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ABSTRACT

The prototype of a shipboard lidar for oceanographic
applications uses the 355nm wavelength of a
Nd:YAG-Laser to excite fluorescence of gelbstoff and
chlorophyll in seawater. The lidar was installed on
board the research vessel Polarstern at the end of 1996
during cruise ANT XIV/2. Measurements were carried
out around the South Shetland Islands and in the Drake
Passage between South America and the Antarctic Pen-
insula. Remotely measured depth profiles of the beam
attenuation coefficient in the upper water column were
derived from time resolved measurements of water
Raman scattering. In the same way, depth profiles of
gelbstoff and chlorophyll were derived from laser-
induced fluorescence signals. These depth profiles were
continuously taken while the ship was underway with a
penetration depth of up to 40 m, depending on the de-
tection wavelength and turbidity of the water. The data
are compared with in situ fluorescence measurements.
Limitations and advantages of remotely measured lidar
profiles and in sifu measurements with submerged
probes are discussed.

1. INTRODUCTION

Except for the range of very low frequencies, visible
light is the only portion of the electromagnetic spec-
trum that can be transmitted through water. Therefore,
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lidar remote sensing allows a measurement of water

co.lurggﬁgrgﬁeteré with ﬁ%ﬂﬁgts, installed on board
ships or aircraft. Such measurements
are mostly performed in a fluorosensing mode. Then an
integration of the returned signal is done which is ap-
propriate to derive data on phytoplankton pigments and
other substances that are broadly dispersed in the upper
water layers.

Efforts have also been spent on time-resolved meas-
urements of elastically scattered or reflected laser
pulses. The most prominent applications were to chart
the water depth in shallow coastal areas by measuring
the time lapse betwgen, signal returns from the sea sur-

)
face and seafloor." > With the same method but using
a fast gatgalle camera as a detector, contrast enhanced

. L5161 . .
images ~°  can be obtained from objects on the sea-
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floor also in turbid waters where conventional imagery
is not possible. Attempts have also been made to use
time-resolved fluorescence signals for a classification
of oil spills, which is based_on the fluorescence decay
time characteristics of oil.* #5550~
Less effort has been spent to measure profiles of pa-
rameters of the water column that are relevant for
oceanographic and marjne biological studies. Seawater

temperature proﬁlesgl" derived from the temperatyre,
dependent bandshape of water Raman scatteriné'z”zl’zgml
have not met the accuracy required for this parameter.
More successful were the measurements of attenuation
profiles from_the  intensity of elastic backscattgring
from particlesgs"%'and water Raman scatteringu"with
airborne lidar. Both the attenuation coefficient and the
gelbstoff concentration could be measured as profiles
with 0.7 m resolutign down to about 15 m water depth

. 28
in coastal waters.

The successful operation of depth-resolving airborne
lidar led to the decision to built a prototype for ship-
board installation. This opens a way to gather remotely
sensed profiles from the upper water layers over large
areas of the open oceans, while the ship is underway
and without any restriction to its operation (velocity,
manoeuvring). An instrument was developed for instal-
lation on board the research vessel Polarstern (Fig. 1)
of the Alfred Wegener Institute for Polar and Marine
Research, Bremerhaven. The regular transects in the
Atlantic Ocean between Europe and the Antarctic offer
unique possibilities to employ a shipborne lidar on this
vessel with the perspective to obtain underway data of
bio-optical parameters that cannot be taken with other
methods. Furthermore, operation on board a research
vessel would allow to make use of a lidar over ex-
tended periods of time, which is of particular value
within long-term monitoring programmes.

The instrument was originally designed in 1992-93 and
applied for the first time during cruise ANT XI/1 of
R.V. Polarstern in a transect through the Atlantic
Ocean from Bremerhaven to Cape Town. The design
and specifications of the_prototype have been described

. . ... Dba .
in an earlier publication 'and are only briefly summa-
rized here.



of the installation on board
R.V. Polarstern. Position of the instrument is at
the keel of the ship at 11 m depth below the
surface. The shadow of the ship protects the
receiver field of view from daylight that would
degrade the small signals from deeper layers.

Fig. 1: Scheme
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Fig. 2: Scheme of the lidar installed near the
keel of the ship. The mechanical construction
allows the installation of the system including
the window without docking of the ship. To re-
move the lidar, the whole telescope set-up is
lifted, and then the sliding valve is closed. To-
gether with the gasket in the hull it forms a
sluice that maintains the ship's security.

