
explained by less efficient absorption at the excitation
wavelength of 532 nm used in our experiment, as well
as stronger EEQ due to increased SSQ resulting from
a short 8.5-ns pulse excitation.

For leaves of Fagus grandifolia, the Es magnitude
was found to be 4 times higher than for phytoplankton.
This finding is consistent with the earlier measure-
ments Chekalyuk and Gorbunov (1995) on leaves
of maize, wheat and oak, and can be used along
with the magnitude of the EEQ relative rate para-
meter RQ (Table 1) for development of protocol for
airborne measurement of photochemical activity in
higher plants. More specific details on P&P meas-
urements of plant leaves can be found in Chekalyuk
and Gorbunov (1995). Taking average σ PSII values ob-
tained and using formula Es = 4.6σ PSII

−1 (see section
‘Pump-and-probe technique’), the magnitude of the
PS II saturating fluence can be specified as 10 µmol
quanta m−2 (0.2 mJ/cm2 at 532 nm) for phytoplank-
ton and 40 µmol quanta m−2 (0.9 mJ/cm2) for leaves
of higher plants. Both the σ PSII and Es estimates are
valid for the 532-nm excitation wavelength used in our
laboratory investigations. A correction for wavelength
dependence of PS II light absorption must be ap-
plied to adjust these estimates if a different excitation
wavelength is used.
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The EEQ data shows a potential feasibility for im-
plementation of low-EEQ laser protocol based on fast
repetition rate excitation (Falkowski and Kolber 1995;
Kolber et al. 1998). The total fluence in the pulse burst
must be Es in magnitude to fully saturate PS II pho-
tochemistry over its 100 µs duration. The maximum
pulse repetition rate achievable with advanced diode-
pump solid state laser is about 100 kHz, which would
result in a 10-pulse burst at an individual pulse fluence
of Es/10. At a 100 ns pulse duration, typical for 100
kHz laser, the SSQ effect would be negligible relative
to the STQ effect as discussed above. Therefore, the
EEQ quenching factor for an individual burst pulse
would be in a range of 1.02–1.06 for the phytoplank-
ton samples examined in our study. This estimate is
based on Equation (14), Es = 4.6 · σ PSII

−1, σ PSII and
0.5 RSTQ data from Table 1. Further progress in laser
technology may make the development of an airborne
non-EEQ fast-repetition-rate LIDAR system feasible
in the near future.

Based on the experimental results, the actual sens-
itivity advantage of the SP-P&P protocol over the
‘weak-pulse’ P&P protocol can be estimated. The
product of the excitation fluence, the absorption cross-
section and the fluorescence yield determines the mag-
nitude of the fluorescence response from a unit excit-
ation area in the water column. Assuming absorption
is unchanged and EEQ is negligible at a ‘weak-probe’
fluence, Es/500, the relative increase in fluorescence
response in the EEQ mode (fluence E) compared to a
‘weak-pulse’ P&P can be estimated as 500 E/Es/QE.
For example, assuming the use of a 10 ns probe pulse
with a PS II saturating fluence E = Es and f = 0.5
and RQ = 0.7 for seawater and using the above estim-
ate QE(Es) = 2.8, the expected fluorescence increase
would be 500/QE ∼= 150 times. Considering 0.3–0.6 as
a typical phytoplankton range of PS II photochemical
efficiency (Falkowski and Kolber 1995), the corres-
ponding fluorescence parameter �PoQ = �Po/QE(Es)
(see Equation (14)) would be in a range of 0.1–0.2,
and could be, therefore, accurately measured from the
airborne platform.

Conclusion

Thus, the SP-P&P protocol can provide a significant
advantage in sensitivity, which is critical for an air-
borne implementation of the P&P concept and other
low-signal applications, such as single-cell micro-
scopy and flow cytometry. In practice, the operational

probe pulse energy must be optimized within the PS
II sub-saturating range to provide the best signal/noise
ratio for a remotely measured �PoQ fluorescent para-
meter. This parameter must be corrected for EEQ to
assess the ‘unquenched’ magnitude of the PS II pho-
tochemical characteristics. The correction procedure
(see Equation (15)) requires information about the
relative EEQ rate, RQE, which was found to be inde-
pendent of the PS II photochemical efficiency. Spatial
and temporal changes in species composition can po-
tentially result in a few-fold variability of the EEQ
relative rate parameter, RQ, according to our labor-
atory study. Changes in the flight altitude and beam
propagation through the atmosphere and water can
affect the excitation fluence E. Thus, the airborne
measuring protocol should provide continuous RQ · E
monitoring for use in providing an EEQ correction.

Our recent airborne implementation of the SP-P&P
protocol, its verification and optimization during the
airborne field campaign (spring 1999) is discussed in
detail in a subsequent paper (Chekalyuk et al. 2000).
The basic idea is illustrated in the right panel in
Figure 1. In short, the proposed protocol involves
simultaneous measurements of the dependencies of
the variable fluorescence and the pump-induced Chl
fluorescence on the pump fluence, Epm, which is var-
ied pulse–pulse within the PS II sub-saturating range.
During this procedure, the probe pulse fluence is fixed
at a sub-saturating level, E, ensuring an optimal signal-
to-noise ratio in the pump-induced fluorescence rise.
The measurement of the pump-induced Chl fluores-
cence (unfilled triangle in the right panel in Figure 1)
provides information to apply an EEQ data correction
and retrieve PS II photochemical characteristics �po
and σ PSII.
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