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The optical properties of chromophoric dissolved organic matter (CDOM) in Danish estuaries and coastal waters were
investigated. A new method for estimating the spectral slope coefficient (S) was examined and found to give a closer fit
for the measured absorption (92% reduction in sum of residuals) than the traditional method. The spectral pattern in
residuals produced by the new technique enabled the identification of CDOM originating from areas of different land
uses/types where S coefficients were similar. S values were found to behave conservatively with respect to salinity in all
waters except for the off-shore North Sea region where CDOM from marine sources was suspected to have more
influence. The specific absorption coefficient of CDOM did not vary significantly in Danish coastal waters. These waters
are of particular interest in bio-optical studies as they allow the study of CDOM across a gradient from estuarine, brackish
to near-oceanic environments. The results demonstrate that it is possible to develop regional models for the optical

properties of CDOM which would then allow higher precision in remote sensing applications.
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Introduction

Chromophoric Dissolved Organic Matter (CDOM) is
found in all natural waters and it can make up a
sizeable fraction of the DOM pool. It consists of
a varied mixture of aliphatic and aromatic polymers
that are derived from the degradation of terrestrial and
aquatic plant matter (Kirk, 1994). CDOM is one of
the major light absorbing constituents in natural
waters. Its absorption is strongest in the ultraviolet
region and diminishes to near zero in the red region.
This behaviour can be modelled by Equation 1
(Jerlov, 1968; Lundgren, 1976; Bricaud ez al., 1981),

a;=a,,e " 1

where a; is the absorption coefficient at a certain
wavelength, 4, and a,, is the absorption coefficient at a
reference wavelength, 4,. S is the exponential slope
coefficient and is a measure of how the absorption
decreases with respect to wavelength.
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As a consequence of its optical behaviour CDOM
has the potential to significantly effect the productivity
of the water column. CDOM can enhance primary
production in the upper waters via blocking out harm-
ful UV radiation while at the same time limit produc-
tion at depth due to its shading effect. Its colour signal
is also an important factor in remote sensing appli-
cations where the effect of CDOM must be accounted
for before reflection measurements can be utilized for
phytoplankton and suspended sediment observations
(Tassan, 1988; Karabashev, 1992). However as a
result, this also opens the possibility of using remote
sensing methods for the measurement of a sizeable
fraction of the dissolved carbon pool in the surface
waters (Hoge er al., 1995; Vodacek er al., 1995;
Ferrari ez al., 1996). In many coastal waters CDOM
has been found to behave quasi-conservatively during
mixing, showing considerable removal at low salinities
but behaving conservatively at higher salinities
(Reuter er al., 1986; Hajerslev, 1988, 1989; Laane &
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FIGURE 1. A contour plot showing the depth averaged salinity in the surface 10 m of Danish coastal waters. The open water
stations and fjords sampled are also marked. AS=Arkona Sea, BS=Belt Sea, HB=Ho Bugt (Ho Bay), HF=Horsens Fjord,
KF=Kolding Fjord, KT =Kattegat, LB=Little Belt, LF=Limfjorden, MF=Mariager Fjord, NF=Nissum Fjord, NA=Nera
Strand (Neerda Beach), NS=North Sea, NY=Nyborg Fjord, OF=0dense Fjord, RF=Roskilde Fjord, RGF=Ringkebing
Fjord, RN=Randers Fjord, SB=Great Belt, SK=Skagerrak, SO=The Sound, VF=Vejle Fjord. It should be noted that

although most of the inlets are called fjords the majority of them can be considered as estuaries. T-A, T-B ...

show the

position of transect A, transect B . .. etc. which are referred to in Figure 3.

Kramer, 1990). This property means that CDOM is a
useful tool in tracing water mass movements especially
in coastal regions where temperature does not behave
conservatively (Hejerslev, 1971; Laane & Kramer,
1990; Karabashev ez al., 1993; Hojerslev ez al., 1996).

