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Abstract—The absorption coefficient and the fluorescence emission of chromophoric (coloured)
dissolved organic matter (CDOM) were determined along a 1200 km transect in the Estuary and
Gulf of St. Lawrence. Fluorescence spectra were spectrally corrected against a reference standard
and normalized to the water Raman signal to provide results in Raman units. Because CDOM
originates mainly from freshwater river runoff in the St. Lawrence system, its optical properties
were found to be inversely correlated with salinity (r = —0.95) and sigma-t (r = —0.99). These
strong linear relationships can be used as a tool for monitoring surface circulation and salinity in
these coastal waters. The relationships between CDOM absorption and fluorescence were also
characterized in the UV and visible regions. In the UV region, the observed relationship was found
to be consistent with previously published results. In the visible region a relationship was found that
was different from that in the UV. Our results therefore support the possibility of using
fluorescence characteristics for extensive monitoring of CDOM in coastal waters strongly
influenced by freshwater runoff. Such relationships may prove useful for remote sensing to correct
chl a values and the large-scale modelling of primary production in coastal waters. Copyright ©
1996 Elsevier Science Ltd

1. INTRODUCTION

Morel and Prieur (1977) partitioned marine waters in two general categories on the basis of
their bulk optical properties: oceanic (Case 1) waters and coastal (Case 2) waters.
Following the nomenclature (Gordon and Morel, 1983; Morel, 1988), “Case 1” includes
those waters where variations in optical properties are mainly governed by the abundance
of phytoplankton. “Case 2” waters are those where optical properties are influenced by
phytoplankton and, additionally, by organic and inorganic particulate and dissolved
organic matter of local and terrestrial origin (non-chlorophyllous matter).

In Case 1 waters, the relative proportions of phytoplankton and related derivatives are
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well correlated with chl @ concentration ({chl)) (Morel and Prieur, 1977; Baker and Smith,
1982; Carder et al., 1986) and, consequently, the vertical propagation of light can be
estimated using simple models relating (chl) to the vertical diffuse attenuation coefficient,
K4 (Baker and Smith, 1982; Morel, 1988). However, it is not possible to use such an
approach for Case 2 waters. The simple optical behaviour of Case 1 waters has led to
successful applications of ocean colour remote sensing, in deriving large-scale maps of
(chl) (André and Morel, 1991). Chlorophyll a concentration and light absorption are the
key input variables in primary production models (e.g. Platt and Sathyendranath, 1988),
and these variables can thus be used to derive maps of primary production (e.g. André and
Morel, 1991). For Case 2 waters, humic and fulvic acids (often called yellow substance or
gelbstoff, following Kalle, 1938), which represent about 70% of the dissolved organic
matter (DOM) (Spitzy and Ittekkot, 1986), significantly contribute to light absorption and
fluorescence by non-chlorophyllous material. These substances are referred to here as
chromophoric or coloured DOM (CDOM). These substances strongly influence the
underwater light field and, hence, the penetration of photosynthetically active radiation,
due to their significant absorption at UV and blue wavelengths (Kalle, 1938; Diehl and
Haardt, 1980; Bricaud et al., 1981; Reuter et al., 1986). CDOM is thus a key parameter in
bio-optical models of primary production for Case 2 waters.

In coastal waters and neighbouring areas, absorption by non-chlorophyllous substances
often largely exceeds that by phytoplankton (Carder et al., 1991). CDOM originates from
the degradation of phytoplankton and, especially in coastal waters, from land drainage. It
is therefore widely used as an optical tracer to investigate the transport and mixing
processes in estuarine and coastal zones. It is measured using in situ or laboratory methods
(Duursma, 1974; Dorsch and Bidleman, 1982; Willey and Atkinson, 1982; Willey, 1984;
Hayase et al., 1987; Chen and Bada, 1992), or airborne remote sensing techniques (e.g.
Hope and Swift, 1982; Barlow ez al., 1985; Reuter e al., 1993). One problem, however, is
that the relative proportions between phytoplankton and the other absorbing substances
do not follow any specific trend. As a consequence, in Case 2 waters, the vertical
propagation of light cannot be easily predicted for use in large-scale primary production
models. Moreover, since CDOM strongly absorbs in the spectral region where chl a
exhibits maximum absorption, its presence leads to a strong bias in remote sensing
estimates of (chl), such as those derived from the Coastal Zone Colour Scanner (CZCS).

