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Abstract

Initial results of the airborne LIDAR measurement of photochemical quantum yield, ®p,, and functional absorption
cross-section, opsyr, of Photosystem II (PS II) are reported. NASA’s AOL3 LIDAR was modified to implement
short-pulse pump-and-probe (SP-P&P) LIDAR measurement protocol. The prototype system is capable of meas-
uring a pump-induced increase in probe-stimulated chlorophyll fluorescence, AF/Fg,, along with the acquisition
of ‘conventional’ LIDAR-fluorosensor products from an operational altitude of 150 m. The use of a PS II sub-
saturating probe pulse increases the response signal but also results in excessive energy quenching (EEQ) affecting
the AF/Fgy magnitude. The airborne data indicated up to a 3-fold EEQ-caused decline in AF/Fgy, and 2-fold
variability in the EEQ rate constant over a spatial scale a few hundred kilometers. Therefore, continuous monitoring
of EEQ parameters must be incorporated in the operational SP-P&P protocol to provide data correction for the
EEQ effect. Simultaneous airborne LIDAR measurements of ®p, and opsyy with EEQ correction were shown
to be feasible and optimal laser excitation parameters were determined. Strong daytime AF/Fgy decline under
ambient light was found in the near-surface water layer over large aquatic areas. An example of SP-P&P LIDAR
measurement of phytoplankton photochemical and fluorescent characteristics in the Chesapeake Bay mouth is
presented. Prospects for future SP-P&P development and related problems are discussed.

Abbreviations: Chl-chlorophyll; E and Epny, —probe and pump pulse fluences (umol quanta m~2), respectively;
EEQ-—excessive energy quenching; EST —eastern standard time in the USA; F—intensity of Chl fluorescence
stimulated by single probe laser pulse; Fgy —intensity of Chl fluorescence stimulated by probe pulse following
PS II sub-saturating pump pulse with a 30 us delay; AF/Fgy = (Fsai— F)/Fsar —relative pump-induced change in
probe-stimulated Chl fluorescence yield; ®p,—maximal potential quantum yield of PS II photochemistry in the
dark-adapted state; LIDAR — ‘LIght Detection And Ranging’, an abbreviation conventionally used for laser remote
sensing technique; P&P —pump and probe (technique); PS II-Photosystem II; Rq —relative EEQ rate parameter;
R2 —correlation coefficient; SP —short pulse (~ 10 ns); SD —standard deviation of errors; SE —standard error of
estimate; o psyy — functional absorption cross-section per PS II reaction center

Introduction Falkowski et al. 1986; Kramer et al. 1990), ‘fast re-
petition rate’ (Falkowski and Kolber 1995; Kolber et
An advantage of active fluorescence techniques, al. 1998), ‘pump during probe’ (Olson et al. 1996)

such as ‘pump-and-probe’ (P&P) (Mauzerall 1972; and ‘pulse amplitude modulation’ (Schreiber et al.
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1975; Schreiber et al. 1993) is that they can provide
information about important photochemical and pho-
tosynthetic characteristics. In particular, the rates of
gross photosynthetic oxygen evolution and carbon fix-
ation (i.e. primary productivity) can be estimated by
using the magnitudes of the functional absorption
cross-section and the PS II photochemical quantum
yield measured by using the P&P technique (Kolber
and Falkowski 1993; Falkowski and Kolber 1995).
Airborne implementation of P&P technology would
allow the fluorescence measurement of molecular pho-
tochemical processes for assessment of biological
productivity and carbon fixation over large oceanic
areas. The use of biophysical approaches may provide
improved estimates of the biological ‘carbon pump’
in the Ocean, an essential component of the global
carbon cycle (Field et al. 1998).

Shipboard submersible ‘P&P’ and ‘fast-repetition-
rate’ fluorometers have significantly increased the
capacity for studying phytoplankton photosynthesis
in natural conditions (Kolber et al. 1990, 1994;
Falkowski et al. 1991; Geider et al. 1993; Falkowski
and Kolber 1995). A shipboard P&P LIDAR system
demonstrated the potential of LIDAR sensors for mon-
itoring of phytoplankton photochemical activity over
arange of spatial and temporal scales (Chekalyuk and
Gorbunov 1994a, b). A ‘pump-during-probe’ micro-
scope and a flow cytometer provided new information
about single-cell and group-specific phytoplankton
photosynthetic characteristics in the sea (Chekalyuk et
al. 1996; Olson et al. 1999). An attempt at airborne
P&P LIDAR measurements (Johnson et al. 1995) con-
firmed its feasibility, but also emphasized sensitivity
as a major limitation for its operational application.