As a result of absorbing solar radiation, CDOM is
broken down by photoreactions to form a variety of
reactive products influencing various biogeochemical
cycles in natural waters and the atmosphere (Moran &
Zepp, 1997; Petterson et al., 1997; Uher & Andreae,
1997). This process has been shown to cause both an
increase in bioavailability of CDOM and bleaching of
the CDOM pool resulting in the deeper penetration
of harmful UV radiation (Moran & Zepp, 1997; Gao
& Zepp, 1998).

Some of the earliest research into CDOM in open
waters was carried out in the Baltic and North seas
(Kalle, 1937, 1956; Jerlov, 1953, 1955). The optical

effects of CDOM are of particular interest in this area
due to a large gradient from high concentration in the
Baltic and German Bight waters to near oceanic
conditions in the Skagerrak (see Figure 1 for lo-
cations). The importance of CDOM with respect to
remote sensing applications in the region has been
emphasised by many earlier studies (Hgjerslev, 1980;
Reuter et al., 1986; Karabashev, 1992; Aarup, 1994).
The aim of this study was to map the optical properties
of CDOM in Danish coastal waters in order to improve
the correction for its effect on water colour in remote
sensing applications. A second objective was to investi-
gate the relationship between CDOM and the concen-
tration of total organic carbon (T'OC). The work was
carried out as part of the Danish Environmental Moni-
toring of Coastal Waters (DECO) program, which is
exploring the feasibility of remote sensing techniques
for monitoring purposes in Danish waters.



Materials and methods

A total of 586 CDOM samples and 89 TOC samples
were collected during a number of monitoring cruises
by the Danish counties (fjord samples) and the Danish
National Environmental Research Institute (NERI, open
water samples) during the period from February to May
1999. The exception to this were the Horsens Fjord
samples taken in June 1998 during a DECO campaign.
Figure 1 shows the position of the open water stations
and the location of the fjords included in this study. At
each station the salinity was recorded and a CDOM
surface sample was taken. At the open water stations a
CDOM profile and TOC measurements (from 5 m
depth and 5 m above the bottom) where also taken.

CDOM samples were stored cold and in the dark in
100 ml amber glass bottles that had been rinsed
three times with sample water before filling. Due to
time restrictions the samples, excluding those from
Horsens Fjord, could not be filtered immediately.
This led samples from the county cruises being stored
for 2—4 days and some samples from the NERI cruise
for up to 20 days before filtration and analysis. A small
study to measure any storage effects resulting from
delayed filtration of the sample was carried out on
water from The Sound. The spectra from triplicate
samples that had been stored without filtration for 2,
10, 19 and 27 days were compared with samples that
had been filtered immediately before storage.

Before analysis the samples were allowed to warm
to room temperature and were then filtered through a
0-2 um Minisart syringe filter, which had been pre-
washed with ultra pure Milli-Q water and 10 ml of
sample before use. The absorption coefficients where
measured in a 10 cm quartz cuvettes over the 300-—
800 nm range with 0-5 nm increments, on a Shimadzu
UV-2401PC UV-Vis recording spectrophotometer
and referenced to ultra pure Milli-Q water. The
absorption coefficients were obtained by,

a/1=2'303Ai/L, (2)

where A4, was the optical density at wavelength /1 and
L was the cuvette path length. A peak at 735-740 nm
was seen in all the spectra and was identified as being
due to a temperature effect (Pegau & Zaneveld, 1993;
Trabjerg & Hgjerslev, 1996). As the reference cuvette
remained in the spectrophotometer it was warmed
above room temperature, whereas the sample water
was only in the spectrophotometer for a short dur-
ation and therefore remained approximately at room
temperature. In order to eliminate any temperature
effects on the spectra, a Milli-Q water blank at room
temperature was subtracted.
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TOC samples where taken in triplicate in 50 ml clear
Nunclon® bottles, preserved with 0.25 ml concen-
trated Suprapur®™ (Merck) HCI and stored cold and in
the dark. The bottles were pre-cleaned by soaking in
10% HCI overnight and then stored containing fresh
acid until sampling. The bottles were rinsed with
sample water three times before filling. In order to
provide a blank measurement for the procedure, 16
bottles were similarly filled with ultra pure Milli-Q
water. Before the analysis, sample water from each
bottle was dispensed into three glass vials that had been
sealed with aluminium foil and heated in an oven at
550 °C for 6 h. The vials were rinsed three times with
sample water before filling. The average TOC concen-
tration in each vial was determined from at least three
simultaneous measurements on a Shimadzu TOC5000
analyser. To prevent cross contamination in the ana-
lyser between samples, a vial filled with ultra pure
Milli-Q water was placed between each vial containing
sample water. The analyser was calibrated with a new
calibration curve (*=1 or 0-999) made from four stan-
dards before each batch of samples was run. All samples
were analysed within a month and the mean blank value
of 0063 mgC1 ' (SD+0-16, N=16) was subtracted
from the measurements.