To overcome this problem, most of the space agencies (NASA, NASDA, ESA) have
planned to add a band at ca 410420 nm in their future ocean colour sensors. Since
absorption by phytoplankton pigments is lower in this spectral range, these measurements
are expected to provide an estimation of absorption by non-chlorophyllous matter. A
reflectance model has been proposed by Carder et al. (1991) in order to incorporate such
information in remote sensing data processing. This will call for extensive monitoring at
sea of absorption properties, since this model is expected to be site- and season-specific.

Besides absorption properties of CDOM, fluorescence emission is another optical
characteristic widely used for investigating CDOM distributions in Case 2 waters (e.g.
Kalle, 1963; Traganza, 1969; Duursma, 1974). Direct measurements of CDOM absorp-
tion in seawater are generally time consuming and often limited by the sensitivity of
conventional spectrophotometers. For this reason, Hoge ez al. (1993) recently proposed a
technique relying on the close relationship that exists between the absorption and
fluorescence of CDOM in the UV range. This technique provides a fast and sensitive tool
for estimating CDOM and can be easily extended to airborne active remote sensing
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Fig. 1. Location of the sampling stations along the 1200 km transect in the Estuary and Gulf of St.
Lawrence and circulation patterns derived from the literature and remote sensing maps (El-Sabh,
1979).

techniques (e.g. lidar). This approach may thus be the best way for interpreting remotely
sensed ocean colour data in Case 2 waters.

The first objective of the present study was to characterize the relationship between
fluorescence or absorption of CDOM in the visible range and salinity in the St. Lawrence
system and to determine if these optical characteristics could be used to study surface
circulation there. The second objective was to derive a relationship between fluorescence
and visible light absorption of CDOM, since data collected in the visible region of the light
absorption spectrum might be more pertinent in the context of primary production studies
and to compare this relationship to those of Hoge et al. (1993) in the UV region.

2. MATERIALS AND METHODS
2.1. The St. Lawrence system

The Estuary and Gulf of St. Lawrence system (Canada) is an excellent natural
laboratory to validate remote sensing data, since it provides, over a relatively small
horizontal scale, a wide gradient of hydrographic conditions, from Case 2 to Case 1 waters,
with superimposed local structures such as runoff plumes, upwelling areas, gyres, fronts,
etc.

The St. Lawrence system is a highly stratified, semi-enclosed water body, with
connections to the Atlantic Ocean through Cabot and Belle-Isle Straits (Fig. 1). It can be
divided into three main regions: the Upper Estuary, the Lower Estuary, and the Gulf itself
(Brunel, 1970; El-Sabh et al., 1979). The Upper Estuary, with depths averaging 60 m, is
characterized by a strong surface salinity gradient from fresh waters near Québec City to
waters of salinity ca 20 psu near the mouth of the Saguenay Fjord, where bottom
topography drops abruptly to >200 m over a few kilometres. The Lower Estuary, which
extends from the Saguenay Fjord to Pointe-des-Monts, is characterized by surface
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salinities varying between 20 and 30 psu. The spatial distribution of these surface waters
shows a strong influence of physical features such as an upwelling zone near the mouth
of the Saguenay Fjord (Forrester, 1974; Therriault and Lacroix, 1976), a large fresh-
water plume originating from the Manicouagan and Aux-Outardes rivers (Therriault
and Levasseur, 1985, 1986; Therriault et al., 1985), and the Gaspé coastal jet current
flowing along the Gaspé peninsula (Tang, 1980; El-Sabh, 1979) which results from the
combination of surface outflows from the Estuary, the Saguenay Fjord and the
Manicouagan/Aux-Outardes plumes. The surface waters of the Gulf are mostly charac-
terized by oceanic type waters, which reflect their connection with the Atlantic Ocean
through the Cabot and Belle-Isle straits (Fig. 1). Two major hydrographic features in the
southwestern part of the Gulf are the Anticosti Gyre and the Gaspé Current (Fig. 1; El-
Sabh, 1976). The southwestern region of the Gulf is strongly influenced by the Gaspé
Current outflow.