A long-term ‘strategic’ goal of our research is to
develop an airborne laser technology for monitoring
phytoplankton photochemical characteristics, which
can be operationally used as a part of an active-passive
suite of instrumentation for fast and cost-efficient bio-
monitoring over large aquatic areas. Results from
theoretical analyses and laboratory experiments have
indicated that a short-pulse (SP) P&P protocol can be
effectively utilized to eliminate the weak-probe limita-
tion of the conventional P&P approach while signific-
antly improving measurement sensitivity (Chekalyuk
et al. 2000). The main objective of the research re-
ported in this manuscript was to conduct an airborne
test and optimization of the SP-P&P LIDAR measure-
ment protocol. Initial information on spatial and tem-
poral variability of phytoplankton photochemical and
fluorescence characteristics within the Middle Atlantic
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Figure 1. Block diagram of the prototype airborne SP-P&P LIDAR
system. L1 and L2 — lasers, D — beam expander, M — adjustable
folding mirror, T — telescope, SP — spectrograph, PMT — block
of photomultipliers, OS1 and OS2 - digital oscilloscopes, PC —
computer.

Bight is presented along with the specific analytical
results of the airborne SP-P&P LIDAR field tests. We
consider this implementation of the SP-P&P LIDAR
measurement protocol in the NASA AOL3 sensor as
essentially a proof-of-concept experiment. Future re-
search efforts with the SP-P&P LIDAR measurement
protocol will be aimed at producing a practical air-
borne implementation that can be used to provide
routine surveys of phytoplankton photochemical activ-
ity over wide areas.

SP-P&P LIDAR prototype

The existing AOL3 system built at NASA Wallops
Flight Facility was modified to permit the acquisition
of airborne SP-P&P measurements from an opera-
tional altitude of 150 m. A block diagram of the instru-
ment configuration is presented in Figure 1. The major
modifications to the AOL3 sensor consisted of the ad-
dition of a second (pump) laser and corresponding
changes in the hardware and software to accommo-
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Figure 2. Timing diagram of the airborne SP-P&P measurements.
Probe-pump and pump-probe laser pulse pairs (upper panel) al-
ternately excite the water column. Black triangles in the lower
panel are probe-stimulated Chl fluorescence from the probe-pump,
F, and pump-probe, Fga, pulse pairs. AF/Fga is the relative
pump-induced increase in probe-stimulated Chl fluorescence, which
is measured to assess phytoplankton photochemical characteristics.
Pump-stimulated Chl fluorescence, phycoerythrin fluorescence and
water Raman scattering (displayed as blank triangles, PM, in the
lower panel) are also monitored.

date the second laser and to digitize the resulting pump
and probe laser-induced fluorescence responses. Laser
pulses from the probe (L1) and pump (L2) lasers were
directed downward by separate dielectric folding mir-
rors through the circular port in the belly of the aircraft
fuselage to water surface. Both transmitters were Big
Sky Laser Technologies model CFR 400 lasers with an
output wavelength of 532 nm, an 8.5 ns pulse duration
and maximum pulse energy of 160 and 100 mJ for
the pump and probe lasers, respectively. The shapes
of both the probe and pump beam cross-sections were
elliptical. Ground measurements indicated that the di-
mension of the probe footprint was 4x22 cm at a
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distance of 150 m. The pump laser head was rotated
40° about its axis and fixed in that position to ensure
maximum overlap with the probe beam at a distance
of 150 m. A double-lens beam expander, D, (-100
and 200 mm lens focal lengths, respectively) was used
to adjust pump beam divergence to provide a foot-
print that was approximately 50% larger than the probe
beam cross-section at the operational distance of 150
m. The increased size of the pump footprint provided
tolerance for potential beam misalignment due to
mechanical vibration during the flight. A folding mir-
ror, M, was used to center the probe pulse footprint
within the larger pump pulse footprint at a distance
of 150 m during preflight ground alignment. A 10"
Newtonian telescope (f = 4; a custom-built mirror,
Muffoletto Optical Company), T, collected the optical
response signal from the water column. The signal
was spectrally separated with a spectrometer (model
MS125, Oriel), SP. Customized rectangular optical
fibers located within the focal plane of the spectro-
meter were used to gather selected spectral bands
for laser backscatter (532/7 nm), Chl fluorescence
(687/25 nm), water Raman scattering (650/20 nm) and
phycoerythrin fluorescence (560/12 and 590/17 nm).
(The numbers before and after the slash in the par-
entheses represent band spectral maximum and width
at half max, respectively.) The spectrally separated
optical signals were transmitted through the optical
fibers to the faces of individual photomultiplier tubes,
PMT’s, (model H5783-01, Hamamatsu). PMT out-
put pulses were digitized with two 4-channel digital
oscilloscopes (model 9450, LeCroy), OS1 and OS2.
The waveforms were transmitted to a PC through
the GPIB interface and stored on the PC disk drive
along with geographic co-ordinates acquired from a
Global Positioning System (model 195, Garmin) and
sea surface temperature acquired from an infrared ra-
diometer (model KT19, Heimann). A laboratory-built
synchronizing PC board provided alternate switching
of the pump and probe pulse sequence and delay of the
pump-probe pulse pair (see Figure 2) through external
triggering of the laser power supplies. The oscillo-
scopes were triggered by backscatter from the outgo-
ing laser beams. The LIDAR system was installed on
a two-engine NOAA Twin Otter aircraft.