CDOM spectral analysis

This was carried out on the absorption spectrum
between 300—-650 nm using three different methods.
The first (Method 1) was a linear regression of the
natural logarithm of the absorption coefficient ws
wavelength, where the S coefficient was the slope of
the line. The second method (2) was a non-linear
regression of Equation 1 using the DUD iterative
method in SAS/STAT software package (SAS Insti-
tute Inc., 1994). The third (Method 3) was similar to
the second method but an additional background
parameter (K) was added to Equation 1 to allow for
any baseline shifts or attenuation not due to CDOM
(Equation 3) (Markager & Vincent, 2000).

a;=a;,"° " P +K 3)

The degree of fitting that the three different methods
provided was then compared by calculating the corre-
lation coefficients and examining the residuals. The
absorption at 375 nm was used as a measure of
CDOM concentration.

Results

Storage test

The results from the study of storage effects of non-
filtered samples are presented in Table 1. It shows
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TABLE 1. Statistics of the optical properties of CDOM after storage of unfiltered samples. a;,s is the
absorption coefficient at 375 nm and § is the spectral slope coefficient shown in Equation 3

Filtered before Storage time Mean a5 St dev a5 Mean S St dev S
storage (days) (m~Y) (m~ ) (um ™) (um ™)
Yes 2 0-7943 0-0093 233 0-1
No 2 0-8011 0-0263 23-3 0-2
No 10 0-7859 0-0142 23-1 0-2
No 19 0-7910 0-0142 23-0 0-2
No 27 0-8057 0-0176 230 03

TABLE 2. Results from the comparison of the three different methods for the estimation of S. In
method 1 the S parameter is found by the linear regression of the log-transformed version
of Equation 1. In method 2 § is estimated by a non-linear iterative regression of the raw absorp-
tion coefficients to Equation 1. Method 3 uses the same procedure as method 2, but applied to

Equation 3

Mean S Std § Range in S Mean sum of absolute
Method N (um b (um 1) (um b residuals (m ~ %) Mean
1 586 17-6 6-8 2-7-39-7 126-0 0-949
2 586 19-4 3-2 4-5-30-6 22-88 0-985
3 586 19-9 1-9 11-0-25-2 10-01 0-998

that storage of non-filtered samples did not have a
significant impact on the absorption coefficient or the
S coefficient. The values differed by less than one
standard deviation from the mean of the filtered
samples and no change with time was recorded.
However, the standard deviations increased, so this
type of storage does effect the precision of the
measurement. The standard procedure is to filter the
samples before storage in order to eliminate any
changes in the CDOM sample as a result of particle
degradation, bacterial activity or adsorption of
CDOM to particles. We should emphasise that this is
still the preferential method, however we have dem-
onstrated that in the present study the absorption
properties were not adversely affected by storage of
non-filtered samples (Table 1).

S estimation methods

The comparison of the three different methods used
to determine S was carried out by calculating S by
each method on all spectra in the data set and
determining the average r* and sum of absolute re-
siduals for each method (Table 2). This showed that
all three methods exhibited a high correlation between
the observed spectra and the model. However, the
third method, a non-linear regression with the back-

ground parameter (K), provided the best fit, exhibit-
ing a 92% reduction in the mean sum of absolute
residuals relative to method 1. This can also be seen in
Figure 5 where the residuals from method 1 reveal
systematic deviations whereas method 3 shows only
smaller peaks between 300-500 nm.