Surface circulation in the St. Lawrence system is mainly governed by freshwater input
from the Upper Estuary and other affluent rivers and by seawater entering the Gulf
through Belle-Isles and Cabot Straits (Neu, 1970). Freshwater runoff reaches highest
values between June and August. Combination of the latter factor with seasonal heating of
the surface layer and tidal currents produces a typical summer circulation pattern and
distribution of water masses, which are described in detail in the review of Koutitonski and
Bugden (1991) and whose main characteristics have been mentioned above. Because of
the size of the system, a synoptic overview cannot be obtained by shipboard measure-
ments.

2.2. Sampling and chl a

Sampling was conducted at 36 stations located along a 1200 km transect in the Estuary
and the Gulf of St. Lawrence (Fig. 1), from 3 to 20 July 1990. Water samples were collected
at a depth of 2.4 £ 0.2 m, using a rosette sampler equipped with five GoFlo bottles.
Temperatures and salinity profiles were recorded down to the depth of 1% surface
irradiance, using a CTD probe (APPLIED MICROSYSTEMS, model STD-12) attached
to the rosette. The vertical profile of photosynthetically available radiation (PAR = 400-
700 nm) was determined using a quantameter equipped with a 47 underwater collector and
a deck reference sensor (BIOSPHERICAL, model QSP-240). Immediately after collec-
tion, water samples were poured into 4 1 clean amber glass bottles. These bottles were
stored at 15°C and measurements done within the following 2 h. Before dividing the
sample into subsamples for individual analyses, the bottles were gently shaken to
resuspend particles. Subsamples were filtered onto GF/F Whatman filters for the determi-
nation of chl a and phaeopigment concentrations using the fluorometric method of
Yentsch and Menzel (1963) as modified by Holm-Hansen ez al. (1965), after extraction in
90% acetone.

2.3. Spectral CDOM fluorescence

The emission spectrum of CDOM was measured using a laboratory spectrofluorometer
(PERKIN ELMER LS50). Table 1 gives the excitation wavelengths, the range of emission
wavelengths and the instrument setup used for measurements. The excitation lines were
selected to be close to the emission wavelengths of light sources which are often used in
fluorescence spectroscopy, such as the 365 nm mercury line, the 382 nm laser dye
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Table 1. Fluorescence spectra characterization of the PERKIN ELMER LS50 instrument

Excitation (ex)

365 nm 388 nm 480 nm
Emission (em) 380-550 nm 410-550 nm 510-700 nm
Slits (em/ex) 10 nm/10 nm
Scan speed 240 nm min "~}
Resolution 0.5nm
em filter Schott WG320 Schott WG320
Raman 416.7 nm 447 nm 573.6 nm
FDOM peak 460 nm 490 nm
Chl a peak 685 nm

maximum (LAMBDA PHYSICS, FL-150), and the 488 nm emission of argon ion lasers.
Before use, the quartz cuvettes were pre-cleaned with MUCASOL (MERCK), rinsed
several times in purified water (MILLIPORE), soaked in 20% HNOj, rinsed with pure
water, and soaked again in MUCASOL. After a final rinse with purified water, the
cuvettes were pre-dried at ambient temperature under dust protection and finally dried
during 4 h at 200°C. The cuvettes were rinsed three times with the sample using pre-
cleaned Pasteur pipettes, prior to immediate measurements. A four position automatic
sample holder was used to speed up measurement procedures.

The stability of the xenon flash lamp used as light source and the spectral correction of
the excitation monochromator were achieved using a built in instrument setup. Cali-
bration of the emission monochromator and red-sensitive photomultiplier tube, which
was used for signal detection, was done on a daily basis as recommended by Childs
(1989) with a solution (1 ppm) of quinine sulphate dihydrate (1.28 x 107® mol 17') in
HCIO, (0.105 mol 171, prepared following the NBS procedure (Velapoldi and Mielenz,
1980).