In this paper, we report on the progress that has been
made since that time. The goal was to increase the sen-
sitivity and dynamic range of the instrument, and the
stability of its operation during long-term use on board
the ship. Data from an expedition in the region of the
Antarctic peninsula are presented where the lidar was
continuously operated during 35 days. Some results ob-
tained during that time are compared with depth pro-
files measured with conventional in situ sensors, and
this allows to delineate the specific advantages and
limitations of both methods.
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2. THE INSTRUMENT

2.1 Layout and specifications

The lidar consists of a frequency-doubled and tripled
Nd:YAG laser, a Newtonian telescope and a 12 channel
receiver unit (Table 1). The telescope is the central
element of the mechanical structure to which the laser
and the detector unit are rigidly coupled to maintain a
stable optical alignment (Fig.2). The telescope is
closed towards the water column by a quartz window.
The telescope housing is pressure proved, with a tube
thickness that corresponds to that of the ship’s hull.

Laser: Nd:YAG with Q switching,
Quanta Systems model SYL A2
wavelengths: used for excitation of:
532 nm (50 mJ) 532 nm elastic scattering
650 nm water Raman scattering
685 nm chlorophyll fluorescence
via fucoxanthin absorption
355nm (25 mJ) 355 nm elastic scattering
405 nm water Raman scattering
440 nm gelbstoff fluorescence
685 nm chlorophyll fluorescence
pulse length <1ns
repetition rate 10 Hz

Telescope: /6 Newtonian, f= 1200 mm,

max. 12 discrete channels,
wavelength selection with dichroic
beamsplitters, interference filters

Spectrograph:

Detectors: compact head-on photomultipliers
UV...green: Hamamatsu R1635

red: Hamamatsu R1894

logarithmic amplification with
Analog Modules model 382;
digitisation with

Tektronix model DSA 602 A

Signal recovery:

Table 1: Most relevant specifications of the in-
strument. The 532 nm laser wavelength was
not used since the penetration depth into the
water column at low gelbstoff concentration
levels is about the same as with 355 nm.

2.2 Path of rays

To achieve a coaxial structure of the laser beam axis
and telescope field of view, both the laser light and the
telescope output pass through small windows at the
side of the telescope housing. These windows are
automatically closed in case of water intrusion into the
telescope. To achieve the coaxial geometry, the laser




beam is folded into the central axis of the telescope
with a 90° folding prism (Fig. 3).
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Fig. 3: Schematic drawing of the path of rays,
not to scale.
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Fig. 4: Telescope sensitivity versus distance-
from its field stop with the attenuation coeffi-
cient ¢ of the water as a parameter. Position of
the field stop is chosen such that its image is at
30 m distance from the field stop of the tele-
scope. Adopted from reference 31.

The secondary mirror of the Newtonian telescope is
realized by another prism at about the same position,
deflecting the signal return from the water column to
the receiver unit. A 3 mm diameter field stop is close to
this prism, at a short distance behind the focus of the
main mirror of the telescope. The field stop is projected
onto the cathodes of the photomultipliers, and this
holds for the entire set of detection channels in the re-
ceiver unit because of their identical distance to the
field stop. This symmetry of the detection channels
cannot be achieved by other configurations of the opti-

cal set—up.gcll
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The diaphragms of the path of rays are designed in a
way that all the light passing the field stop reaches the
photomultipliers. Then the sensitivity of the set-up is a
function of the distance from the telescope, that can be
adapted to specific needs. In case of a hydrographic
lidar high signal levels from shart distances might lead

to an overload of the detectors.” "It is the position of
the field stop that determines the water depth of maxi-
mum sensitivity that has been chosen to 30 m for this
instrument.

The shape of this sensitivity function of the receiver
versus distance depends also on the attenuation coeffi-
cient of the water (Fig. 4). In principle, it could be
tuned in a way that a close-to-constant shape over a
considerable depth range would result for an attenua-
tion coefficient of about 0.06 m. However, these low
values hold only in the blue part of the spectrum and in
clear ocean waters. The attenuation coefficient near the
685 nm chlorophyll fluorescence band would be well
above 0.4 m™ also in clear waters. Therefore, in addi-
tion to the geometrical compression (Fig. 5) of the sen-
sitivity function an additional logarithmic signal com-
pression is always desirable. This is done with fast
logarithmic amplifiers with a dynamic range of about 4
decades (Fig. 6). Their time response for the trailing
edge of the photomultiplier output, which is of primary
importance in this application, is about 5 ns per decade
of input signal change. This is fast enough for a recov-
ery of stratified layers in the upper water column.