Airborne SP-P&P protocol

Laboratory SP-P&P protocol (Chekalyuk et al. 2000)
was modified to meet specific requirements for imple-
mentation on an airborne LIDAR sensor. The protocol
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diagram presented in Figure 2 should be referred to
during the following discussion. The P&P protocol
requires alternate Chl fluorescence stimulation by a
single probe pulse and the combined pump-probe
pulse pair (Mauzerall 1972). For practical implement-
ation into the AOL3 LIDAR sensor, it was desirable
to operate both lasers at the same 6 Hz pulse repe-
tition rate. Thus, we had to expend a pump pulse
that is not required in the original SP-P&P protocol.
Accordingly, we devised a strategy to fire the extra
pump pulse 5 ms after the initial ‘single’ probe pulse
required in the SP-P&P protocol (see left upper plot
in Figure 2). The extra pump pulse provides additional
information about chlorophyll (Chl) and phycoeryth-
rin, while maintaining the same high sampling rate as
in the original AOL3 configuration.

As illustrated in Figure 2 (upper plot), the water
column was alternately excited by probe-pump and
pump-probe laser pulse pairs with a repetition rate of 6
Hz, which corresponds to 167 ms delay between pairs.
This delay resulted in a 10-m separation between sub-
sequent sampling points along the flight track at the
nominal 60 m/s aircraft survey speed. At this velocity,
a 5 ms delay in the probe-pump pair (left upper plot in
Figure 2) corresponds to a 30 cm airplane translation,
which was large enough to avoid spatial overlap of the
probe and pump footprints, thus ensuring the integ-
rity of the individual probe and pump measurements.
The intensity of probe-induced Chl fluorescence, F,
(left dark triangle in the lower plot in Figure 2) is
considered to be proportional to the ‘original’ Chl
fluorescence yield if measurements were conducted
in the dark (or to the ‘actual’ Chl fluorescence yield
during daytime). The terms ‘original’ and ‘actual” are
used in accordance with nomenclature suggested in
(van Kooten and Snel 1990).

Previous laboratory investigations showed the 30
us delay in the pump-probe pair (right upper plot in
Figure 2) to be optimal for SP-P&P measurements
(Chekalyuk et al. 2000). This delay resulted in only
a 0.2 cm footprint displacement between the pump-
probe pair at the nominal 60 m/s aircraft speed. This
small displacement is negligible compared to the over-
lap of the beam cross-sections (see above). The intens-
ity of the probe-induced Chl fluorescence signal, Fgy,
(dark triangle in the lower plot in Figure 2) was higher
compared to F because of an increased Chl fluores-
cence yield due to the pump-induced closure of PS
II reaction centers. Spatial variability in Chl concen-
tration and absorption of incident laser energy equally
affect the magnitudes of both F and Fg,; and are elimin-
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Figure 3. Transect map of SP-P&P airborne LIDAR measurements.
Transects are displayed as thick black lines.

ated in the relative parameter, AF/Fgar = (Fsai— F)/Fgat.
Therefore, the AF/Fg; magnitude provided a meas-
ure of the pump-induced change in Chl fluorescence
yield to assess PS II photochemical yield (Genty et al.
1989; Krause and Weis 1991; Govindjee 1995) and its
functional absorption cross-section (Mauzerall 1976;
Falkowski et al. 1988; Kolber and Falkowski 1993)
after applying the EEQ correction (Chekalyuk et al.
2000).

In parallel with measuring PS II photochemical
characteristics, pump-induced Chl and phycoerythrin
fluorescence signals were acquired along with water
Raman scattering (marked as ‘PM’ unfilled triangles
in Figure 2). For most of the flight lines flown during
the investigation, the pump pulse energy was fixed at
its maximum level, thus providing measurements of
these parameters consistent with the normal LIDAR-
fluorosensor mode (Hoge et al. 1986a, b). The ori-
ginal high-resolution LIDAR data were smoothed to
eliminate instrument noise and small-scale structures
to facilitate analysis of spatial variability on meso-
and synoptic scales. A software package ‘Axum 5’
(MathSoft) was used for the data analysis and graphic
representations.

Results and discussion

Six airborne missions were conducted with a proto-
type of the P&P LIDAR between the 8th of March
and the 18th of March 1999 in the Middle Atlantic



Bight and Chesapeake Bay area with a total transect
length of 2280 km. A transect map is presented in
Figure 3. Several separate, but related investigations
were pursued within this flight series. The results of
these investigations are discussed separately within
this section of the paper.

Airborne LIDAR study of natural variability in
excessive energy quenching

A laboratory study conducted with phytoplankton cul-
tures and seawater revealed that excessive energy
quenching, EEQ, must be well pronounced in the SP-
P&P LIDAR measurements acquired with 10 ns laser
pulse stimulation (Chekalyuk et al. 2000). Thus, the
airborne SP-P&P data need to be corrected in order to
accurately estimate PS II photochemical parameters.
This correction procedure requires knowledge of the
EEQ rate constant, which was found to be species-
dependent (Chekalyuk et al. 2000) and, therefore,
might vary because of changes in phytoplankton com-
position over large aquatic areas. One of the main tech-
nological issues of the airborne SP-P&P LIDAR test
was to evaluate the EEQ effect and its spatial/temporal
variability in order to specify and optimize the meas-
urement protocol for an operational airborne SP-P&P
LIDAR system. Note that the airborne LIDAR meas-
urement might result in EEQ variation because of the
lens effect of the water surface and variability in water
attenuation. Therefore, it was necessary to conduct a
‘real-world’ test of laboratory EEQ findings presented
in (Chekalyuk et al. 2000).