By comparing methods 1 and 2 one can see the
benefits of using a non-linear regression technique
directly on the observed data rather than the natural
log-transformation and linear regression method.
There is an 82% decrease in absolute sum of residuals
as a result of a direct application of the regression to
the raw absorption data instead of using log trans-
formed absorption data. The log transformation en-
hances the relative weight given to the small values, in
this case at longer wavelengths, which is inappropriate
in this situation because the absorption at longer
wavelengths can be greatly influenced by the scatter-
ing effects of bubbles and very small particles. The
non-linear fitting method on the other hand is more
suitable, as it gives relatively more weight to the
shorter wavelengths where the CDOM absorption
signal is dominant.

The importance of including the background par-
ameter (K) in the regression can be seen by comparing
the results from method 2 and 3 (Table 2). It shows
that the presence of baseline offsets due to scattering
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FIGURE 2. A comparison of the different mean estimates for
S obtained by applying a non-linear regression (Method 3)
over different regions of the spectra. The regressions
where carried out on 25 samples from the surface waters
(<10 m) of The Sound. Error bars represent the standard
deviations.

(Bricaud, ez al., 1981; Davies-Colley & Vant, 1987) or
differences in refractive indices (Green & Blough,
1994), can have a significant effect on the estimation
of S.

When S is calculated using method 3 instead
of method 1, there is a 13% increase in its mean
value and a considerable decrease in the range of
values, seen by a 72% reduction in its standard
deviation. For the rest of this paper the S values
reported are determined by method 3 unless otherwise
stated.

In order to examine the dependency of S estimation
on the wavelength range used in the regression, S was
estimated over six different ranges of 100 nm magni-
tude using Method 3. This was carried out on 25
spectra from the surface waters (<10 m) of The
Sound. The results can be seen in Figure 2. It is clear
that the estimated S values and the precision of
the estimate decrease with increasing wavelength.
The maximum and minimum values derived from the
regressions were 26-4 um ' and 15-7 um ! for the
wavelength ranges of 300400 nm and 400-500 nm
respectively. Although there are significant differences
in S values it is impossible to say which is the most
accurate estimate as this depends on the application.
For example, S values estimated from 300-400 nm
would be overestimates if they were to be used in
remote sensing applications which are focused on
longer wavelengths. In this study we have opted to use
spectral data from 300-650 nm because it is within
this range that CDOM has a relevant and consider-
able influence on aquatic optics.
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FIGURE 3. Variation of salinity (V), a;,5 (O) and S (W) at
5m depth on a west to east transect through the major
Danish water bodies (North Sea, Skagerrak, Kattegat, The
Sound and Arkona Sea). Stations A—J refer to mean values
from middle three stations on each of the North Sea/
Skagerrak transects. Refer to Figure 1 for station and
transect locations.

Variation of S and a5,

Table 3 shows the mean a;,s; and S coefficients for
the surface waters sampled. The highest measure-
ments of a;,; were found in the low salinity Baltic
water (mean, 0-8m~!), the south-west Jutland
coastal waters close to the German Bight (mean,
0-9m 1) and within the fjords (0-6-7-1 m~!). The
lowest was recorded in Skagerrak and open North Sea
waters (mean, 0-3 m ~ !). In general, a;,s was found to
decrease as the Baltic outflow and Jutland coastal
waters mixed with the North Sea water mass in the
Skagerrak and open North Sea (Figure 2). The S
coefficients tended to fall linearly from ¢. 24-19 um ~*
as the Baltic water mixed with the more saline
North Sea water (Figures 3 and 4). Data from the
Skagerrak and open North Sea exhibited a wide range
in S values recorded, especially in Skagerrak deep
waters. Unlike the other waters sampled, there was a
‘patchy’ variation in S, with no apparent spatial
trends.