Fig. 5: Experimental realisation of the geomet-
rical compression of lidar signals. The curves
display the signal return at the 405 nm water
Raman scatter wavelength with 355 nm excita-
tion, in a linear presentation, before and after
correction for the telescope sensitivity versus
water depth (or: elapsed time).

2.3 Electromagnetic interference

In the development phase of the lidar its use on board
the ship was hampered by the occurrence of strong
electromagnetic interference from the laser that se-
verely degraded the photomultiplier output signals.

This can be seen in Fig. 7 that shows the signal return
from water Raman scattering and chlorophyll fluores-
cence measured in 1993 during a first test of the in-
strument. The curves display the output signal of the
logarithmic amplifiers. Taking into account that the
signals should strictly fall over the trailing edge of
these curves, the data are obviously degraded at output
levels of the logarithmic amplifiers of less that about
0.2V, and therefore useless over the largest part of
their relevant dynamic range.
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Fig. 6: Input/output characteristic of the loga-
rithmic amplifiers. The crosses were obtained
by calibration of the amplifier. The straight
line is a fit used to interpret the lidar signals
measured on board ship.
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Fig. 7: Examples of signals degraded with
noise, measured during the first test in the
cruise ANT XI/1, October 1993. The curves
display PMT signals from the given detection
channels after logarithmic amplification, as an
average of 128 single pulses. The chlorophyll
fluorescence signal is much shorter than the
water Raman return because of the higher at-
tenuation coefficient, and hence lower lidar
penetration depth, at the emission wavelength
of chlorophyll fluorescence. The position of the
leading edge of both signals on the abscissa is
arbitrary.

The source of this electromagnetic interference was the
switched high voltage of the Pockels cells of the laser.
Therefore, a new housing of the laser was made with
highly improved shielding characteristics against high
frequency emission. In addition to this, the following
measures were taken to reduce high frequency noise in
the data:

- cables between laser head and laser power supply
were shielded;

- signal lines between laser and receiver unit were
realized with fiber optics;

- photomultiplier tubes were shielded with metal
tubes;

- photomultiplier high voltage supplies were posi-
tioned closer to the photomultipliers, allowing for a
short cable length between these components;

[}

2

® 05%F

> )

= 04} x log. amplifier no.2

% S ——fitted curve

w 0.3}

5

o

5 0.2+

o

o

E 01f ~<

o V

2 00 } ' ' ' ' t t ]
0 -10 -20 -30 -40 -50 -60 -70 -80

108

- the logarithmic amplifiers were individually pow-
ered with stabilized power supplies.
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Fig. 8: Examples of signals measured during
ANT XI/1, Dec. 1996. Better shielding against
electromagnetic interference has led to a much
lower noise level, thus allowing to use the
logamp output over its entire dynamic range.
The shape of the trailing edge of the signal is
again due to the different attenuation coeffi-
cients at the given wavelengths.
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Fig. 9: To suppress noisy components in the
signals, their bandshape is checked for plausi-
bility. Noise at times before the leading edge is
set to zero. The same is done at the end of the
trailing edge, starting at a time where the sig-
nal is no longer decreasing.

These modifications resulted in a great improvement of
the quality of the laser-induced signals from the water
column (Fig. 8). The remaining noise at output levels
below about 30 mV corresponding to the lower end of
the dynamic range would still lead to erroneous profiles
at these depths. During data evaluation, these signal
contributions are rejected (Fig. 9).

3. EXPERIMENTAL RESULTS

3.1 Cruise ANT XI1/2

Previous tests of the lidar were carried out on board
R.V. Polarstern during long transects through the At-
lantic Ocean between Europe and Cape Town, South
Africa, or Ushuaia, South America. These routes led
through the tropical deserts of the ocean, characterized



by very low biological activity and clear waters, and
hence high penetration depth with lidar but small fluo-
rescence signals.