The prototype P&P LIDAR implementation on the
NASA AOL3 LIDAR did not provide the capability
to change laser pulse energy on successive pulses. In
order to investigate the change in Chl fluorescence
yield at different probe pulse energy settings, it was
necessary to locate a phytoplankton patch and then
to fly a series of 5-6 repeated passes over the fea-
ture along the same flight track while changing probe
pulse energy setting between each pass. This experi-
ment scenario was repeated along four transect lines
of 20-50 km in length located near the mouth of the
Chesapeake Bay and at two other locations within the
Middle Atlantic Bight between the 11th of March and
the 18th of March 1999 (Transects 1—4 in Figure 3).
Each flight series was started at least 1 h after sun-
set to provide dark adaptation of the phytoplankton
photosynthetic apparatus. Prior to the flight series,
ground measurements were conducted at a distance of
150-m to ensure an appropriate pass-to-pass range of
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Figure 4. Examples of airborne LIDAR measurements of EEQ de-
cline in relative variable fluorescence, AF/Fsat, plotted as a function
of increasing probe fluence, E. The latter is presented in arbitrary
units, a.u. Symbols represent transect-mean AF/Fgar magnitudes
versus E settings along Transects 1 and 4 in Figure 3, respectively.
The pump fluence was fixed at the PS II saturating level. The solid
lines display results of a non-linear regression of the experimental
data with equation AF/Fgy; = ®po(1 + (1 — ®po)RQE) 1.

fluence settings. The pump pulse energy was fixed at
its maximum level, which provided complete PS II
saturation in the sub-surface water column and, ac-
cordingly, maximal AF/Fg, magnitudes. This aspect
was verified by special measurements to be discussed
in the next section.

Synoptic-scale EEQ variability was a primary mat-
ter of interest in this experiment, therefore the transect
data sets of 30-50 km length were separated by a
few-hundred kilometer distance and the AF/Fg,; data
were averaged for each transect pass. Examples of ex-
perimental curves developed from Transects 1 and 4
(Figure 3) are displayed in Figure 4. Discrete points
represent transect-mean AF/Fg, magnitudes versus re-
spective probe pulse fluence settings, E. The latter
is presented in relative units. Based on the ground
LIDAR calibration, E = ‘1” corresponds to a fluence
magnitude of 16.7 umol quanta m~2 (or 0.4 mJ/cm?
at 532 nm wavelength) at the water surface. Energy
losses related to beam propagation through the atmo-
sphere and water column are not considered in this
estimate. The solid lines are best fits of the experi-
mental points using equation AF/Fgy; = &po(1 + (1 —
®p,)RQE) ™!, which can be derived by rearrangement
of Equation (16) in (Chekalyuk et al. 2000). As it is
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Table 1. Transect-mean results of airborne SP-P&P LIDAR measurements. Data on the EEQ effect are presen-
ted on the gray-shaded background. ‘R / SE’ and ‘®p, / SE’ rows tabulate magnitudes of the EEQ relative
rate parameter, R, and PS II maximum potential photochemical yield, ®p,, along with their standard error of
estimates, SE. The lower, non-shaded part of the table, presents results of independent measurements of ®p,
and the PS II functional absorption cross-section, opgyy, over corresponding transects. For each data set, the
‘RZ / SD’ rows display magnitudes of the correlation coefficient, RZ, and the corresponding standard deviation

of errors, SD

Transect 1 2 3 4
Transect Chesapeake Chesapeake South-east of East of
location (Figure 3) Bay mouth Bay mouth Long Island Delmarva
Peninsula

Date 11th March 1999 16th March 1999 17th March 1999  18th March 1999
R /SE, au. 2.01/0.20 1.98/0.192.59 /0.10 2.59/0.10 3.96/0.51
dp, / SE 0.40/0.01 0.38/0.01 0.43/0.01 0.44/0.02
R2/SD 0.99/0.01 0.99/0.01 1.00/0.00 0.99/0.01
opsi / SE, a.u. - 83/1.7 - 5.7/0.02
dp, / SE - 0.36/0.02 - 0.42/0.01
R2/SD - 0.97/0.02 - 0.99/0.02

evident from the equation, the intercepts of these lines
with the vertical axis at E = 0 in Figure 4 provide
values of ®p,. The magnitudes of the ®p, and Rq
parameters estimated by the non-linear regression are
tabulated in the gray-shaded section of Table 1. Since
the measurements were conducted under dark-adapted
conditions with the PS II-saturating pump pulse, the
magnitude of ®p, parameter provides an estimate of
the maximum potential PS II photochemical yield for
phytoplankton in the sub-surface water column. Abso-
lute remote measurements of pump and probe fluences
in the near-surface water column were not feasible
during these initial field tests of the SP-P&P protocol.
As a result, the R data as well as magnitude of the
opsn values in Table 1 (see below) are presented in ar-
bitrary units corresponding to a ‘0—1’ range in fluence
variation.