S was lower within the fjords (mean, 19 pm ')
than in the coastal waters they discharged into and
generally S showed a positive relationship with salinity
in the fjords (Figure 4). Although we were not able to
define the relationship in each fjord due to the limited
number of samples and salinity range covered (Table
3) it was clearly evident from looking at the relation-
ship between S and a;,s. There was a negative linear
relationship in each fjord. Since CDOM absorption
(e.g. az,5) can be assumed to behave quasi-
conservatively with salinity (Reuter et al., 1986;
Hojerslev, 1988, 1989; Laane & Kramer, 1990)
this implies that S varies linearly with salinity at
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FIGURE 4. Relationship between the spectral slope coef-
ficient (S) and salinity in the different coastal waters of
Denmark. The symbols represent, (®) open water samples
from the surface waters (<10 m), (O) open water deep
samples, and (W) fjord samples.

intermediate salinities in Danish fjords. In order to
examine this more closely the relationship between S
and a;,s; was determined using a model II (‘ reduced

TABLE 4. Results from model II regression of a;,s and S
in five Danish fjords. The equation used was, Vg, =
ﬂ:\/(b(sja)/b(a)s)), where V' is the slope of the relationship
and b is the linear regression coefficients of S on a;,s or a3,
on S. These results can be used for characterizing the
relationship but not for the prediction of one of the variables
(Sokal & Rohlf, 1995)

95% C.L.
Area N " Vis,a (£)
Kolding Fjord 5 09528 —0-0006 0-0003
Limfjorden 11 09209 —0-0003 0-0000
Mariager Fjord 24 07526 x0-0010 0-0002
Ringkebing Fjord 8 0-8628 —0-0012 0-0005
Vejle Fjord 5 07372 —0-0054 0-0051

major axis’ or ‘ geometric mean ’) linear regression.
This regression allowed us to ascertain a relation-
ship between two variables where neither is the depen-
dent variable (Sokal & Rohlf, 1995). The equation
and results from the regressions are shown in Table 4.
There is a significant negative relationship in all the
fjords tested and it appears that the slope values for
the fjord waters do not differ significantly from each
other (within 95% confidence levels).

TABLE 3. Average values for the optical properties of CDOM, and salinity measurements from surface waters (<10 m) in
Danish coastal waters. a;,5 is the absorption coefficient at 375 nm and S is the spectral slope coefficient

Mean a;,s Stdeva;,s a;,srange MeanS StdevS  Srange Salinity

Area N @) m) m™)  @mH @m ) (@m )  range
Arkona Sea 12 0-819 0-053 0-711-0-896 23-2 0-7 22:4-25-2 7-97-10-62
Belt Sea 12 0-766 0-0411 0-708-0-824 22:4 0-6 21-6-23-5 13:08-17-56
Great Belt 18 0-779 0-0583 0:678-0-954 224 0-5 21-3-23-3 11-60-18-91
Little Belt 18 0-800 0-0896 0:681-0-995 22-1 0-6 21-1-23-3 13-23-19-95
The Sound 25 0-806 0-0695 0:664-0-901 226 0-8 20-9-24-2  7-81-21-40
Kattegat 34 0-674 0-105 0-464-0-915 20-2 1-1 17-8-21-8 18-59-31-77
Skagerrak 23 0-304 0-092 0-091-0-423 19-4 1-3 17-6-23-4 31-50-34-85
North Sea 46 0-644 0-436 0-164-1-51 19-0 1-1 16-4-22-3  29-39-34-89