During the expedition ANT XI/2 into the shelf regions
of the Antarctic Peninsula, regions with much higher
biological productivity were met. Fluorescence from
the water column was stronger, but for the same reason
the maximum penetration depth of the lidar was lower
than in earlier campaigns and did not exceed about 15
to 20 m at the chlorophyll fluorescence wavelength.
However, due to the increased sensitivity of the instru-
ment the quality of these data is much better than in
previous applications.

The cruise started from the Argentinean port Punta
Quilla and led through the Drake Passage into the re-
gion of the South Shetland Islands. In the period of 16
November to 22 December 1996, hydrographic data
were measured over a meshed grid of stations nearby
Elephant Island (Figs. 10, 11). The measurements in-
cluded depth profiles of temperature, salinity and chlo-
rophyll fluorescence, and water sampling for a fluoro-
metric analysis in the laboratory.
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Fig. 10: Geographical position of the station
grid investigated in the expedition ANT XV1/2
of R.V. Polarstern, 16.11.-22.12.97
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Fig. 11: Meshed grid in the region of Elephant
Island, shown as white box in Fig. 9. The grid
consists of 81 stations as indicated, at dis-
tances of about 15 nautical miles.

3.2 Lidar measurements

During the survey the lidar was continuously operated.
The signals from 128 single shots of the laser, fired
with a repetition rate of 10 Hz, were averaged. This
yields a better signal-to-noise ratio, and a higher dy-
namic resolution than the 8§ bit of the transient digitizer.
Examples of these data are shown in Figs. 8 and 9. Re-
cords derived in this way were obtained in intervals of
five minutes, leading to a depth profile at distances of
one nautical mile while the ship was underway between
the stations.
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Fig. 12: Sum of the attenuation coefficients
c(355 nm)+ (405 nm) given in m”, measured

with lidar along a transect between stations
100 and 108 on latitude 54°30°'W (Figs. 9 and
10). Positions of stations are marked, where
depth profiles were taken with in situ probes.
The unsteady behaviour of the data at depth is
due to the variable penetration depth of the li-
dar, and hence reflects the local values of the
attenuation coefficient.

As an example of this data set, the depth profiles meas-
ured on a north-south transect between stations 100 and
108 are shown in Fig. 12. The graph displays the sum
of the attenuation coefficients at the wavelengths of la-
ser  excitation and  water Raman  scatter
¢(355nm) +c(405nm) in absolute units.

350 400 450 pm 500



Fig. 13: Emission spectrum, with 341 nm exci-
tation of a water sample taken from 20 m depth
at station 108, measured with a Perkin Elmer
LS50 spectrofluorometer. The curve is cor-
rected for the spectral sensitivity of the instru-
ment. The peak at 386 nm is water Raman
scattering, the weaker signals at higher wave-
lengths are gelbstoff fluorescence.
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Fig. 14: Same as in Fig. 13, but with 420 nm
excitation. The peak at 490 nm is water Raman
scatter, chlorophyll fluorescence is at 685 nm.
The baseline below these bands is an artefact
due to stray light from the excitation mono-
chromator, caused by a defective grating. In
the data given in Fig. 13, the stray light was
suppressed with an 341 nm interference filter
in the excitation raypath.

The attenuation coefficient hardly ever exceeds values
of about 1 m". The main reason for the dynamics of
this parameter is the variability of the phytoplankton
abundance. Gelbstoff, which might affect the attenua-
tion coefficient as well, has a weaker influence on this
parameter because of its low concentration in this re-
gion. Although photometric measurements were not
made on board the ship, small values of the absorption
coefficient of gelbstoff are estimated from its low fluo-
rescence signal (Fig. 13) compared with the fluores-
cence of phytoplankton (Fig. 14).

The distribution of phytoplankton along the same tran-
sect, derived from its fluorescence emission at 685 nm
wavelength, is shown in Fig. 15. The close relationship
between attenuation and chlorophyll fluorescence is
obvious from these data.

3.3 Comparison of lidar and in situ data

When the ship was on stations, depth profiles were
made with a CTD probe equipped with an in situ
fluorometer (backscat fluorometer, Haardt, Germany)
for continuous chlorophyll and gelbstoff fluorescence
measurements in the water column. A comparison of
these data with lidar profiles is useful for an under-
standing of the advantages and limitations of both
methods.
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Fig. 15: Same as in Fig. 12, but depth profiles
of chlorophyll fluorescence at 685 nm in arbi-
trary units, normalized to water Raman scat-
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Fig. 16: Comparison of in situ profiles of chlo-
rophyll fluorescence (bars from 10 to 25 m
depth) and lidar depth profiles (thicker bars
with variable maximum depth).