Data presented in Figure 4 and Table 1 indicate that
the simplified EEQ model (Chekalyuk et al. 2000) ad-
equately encompasses results of the airborne SP-P&P
LIDAR measurements and can therefore be used for
the EEQ data correction. The quenching effect was
well pronounced over the range of probe fluence vari-
ation (note an almost 3-fold maximal AF/Fg, decline

in Figure 4), and there was a noticeable difference in
the EEQ magnitude between the three surveyed areas.
A 2-fold difference in Rg magnitudes (and, there-
fore, in EEQ rates) was found over a 100-km distance
(Transects 1, 2 and 4), while the PS II photochem-
ical yield, ®p,, did not show significant variations
(Table 1). Since the measurements were not conducted
simultaneously, both spatial and temporal R changes
might potentially cause this difference. Note that the
time interval between measurements along Transects
2 and 4 was 2 days. On the other hand, remark-
ably identical (within experimental error) Rg values
were measured in the Chesapeake Bay mouth with
a longer, 5-day delay (compare columns 1 and 2 in
Table 1). We believe, therefore, the 2-fold difference
in Rq should be attributed rather to spatial than to
temporal factors. Overall, the Rq variability observed
in the three surveyed areas is consistent with results
of laboratory studies of phytoplankton cultures and
seawater samples reported in (Chekalyuk et al. 2000).
It is apparent that an operational SP-P&P protocol
should provide continuous Rg monitoring to produce
an accurate EEQ data correction.



An increase in probe pulse energy results in more
intensive F and Fgy fluorescence signals, but causes
a corresponding decline in the AF/Fg, parameter, as
is evident from Figure 4. In the prototype LIDAR
configuration described above, an acceptable signal-
to-noise ratio in the AF/Fg; data was observed at
probe laser pulse energy levels corresponding to a flu-
ence range of ‘0.1’-°0.3’ on the arbitrary scale used
in Figure 4. Based on the data presented in Figure 4
and Table 1, the EEQ correction resulted in 10-30%
increases in the magnitude of AF/Fg,; measured in this
fluence range. This correction procedure was applied
to all SP-P&P data acquired at night and it appeared
to provide reasonable estimates of the PS II photo-
chemical yield. With regard to temporal R variability,
the above-mentioned reproduction of R magnitude
over the 5-day period of sampling in the Chesapeake
Bay mouth suggests that no major changes occurred
in the phytoplankton composition over this period (see
the multiparameter LIDAR data in Figure 7 for more
details).

Airborne measurements of PS Il absorption
cross-section and photochemical yield

The second group of experiments was aimed at explor-
ing the feasibility of simultaneous airborne measure-
ments of the PS II functional absorption cross-section,
opsil, and determining its maximal potential photo-
chemical yield, ®p,. An additional objective of this
investigation was to verify that the maximum pump
energy setting utilized during the EEQ rate measure-
ments (discussed in the preceding section) provided
complete saturation of PS II photochemistry in the
near-surface water column. This was accomplished
by measuring the induction in variable fluorescence
with increasing pump pulse fluence, while maintaining
the fixed probe pulse fluence and delay as described
elsewhere (Mauzerall 1976; Falkowski et al. 1988;
Chekalyuk et al. 2000). Since the prototype P&P im-
plementation on the NASA AOL3 LIDAR did not
provide the capability to change laser pulse energy on
successive pulses, it was necessary to gather the data
on 5-6 repeated passes along the same flight track,
while changing pump pulse energy setting between
each pass. We estimate that the maximum pump pulse
fluence on the ocean surface was 0.25 mJ/cm? based
on the measured maximum pulse energy of the pump
laser and the cross-sectional area of pump beam (see
the ‘SP-P&P LIDAR prototype’ section above). This
corresponds to the required PS II saturating fluence
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Figure 5. Examples of airborne LIDAR data analyzed for as-
sessment of PS II photochemical quantum yield, ®p,, and its
functional absorption cross-section, opgyy. The symbols represent
transect-mean EEQ-corrected AF/Fsat magnitudes plotted as a func-
tion of pump pulse fluence, Epm along Transects 2 and 4 in Figure
3, respectively. The solid lines display results of a non-linear regres-
sion with the function ®p, (1 — exp(—opsiiEpm)). The dashed lines
indicate the corresponding retrieved ®p, magnitudes.

magnitude of 0.2 mJ/cm? specified for phytoplankton
in (Chekalyuk et al. 2000). During this investigation,
the probe laser energy was fixed at a level corres-
ponding to a fluence magnitude of about ‘0.1’ on the
relative scale described in the previous section.