(1) Coastal North Sea 27 0-894 0-404 0-256-1-51 18-8 0-6 17-3-20-5 29-39-34-30

(2) Outer North Sea 19 0-290 0-117 0-164-0-530 19-3 1-4 16-4-22-3 32-85-34-89
Ho Bugt 3 2:32 0-646 1-93-3-07 18-2 03 18:0-18-5 19-28-25-60
Horsens Fjord 13 1-26 0-153 1-02-1-50 18-7 0-8 17-8-21-2  19-70-23-00
Kolding Fjord 5 1-75 1-79 0-830-4-94 19-4 1-0 17-7-20-3 5:26-23-87
Limfjorden 11 3-07 233 1-23-7-15 19-2 0-8 17-9-20-0 8-03-27-66
Mariager Fjord 26 2-81 0-537 1-42-3-43 18-7 0-4 17-9-19-4 13-97-21-94
Nera Strand 2 3-06 0-106 2:98-3-13 19-3 0-1 19:2-19-3  14-04-16-30
Nissum Fjord 4 4-11 0-547 3:66—4-90 18:5 0-4 17-9-18-9 1-17-6-46
Nyborg Fjord 2 4-52 1-92 3:16-5-88 18-8 0-3 18:6-19-1 0-83-8-18
Odense Fjord 3 230 1-49 1-08-3-96 19-3 0-7 18-9-20-1 13-05-22-47
Roskilde Fjord 8 3-73 0-098 3:53-3:385 20-0 0-1 19-8-20-2 10-06-13-55
Ringkebing Fjord 8 3-97 0-155 3-64-4-13 18-7 0-1 18-5-18-8 7-01-16-00
Randers Fjord 4 3-32 1-11 1-97-4-65 18:2 0-6 17-5-18-9 1-91-19-64
Vejle Fjord 5 0-751 0-093 0-638-0-868 19-3 0-5 18:6-19-8 25-85-27-15
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FIGURE 5. (a) The relationship between TOC and a;,s in
Danish waters. The equation of the regression line is
TOC=2:89+a;,5+0-38 (1*=0-63) and the data symbols
correspond to the region where the samples were taken (see
Figure 1). (b) Same as (a) but where mean TOC and a;,s
values are used for different salinity ranges. R2=5-0-9-9,
R3=10-149, R4=15-19-9, R5=20-24-9, R6=25-29-9,
R7=30-34-9 and R8->35. The error-bars show standard
deviations and the equation of the line is, mean
TOC=3:28+a;,5+0-22 (r*=0-89). In both graphs the
intercept does not differ significantly from zero.

TOC-CDOM relationship

The TOC concentrations ranged from a maximum of
379 (£0:05) mgl~ ! in the Arkona Sea to a mini-
mum of 0-317 (£ 0-12) mg1~ ! at 600 m depth in the
Skagerrak (no TOC measurements were taken from
the fjords). A significant correlation was found be-
tween TOC and a;,5 in these waters especially if they
were averaged over ranges of 5 in salinity (0—4-99,
5-9-99, 10-14-99 ... etc) (Figure 5). The specific
absorption coefficients (a*;,5), calculated by normal-
ising the absorption measurements to the TOC
measurements, ranged from a minimum of
0-:0727 m? g~ ' C in the Skagerrak to a maximum of
0-630 m? g~ ! C in the Kattegat. The data set mean
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for a*;,s was 0-29 (+0:11 SD) m?*g~ ' C (N=84).
The variability in a*;,s was tested for any variation
with area, salinity range or water layer (surface/
bottom) using ANOVA test (Sokal & Rohlf, 1995).
However no significant patterns were found.

Residuals

The residuals resulting from the non-linear regression
technique (method 3) appeared to differ depending on
the water body. The results showed that there were
three dominant curves shapes seen in Danish waters
(Figure 6). The largest residuals were seen in the
300-400 nm range in waters where the CDOM con-
centration was high. As the concentration of CDOM
decreased so did the residual range. The pattern in
Figure 6(a) with a negative peak at 320-350 nm was
typical for Baltic waters, Roskilde Fjord and the fjords
on the east coast of Jutland. The twin peaked curve
seen in Figure 6(b) was typical for CDOM found in
fjords on the west coast of Jutland, low salinity parts of
Limfjorden and the south-west Jutland coastal waters
(coastal stations of TA-TD, see Figure 1). This pat-
tern was also seen in the lowest salinity samples from
both Kolding and Randers fjords. The third residual
curve is actually quite similar to the first curve but
found in samples with much lower concentrations, i.e.
in the Skagerrak and the North Sea.

Discussion

Variation of S and a;,s

There is clear evidence for three major sources of
CDOM in Danish waters. The Baltic Sea outflow,
German Bight water (south-west Jutland coast) and
local coastal discharges. In the Baltic outflow a;,s and
S decreased as the water mixed with the North Sea
water mass. LLocal point sources were easily detectable
by pronounced changes in a;,s, S and salinity (e.g.
station 413 in Figure 3).