For this purpose, nine lidar records of chlorophyll fluo-
rescence measured while the ship was on a station are
selected from the data set and compared with the re-
sults of in situ probing (Fig. 16). In principle, the dy-
namics of chlorophyll fluorescence between stations is
well represented by both methods. Also, the variations
versus depth are identically found in the data. To de-
scribe this in more detail, the dependence of lidar and
in situ data is calculated at intervals of one meter for
the entire data set at these stations (Fig. 17). This
shows that the lidar profiles are in good agreement with
the in situ data at depths of about 12 to 18 m. In the
near field of the lidar, e.g. at depth of 11 to 12 m just
below the ship’s hull, the data are inaccurate because of
the strong gradient of the telescope sensitivity function
there. At depths of more than 19 m that correspond to
the maximum penetration depth of the lidar, the error
increases strongly because of small signal intensities.
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Fig. 17: Uncertainty of the lidar depth profiles
of chlorophyll fluorescence from stations 100
to 108, with the in situ profiles from the same
stations taken as the reference. Error bars cor-
respond to the standard deviation of the mean
values.

4. CONCLUSION

Although identical in principle, air- and shipborne li-
dars face different problems in practice. If carried by an
aircraft some hundreds of metres above the sea surface
the time lapse between sending out the laser pulse and
the return of the signal from the water column is about
one microsecond. This is sufficient to avoid electro-
magnetic interference from the laser power electronics
to the sensitive detectors and signal amplifiers. This is
not the case for a lidar system on board a ship where
signals have to be registered in the near-field of opera-
tion, that is within a few nanoseconds following the la-
ser pulse emission. Modifications of the instrument per-
formed since its first use on board the ship have led to a
great improvement of the signal-to-noise ratio. This
makes it possible to interpret the signal return over a
dynamic range of three decades, corresponding to a
penetration depth in the upper water column of about 6
attenuation length.

The data obtained in the cruise ANT XVI/2 of R.V.
Polarstern show that, in addition to seawater attenua-
tion and gelbstoff, profiles of chlorophyll fluorescence
can be measured in the upper water column. This is of
high interest in regions with enhanced biological pro-
ductivity where phytoplankton is present near the sur-
face. In these applications, a lidar should be installed
closer to the sea surface, which was not feasible on
board R.V. Polarstern.

On the other hand, oligotrophic regions of the open
oceans are characterized by very low biological pro-
ductivity in the surface mixed layer. Phytoplankton
growth is there at depths of about 50 to 100 m, that is
just belqw the mixed layer where stratification takes
place.EZThis would exceed the depth range that can be
reached with lidar, especially if chlorophyll fluores-
cence is of primary interest since the attenuation coeffi-
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cient of pure water is high at this wavelength. However,
elastic (Mie) scattering measured in the blue or near
ultraviolet spectral range where water shows good
transparency would allow to map deep-lying plankton
layers. Such measurements should be attempted with
this instrument in a next step of its development.

The results show further the value of profiles derived
while the ship is underway, compared to the same pa-
rameters measured with in situ probes on stations. Both
methods yield consistent results at stations (Fig. 16),
but the data found there are not sufficient to sample the
,true distribution of phytoplankton, even at distances
of only 15 nautical miles between the stations. Patchi-
ness of plankton distributions even at smaller scales is
typical in the ocean. For example, the high chlorophyll
fluorescence between stations 102-103 and 105-106 is
easily detected with lidar.
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Fig. 18: Profiles at stations 100-108 taken with
the in situ fluorometer are interpolated with
Surfer 6.01 (Golden Sofiware, Inc.), a pro-
gramme often used in oceanography for this
purpose. Locations of depth profiles are
marked with white dashed lines. See Fig. 15 for
a comparison with the results of continuous
sampling with lidar.

The higher information content of lidar data is particu-
larly evident if the in sifu profiles measured on stations
are used for an interpolation of the plankton distribu-
tion in the region. The use of an interpolation pro-
gramme would lead to the diagram shown in Fig. 18,
and hence to erroneous results.
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