These measurements were conducted along Tran-
sects 2 and 4 (Figure 3) immediately after the series
of EEQ rate measurements. Results from the data
processing are displayed in Figure 5. The discrete
points represent the mean magnitudes of the AF/Fgy
parameter from each transect versus the pump pulse
fluence, Epm, (relative units). The solid lines are a best
fit of the experimental points using function ®p,(1 —
exp(—opsnEpm)) in accordance with Equation (11) in
Chekalyuk et al. (2000). Prior to the analysis, the
AF/Fgy data were corrected for the EEQ effect pro-
duced by sub-saturating probe pulses. This correction
is based on Equation (15) in Chekalyuk et al. (2000)
and the Rg magnitudes measured over the correspond-
ing transects (see Table 1). The magnitudes of ®p,
and opgy derived from the non-linear regression are
tabulated in the lower non-shaded portion of Table 1.
The o psy1 values are presented in arbitrary units for the
same reason given for the Rq data above.
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Figure 6. Results of before- and after-dusk airborne LIDAR mon-
itoring of the AF/Fga¢ parameter between Delmarva Peninsula and
Long Island (Transect 6 in Figure 3). The lower trace represents
AF/Fga measurements conducted between 17:08 and 18:19. Sunset
took place at 18:07. The dashed line denotes smoothed AF/Fgyt data
for trend evaluation. The upper trace displays the AF/Fga mag-
nitudes measured between 23:56 and 01:33. The AF/Fgy¢ data are
not EEQ-corrected.

As evident from Figure 5 and the high correla-
tion values presented in Table. 2, the above function,
Dpo (1 — exp(—opsiEpm)), well describes the results
of the airborne LIDAR measurements, and indicates
that the SP-P&P protocol can, therefore, be used to
remotely assess the ®p, and opsy parameters. Sat-
uration trends in the AF/Fgy rise are evident in both
data sets presented in Figure 5. In each case, the ex-
perimentally measured AF/Fg,; values acquired at the
maximum pump pulse energy level reached the ®p,
estimates obtained by the best-fit regression proced-
ure (see Table 1). Therefore, this maximum pump
pulse energy setting provided sufficient pump fluence
to completely saturate the PS II photochemical charge
separation within the upper water column. In particu-
lar, this finding confirms correctness of the pump laser
energy setting in the EEQ series described in the previ-
ous section. This maximal pump setting was specified
during the prolonged airborne SP-P&P measurements
conducted in the area during prototype LIDAR tests
(for example, see Figure 6).

An estimate, based on maximum pulse laser energy
levels and the beam cross-sectional areas presented in
the ‘SP-P&P LIDAR prototype’ section, indicates that
the maximum pump and probe pulse fluences were of
the same order of magnitude from the 150 m flight
altitude. Thus, the probe fluence variation range in
the experiments described in the preceding section
(e.g. see Figure 4) can indeed be qualified as PS II
sub-saturating. Note that the ®p, estimates obtained

during two independent experiments along Transects
2 and 4 are very close (0.38 vs. 0.36, and 0.43 vs.
0.42, respectively; see shaded and non-shaded areas
in Table 1). Considering spatial variability, the dif-
ferences in opsyp magnitudes appeared to be more
pronounced than the differences in ®p, magnitudes
(32% vs.14%). Apparently, any generalization re-
garding their variability must await a representative
database to be acquired.

Before- and after-dusk LIDAR measurements of
variable fluorescence

A pronounced daytime decrease in variable fluores-
cence and its recovery after sunset were observed dur-
ing experiments conducted with the SP-P&P LIDAR.
An example of such observations during a 300 km
LIDAR survey between Delmarva Peninsula and Long
Island (Transect 6 in Figure 3) is presented in Figure 6.
The northeast bound measurements were acquired
between 17:08 and 18:19 EST, while the southwest
bound flight over the same track was flown between
23:56 and 01:33 EST (17-18th March 1999). Sunset
took place near the end part of the first transect at
18:07. Very low AF/Fgy magnitudes were found in
the initial portion of northeast bound, ‘before-sunset’,
transect. However, a gradual increase in the average
AF/Fgy values, from 0.02 to 0.16, can be seen in the
northeast direction beginning near 39° N. The night
southwest bound transect, conducted a few hours after
sunset, indicated a quite homogeneous AF/Fgy; distri-
bution over most of the flight line with magnitudes
varying in a range of 0.3-0.4. The homogeneous
AF/Fgy distribution found in the night pass suggests
that the gradual AF/Fgy rise observed in the northeast
transect as sunset approached was more likely caused
by a gradual increase in the PS II photochemical effi-
ciency with decreasing ambient light than by its actual
spatial variability. Similar phenomena were observed
during a 298 km transect measurement around the
lower portion of the Delmarva Peninsula including a
portion of the Chesapeake Bay south of 38 © N (Tran-
sect 5 in Figure 3). The AF/Fgy parameter showed
near-zero magnitudes during afternoon measurement
and meso-scale variations in a range of 0.3-0.5, 1 h
after the sunset.