The conversion of fluorescence readings into quantitative spectral information was done
by using the water Raman scatter band to calibrate the individual wavelength readings.
The Raman signal is a well-defined signal with known quantum efficiency and line shape,
which is present in all measured spectra. It shows a well-defined dependence on the
excitation wavelength. Calibration was done by dividing the fluorescence intensity at a
given emission wavelength by the water Raman scatter band integrated over its entire
bandwidth. Since signal intensities taken at specific wavelengths are normalized to
intensities integrated over a wavelength interval, data are thus in units of inverse
wavelength (nm™'), which are denoted as “Raman units”. The advantage of normalizing
by the integral water Raman scatter band, and hence of using Raman units to measure the
concentration of fluorescent substances, is that normalized data can be quantitatively
reproduced with any type of fluorometer, which includes in situ probes and airborne
fluorosensors. The only requirement is to use a spectrometer which is spectrally calibrated
and capable of detecting the water Raman scatter band accurately. Detailed discussion of
this calibration procedure can be found in Determann ez al. (1994).

In order to numerically compare the fluorescence data obtained with different exci-
tation wavelengths, the inverse fourth power dependence of the Raman band intensity on
the excitation wavelengths must be taken into account. For example, the water Raman
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signal excited with 275 nm wavelength is approximately 10 times stronger than that excited
at 488 nm, which correspondingly affects the value of Raman normalized fluorescence
data. The absolute accuracy of fluorescence readings depends on several factors such as
the chosen excitation and emission wavelengths, the concentration of fluorescent
material, and sample treatment. The accuracy of results in the present paper is estimated
to be in the range of 0.001-0.01 nm ™' Raman units. The reproducibility of fluorescence
readings was typically better than £10%

2.4, Spectral absorption coefficients of CDOM and attenuation coefficients of
particulate matter

The absorption coefficients of water samples were measured over the 350700 nm range,
with 10 nm increments, using a custom built spectrophotometer equipped with a 1 m
optical pathlength cuvette. This instrument was introduced by Haardt et al. (1979). The
cuvette, which has a sample volume of 2.5 1, is made of stainless steel coated with
TEFLON. A 150 W OSRAM XENOPHOT HXL halogen lamp is used as the light source.
Monochromatic light is obtained with a grating monochromator (INSTRUMENT SA H-
20) with an optical bandwidth of 5 nm. Its output aperture is used to produce a nearly
parallel light beam, which enters and exits the sample cuvette through quartz windows.
Scattered light is discriminated by a telescope setup which has a 0.3° field of view. The
signal is detected by a photomultiplier (HAMAMATSU 1P28) placed at the telescope
focal plane. To prevent settling of particulate matter during the measurement, the sample
volume is continuously circulated in the cuvette using a peristaltic pump.

Spectral values of the absorption coefficient of CDOM (acpon) Were measured on
seawater samples filtered on to SARTORIUS cellulose nitrate filters (0.2 um pore size),
with purified water as reference medium (MILLIPORE). In order to obtain the spectral
attenuation coefficients of particulate matter (cp), measurements were made on unfiltered
samples against MILLIPORE water. Computing the difference between total attenuation
and acpom gave cp. Because absorption measurements were time consuming, these could
not be done at all stations. In addition, the concentration of particulate matter in the
Upper Estuary was often too high to allow measurement of unfiltered samples from many
stations with our instrument. This results in sampling gaps in the upper and lower estuarine
regions where, however, distances between stations were small.

In addition to instrumental factors such as stability of the lamp intensity and detector
sensitivity, the accuracy of absorption coefficients depends on the quality of purified water
used as the reference medium. The importance of the latter is a function of the
concentration of suspended and dissolved material, which is also true for the accuracy of
the calculated attenuation coefficient (Austin and Petzold, 1977; Austin, 1977). Moreover,
because of the long beam path, it is difficult to maintain an accurate optical alignment,
which leads to additional uncertainty. We estimated the relative error of acponm to be
ca 10% in the range of acpoym < 3 m ™! and ca 50% in the range of acpoy < 1 m™'.