Variations in S have in the past been attributed to
changes in the composition of the CDOM pool
(Carder et al., 1989) which can occur as a result of a
number of processes. (1) The presence of multiple
sources of CDOM, (2) bacterial degradation, (3)
photo-degradation, and (4) physical removal of a
fraction of the CDOM pool (for example via coagu-
lation) (Brown, 1977; Gao & Zepp, 1998). The data
on the variation of S coefficients in Danish waters are
interesting, as it has often been assumed that a mean
value of 14 um ™! was adequate to describe most
natural waters (Jerlov, 1976; Bricaud et al., 1981;
Reuter er al., 1984; Aarup, 1994). Results from the
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FIGURE 6. Residuals from the different regression techniques for the determination of S. (a) Roskilde Fjord, St. 2, 1 m depth,
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bold lines represent the residuals from method 1, 2 and 3 respectively. In (c) the plots for method 2 and 3 lie on top of each

other.

fjords sampled appeared to agree with the findings of
Kerr and Quinn (1975) that soil derived CDOM has
an inverse relationship between absorption and S. As
Vs, did not appear to vary significantly between the
fjords sampled we can assume that similar processes

are acting on the CDOM in each fjord and causing an
increase in S along with a decrease in concentration as
water moved through the fjord. In all cases, S values
for CDOM in the fjords were lower than those for the
coastal waters in which they discharge (see Table 3).



We suggest that the observed increase is due to two
processes. The removal of a  reactive > high molecular
weight fraction of CDOM (Brown, 1975; Mayer,
1981) and the conservative mixing of the ° resistant’
remainder with the CDOM from the open coastal
waters.

Possible reasons for the decreases in the slope
coefficients seen in the Baltic outflow are photo-
degradation and bacterial utilization of CDOM, as
both these processes have been reported to have a
flattening effect on the slope (Brown, 1977; Gao &
Zepp, 1998). However, the general linear relationship
between S and salinity seen during the mixing of
Baltic Sea water and Skagerrak/North Sea water
seems to suggest either conservative behaviour of S or
that any changes in S that occur are on similar time
scales as mixing processes in the region (see Figure 4).
Both these are supported by the increase in standard
deviation of S seen in the Kattegat, where the mixing
occurs. Even though it is conceivable that solar and
bacterial degradation do occur in these waters it is
likely that the supply of  new ’ terrestrial CDOM into
the region would drown out their influence.

The high variability of S values in the Skagerrak and
open North Sea cannot be explained by the mixing of
CDOM from different terrestrial sources, as there is
no salinity gradient. This type of wide variability in S
at low CDOM concentrations has also been reported
in earlier studies (Blough ez al, 1993; Del Castillo
et al., 1999; Markager & Vincent, 2000). Blough ez al.
(1993) found that it was not due to the inaccurate
measurement of S at low concentrations. A possible
explanation for this variability at low concentrations is
that the pool is more heterogeneous in open areas
compared to coastal regions where terrestrial CDOM
is dominant. The occurrence of CDOM at low con-
centrations with high S values could be due to
the presence of autochthonous DOM from algae or
pelagic processes (e.g. grazing). Marine CDOM with
high S values have in the past been found to be
derived from algae (Doeffer & Amann, 1984) and
bacterial sources (Nelson ez al., 1998) and it seems
feasible they could be responsible in this case. The
large spatial variability in S in these waters could then
be explained by patchiness in algal and bacterial
populations with respect to both region and depth.
Work by Gao and Zepp (1998) has shown that
photodegradation processes have a decreasing effect
on S values and so it is possible that this is responsible
for the low values found.

It would appear that for the majority of Danish
waters S seems to behave relatively predictably which
is a good sign for the future of remote sensing appli-
cations in the region. Judging by the size of the
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standard deviations of S reported in Table 3 one can
see that the calculated regional means are reasonably
precise and provide good estimates for future optical
studies. However, it must be noted that possible
seasonal variations still have to be studied.