The observed phenomena are consistent with data
on vertical profiling of variable fluorescence within the
photic layer (Kolber and Falkowski 1993; Falkowski
and Kolber 1995) and with observations of diurnal
variations in phytoplankton PS II photochemical yield



in the subsurface water column conducted with a
shipboard P&P LIDAR system (Chekalyuk and Gor-
bunov 1994a, b). Typically, about 80% of the air-
borne LIDAR response signal comes from the up-
per 3-5 m of the water column where the daytime
decline in PS II photochemical activity is most pro-
nounced (for example, see Figure 10 in Falkowski and
Kolber (1995)). Part of this decline is caused by vari-
ous non-photochemical quenching mechanisms, such
as energy-dependent and ‘photoinhibitory’ quenching
(Krause and Weis 1991). A decrease in photochemical
quenching due to the ‘dynamic’ closure of a fraction
of the PS 1II reaction centers under ambient light also
appears to affect both photochemical and fluorescence
yields (e.g. see data in Kolber and Falkowski (1993)).
A combination of these mechanisms may result in a
more than 10-fold decline in the actual daytime PS
II photochemical yield within the subsurface seawater
layer compared to its maximum potential magnitude
in a dark-adapted state (Chekalyuk and Gorbunov
1994b; Falkowski and Kolber 1995). It takes up to
~1-2 h to complete after-sunset PS II recovery in the
near-surface water column (Chekalyuk and Gorbunov
1994b). This explains the gradual PS II recovery pro-
cesses observed with the approach of sunset in the
northeast portion of the transect in Figure 6 and cor-
responds to the delay between sunset and beginning of
the night measurement in the second example.

This data demonstrates that a significant improve-
ment in LIDAR measurement accuracy would be
required in order to provide reliable daytime mon-
itoring of PS II photochemical activity because of
the small relative difference between the actual and
maximal Chl fluorescence yield under bright ambient
light. Also, the interpretation of daytime P&P LIDAR
data would be complicated because of a variety of
mechanisms involved in regulating the PS II func-
tionality under ambient light. Potential ‘overlap’ of
diurnal temporal and synoptic-scale spatial variability,
as evident from the above example, might cause addi-
tional problems in data interpretation. Therefore, the
most reasonable approach at the current research stage
appears to be to acquire measurements of the potential
magnitudes of the PS II photochemical yield and func-
tional absorption cross-section under dark conditions.
This sampling strategy would permit the acquisition of
a unique, and inaccessible by other techniques, data-
base covering the variability of PS II photochemical
characteristics in the ocean over a wide range of spa-
tial and temporal scales. Coupled with progress in our
understanding of the regulation of PS II photochem-
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ical activity under ambient light, such a database could
lead to the development of an adequate model for re-
mote assessment of daytime photosynthetic processes
within the ocean photic layer, including primary pro-
ductivity.

SP-P&P multiparameter LIDAR measurements

The ocean is a highly-dynamic media with complex
interactions between various physical and biogeo-
chemical processes (Kirk 1994; Falkowski and Raven
1997). An advantage of the SP-P&P LIDAR protocol
is that it permits the simultaneous acquisition of a quite
informative data set for a more complete characteriz-
ation of the surveyed area. As discussed above (see
‘Airborne SP-P&P protocol’” section and Figure 2),
pump-stimulated Chl and phycoerythrin fluorescence
signals and water Raman scattering can be mon-
itored along with the variable fluorescence parameter,
AF/Fgy. Chl and phycoerythrin (an accessory pigment
found in certain phytoplankton and marine bacteria)
fluorescence, normalized by the Raman scattering, al-
lows estimation of pigment concentration (Hoge and
Swift 1981). Comparative analysis of phycoerythrin
fluorescence measured at 590 and 560 nm permits
distinguishing between different strains of cyanobac-
teria (Hoge et al. 1998). Taken together with Chl
fluorescence data, this capability ensures some po-
tential for remote phytoplankton taxonomic analysis.
The AF/Fgy parameter provides information about the
maximum potential (or actual, if measured under am-
bient light) PS II photochemical efficiency and its
functional absorption cross-section. Coupled with the
Chl concentration data, the PS II photochemical para-
meters provide a basis for estimation of photosynthetic
rate parameters by using a biophysical model (Kolber
and Falkowski 1993; Falkowski and Kolber 1995).
Though the reported research was mainly focused
on the airborne implementation of the pump-and-
probe technology per se, we tested the feasibility of
concurrent acquisition of a multiparameter data set.
An example of such measurements gathered near the
Chesapeake Bay mouth (transect location is marked as
‘1, 2’ in Figure 3) is displayed in Figure 7. It repres-
ents part of the data acquired during a flight around
the southern part of Delmarva Peninsula on the night
of the 16th of March 1999. The data set was obtained
during a series of 14-min flights over the 40-km tran-
sect. The distribution of the maximum potential PS
II photochemical yield, ®p,, was calculated from the
measured AF/Fgy data after applying an EEQ correc-



54

. Chi/Ram

Ram

» © Ph1/Ram .
Ph2/Ram -

0.0
-76.0 -75.9 -75.8

-75.7 -75.6 -75.5

Longitude

Figure 7. An example of a multiparameter SP-P&P LIDAR survey conducted on 16th March 1999 in the vicinity of the Chesapeake Bay
mouth along Transects 2 (see Figure 3). ‘Ram’, ‘Chl/Ram’, ‘Ph1/Ram’ and ‘Ph2/Ram’ denote pump-stimulated water Raman scattering, Chl
fluorescence, and phycoerythrin fluorescence at 560 and 590 nm, respectively (all in relative units). The Chl and phycoerythrin fluorescence
signals have been normalized by water Raman scattering. ®p, is the estimated PS II maximum potential photochemical yield based on

EEQ-corrected AF/Fgy LIDAR measurements.

tion using R magnitudes measured along the same
transects (see Table 1). Chl and phycoerythrin fluores-
cence signals presented in Figure 7 were normalized
by the concurrently measured Raman scattering.