3. RESULTS

3.1. Spatial distribution of oceanographic variables

Figure 2 illustrates the spatial variations at 2 m depth of (a) surface temperature and
salinity, (b) the sum of chl 4 and phaeopigment concentrations, (c) the depth of 1% surface
irradiance, as an indicator of the extent of the euphotic zone, (d) the absorption
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Fig. 2. Distributions of (a) surface temperature and salinity, (b) the sum of chl a and phaco-
pigments, (c) the depth of 1% surface PAR, (d) CDOM absorption coefficients, and (¢) CDOM
fluorescence at 2 m depth along the 1200 km transect in the St. Lawrence system.

coefficients of CDOM at 365, 388 and 480 nm, and (e) the fluorescence of coefficients of
CDOM at 365, 388 and 480 nm, and (¢) the fluorescence of CDOM excited at 365, 388 and
480 nm and emitted at 460, 490 and 543 nm, respectively, along the transect from Québec
City to Cabot Strait (Fig. 1). Since sigma-f and salinity were strongly correlated in the
surface waters of the St. Lawrence system, salinity only is used in this paper.
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Mixing between freshwater from river runoff and saltwater mainly occurred in the
Upper Estuary, downstream from Québec City (Sta. 1) to the Saguenay Fjord (Stas 9-10).
Salinity increased almost linearly with distance over this part of the transect, from 0 to 20
psu, and temperature decreased from 22 to 14°C. This region of the Estuary was
characterized by the most turbid waters, the depth of the euphotic zone never exceeding
3 min the Upper Estuary [Fig. 2(c)]. Chla + phaeopigments (chl + phaeo) concentrations
in the area showed higher values at the first two stations (typically freshwater) and very low
values up to the mouth of the Saguenay Fjord [Fig. 2(b)]. This corresponds to the region
where intense mixing of fresh and salt water occurs. Figures 2(d) and 2(e) also show that
highest values of absorption and fluorescence were observed at all wavelengths in the
freshwater region. A regularly decreasing gradient of fluorescence and absorption
paralleled the increasing salinity gradient, up to Sta. 9.

Stations 10-24 correspond to the Lower Estuary and were characterized by euphotic
depths between 11 and 15 m. Surface waters were characterized by salinities from ca 25 to
28 psu and temperatures from ca 5 to 10°C. Concentrations of chl + phaeo were variable
and higher than in the Upper Estuary [Fig. 2(b)]. Further down in the Lower Estuary,
salinity, temperature, and euphotic zone depth remained quite constant (ca 27 psu, 8°C
and 15 m, respectively). Chl + phaeo concentrations were, however, quite variable with
bloom levels at Stas 20 and 21 which correspond to the region where the plume of the
combined Manicouagan and Aux-Outardes rivers is most apparent (Therriault and
Levasseur, 1986). Values of absorption and fluorescence [Fig. 2(d) and (e)] were
intermediate between those observed upstream and downstream with an increase in the
plume area. Attenuation coefficients of particulate matter closely followed the trend of
acpom and Feponm and were in the range of 3-2 m ™! (not shown).

Stations 24-30 were located in the Anticosti Gyre, which is a major feature in the
northwestern region of the Gulf and whose water mass characteristics are typical of Case 1
waters (Babin et al., 1993). Salinity and temperature were relatively high (>30 psu and
15°C) and the euphotic depth reached ca 25 m. Chl + phaeo concentrations were
moderately lower than upstream (2.5 mg m™>) reflecting the nutrient depleted summer
conditions (Therriault and Levasseur, 1985). Absorption and fluorescence values were
low and cp decreased to values between 1 and 0.5 m ™' (not shown).

Stations 31-36 are located along the transect from the Anticosti Gyre to Cabot Strait.
Relatively lower temperature and salinity, higher biomass, and shallower euphotic zone
at Sta. 32 corresponded to the Gaspé Current (Fig. 2). This jet current flows near the
south shore of the Estuary and reaches its highest intensity along the Gaspé Peninsula,
before spreading on the Magdalen Shelf (Benoit et al., 1985). These same variables (Fig.
2) indicated that Stas 31-36 were located outside the Gaspé Current. In their surface
waters, biomass was low (1 mg m ™), the euphotic zone was deep (up to 30 m except for
Sta. 32), absorption and fluorescence values were low, and cp values were ca 0.5 m™*
(not shown).

3.2.  Relationship between dissolved organic matter fluorescence and absorption with
salinity

Figure 3 shows examples of fluorescence spectra from surface water at one station, with
three different excitation wavelengths. This figure illustrates the typical fluorescence
signatures observed along the whole transect. All three spectra clearly show the Raman