A phytoplankton patch with a 4-fold increase in
Chl fluorescence was found in the western portion of
the transect during the survey (thick dashed line). A
profile of PS II photochemical yield (solid line), ®p,,
indicates a moderate potential PS II photochemical
efficiency with low spatial variability and a gradual
increase (0.3-0.4) toward the west in the direction of
the Chesapeake Bay mouth, where the phytoplankton
patch was located. Thus, only 30-40% of the ab-
sorbed light energy could be potentially used to drive
photochemical charge separation in the PS II reaction
centers, while the maximum photochemical efficiency
for phytoplankton was found to be 65% (Falkowski
and Kolber 1995). Based on this data and Equation (5)
in Chekalyuk et al. (2000), a proportion of photochem-
ically active PS II reaction centers can be estimated
as 26%-36%. A similar increase toward the western
end of the flight line was observed in phycoerythrin
fluorescence measured at 590 nm (thin dashed line
in Figure 7), while phycoerythrin fluorescence meas-
ured at 560 nm (dotted line) indicated no significant
changes along the transect. This trend indicates rel-

ative increase in abundance of phycoerythrobilin- vs.
phycourobilin-containing cyanobacteria, typical for
coastal waters (Hoge et al. 1998). Both the Chl and
phycoerythrin fluorescence increases were well cor-
related spatially with a 50% drop in Raman scattering
signal (dashed-dotted line in Figure 7). The observed
decrease in Raman scattering is attributed to increased
absorption due to the elevated concentrations of phyto-
plankton pigments and dissolved organic matter near
the Chesapeake Bay mouth.

Conclusion

Results of the first airborne SP-P&P LIDAR tests, re-
ported in this communication, have demonstrated the
feasibility and potential of technology for studying
spatial and temporal variability in phytoplankton pho-
tochemical characteristics. Unfortunately, we could
not compare photochemical parameters independently
measured with the LIDAR and commercial shipboard
fast-repetition-rate fluorometer because of software-
related failure of the latter, but we plan to conduct
extensive comparative analysis during our future activ-
ities. Meanwhile, the consistency of data obtained in
these LIDAR experiments along with results of pre-
liminary theoretical and experimental studies, as well



as a reasonable range of estimated ®p, magnitudes,
has further stimulated our research efforts to trans-
fer P&P techniques from a research environment into
operational implementation.

With respect to technological plans, our current
major focus is on the development of an advanced
LIDAR system capable of combined single-transect
operational measurements of photochemical and ‘con-
ventional’ LIDAR parameters. We have already found
and recently verified a technological solution, which
allows reliable control over the pump pulse energy on
a pulse-to-pulse basis, thus making the development
of an operational SP-P&P LIDAR feasible. Although
the SP-P&P approach provides higher signal com-
pared to a conventional P&P protocol, a solution for
sensitivity improvement still needs to be found in
order to conduct operational high-resolution LIDAR
measurements of phytoplankton photochemical char-
acteristics.

In the research area, a representative database cov-
ering the variability of phytoplankton photochemical
parameters over different spatial/temporal scales must
be acquired. Technologically, this would allow further
optimization of the LIDAR measuring protocol. Based
on preliminary data, PS II photochemical yield seems
to have less pronounced meso-scale spatial variability
compared to pigment fluorescence. If this would be
generally confirmed based on LIDAR measurements
in different areas and seasons, it should allow reducing
the sampling frequency or sensitivity requirements
when measuring photochemical characteristics.

Generally speaking, studying the spatial/temporal
variability is of great importance for marine research
and environmental monitoring. At this point, the SP-
P&P LIDAR technique provides unique possibilities
of remote multiparameter biomonitoring of complex
phenomena over a wide range of temporal/spatial
scales. Due to the use of an airborne platform, the
measurement protocol can be flexibly adjusted to
provide adequate coverage while investigating pro-
cesses. In particular, the novel airborne SP-P&P
LIDAR technology has the potential to bridge the
gap between satellite and shipboard techniques for es-
timating phytoplankton photosynthetic activity. This
would be the major application of an operational air-
borne P&P LIDAR system. The advantage of such
an approach over existing techniques is that it would
be based on direct high-resolution measurements of
photosynthetic characteristics instead of indirect es-
timates.
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An important step in this direction would be find-
ing a technological solution to provide measurements
of the PS 1II functional absorption cross-section, o psy,
in absolute units. In fact, P&P LIDAR is the only
remote sensing instrument potentially capable of dir-
ect measurement of phytoplankton photosynthetic-
specific absorption. Such information, if available,
could be used along with data on PS II photochemical
quantum yield and Chl concentration for estimating
variability in the rate of PS II photochemical elec-
tron transport (Kolber and Falkowski 1993) over large
aquatic areas. Further development of this approach
might result in the development of a new remote
sensing technology for assessment of photosynthetic
rate parameters, including phytoplankton primary pro-
ductivity.
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