TOC ay,s relationship

The TOC-a;,; relationship showed a degree of scat-
tering. The statistical analysis (ANOVA and linear
regression) revealed no systematic variations in the
specific absorption coefficient. It can therefore be
assumed to be constant in Danish coastal waters
excluding fjords, where no TOC measurements
were available. The data set mean for a*;,5
(029 m? g~ ! C) was very similar to the values found
by other researchers in the Baltic Sea (0-19-
0-31 m? g~ ! C, extrapolated from a;ss (Ferrari ez al.,
1996; Ferrari & Dowell, 1998)) and for humic acid in
the Gulf of Mexico (0-30m?g~ ' C, extrapolated
from ays, (Carder ez al., 1989)). The fact that it is
alike to those found by Ferrari et al. (1996) in the
southern Baltic suggests that a*;,; does not vary in
western Baltic waters (salinity range of 5-35). It is
likely that the variations seen in our data for a*;,s can
be explained by changes in the particulate fraction of
TOC (POC), due to the low chlorophyll concen-
trations present at this time of the year. Chlorophyll
measurements were in the range of 0—2 ug Chll~ ! in
the open waters which means that algae could have
only accounted for about 5% of the TOC in these
waters (assuming a carbon—chlorophyll ratio of
50 mg C mg~ ! Chl). A possible explanation could be
the effect of photodegradation on the CDOM pool.
The presence of older, ¢ bleached > CDOM and newer
CDOM from local sources would lead to low and high
values for a*;,s respectively due to the effects of
photodegradation on CDOM absorption. However, it
appears that although the CDOM pool undergoes
changes in its composition in these waters, repre-
sented by changes in § values, this does not have a
significant overall impact on the specific absorption
coefficient. With the continued study of its behaviour
in fjords and any potential seasonal fluctuations in the
relationship (Ferrari et al., 1996) this will allow the
use of optical measurements (e.g. remote sensing) for
the estimation of dissolved carbon in different water
masses and so aid the study of carbon transport in
coastal waters.

Residuals

The plot of residuals verses wavelength (Figure 6)
shows that the CDOM absorption spectrum can differ
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FIGURE 7. A map of the different soil types found in Denmark. Based on Figure 7 in Friberg er al. (1998), with kind

permission from Kluwer Academic Publishers.

from the exponential model at wavelengths below
approximately 450 nm. A similar deviation from the
model has been mentioned before (Green & Blough,
1994). The patterns allow us to distinguish between
two different CDOM pools of terrestrial origin. An
eastern type from the Baltic Sea water and east
Denmark land run-off and a western type from the
German Bight water and western coast of Jutland.
This seems to correlate with the division of dominant
soil types and differences in land use in Denmark. In
the eastern region of Denmark the soil is predomi-
nantly sandy loam (Figure 7) and the dominant
agriculture is crop growing, in the western part of
Jutland, however, the soils are sandy and animal
farming dominates over crop growing. The appear-
ance of the ¢ west coast’ type residual curve in some
samples from Randers and Kolding fjords is probably
due to the fact that their drainage basins include both
soil types. It is interesting to note that although similar
S values would suggest analogous CDOM compo-
sition in all fjords, the differing residual patterns

suggest otherwise. It appears that the CDOM in the
eastern waters has chromophores that absorb strongly
around 300 and 315 nm whereas in the west chromo-
phores absorbing at 318, 340 and 355 nm are present.
CDOM fluorescence studies by Coble (1996) have
managed to characterize the CDOM pool and distin-
guish between certain groups of fluorophores. As a
substance needs to absorb light (excitation) before it
can fluoresce (emission), the fluorescence excitation
spectrum can be assumed to be similar to an absorp-
tion spectrum. This allows us to compare the exci-
tation wavelength of the fluorescence peaks with the
peaks seen in the residual plots. A fluorescence peak of
particular interest is the humic-like peak C (at, ex.
350 nm) which has been found to decrease in intensity
as river water mixes with seawater (Coble, 1996). As
the ‘ west coast’ samples all exhibited a strong peak
at 350 nm [e.g. Figure 6(b)] which gradually dis-
appeared during mixing with the coastal water mass it
is possible that we have observed the disappearance of
the same chromophore(s) as Coble (1996) via our



absorption measurements. This technique has the
potential to be a useful method for the characteriz-
ation of different CDOM pools and further aid the use
of CDOM as a water mass tracer in coastal waters.
For example, from examining the residual plots one
can trace the input of CDOM into coastal waters from
the west coast of Jutland.

Conclusions

In this study we have made use of a new method first
suggested by Markager and Vincent (2000) for the
estimation of the spectral slope parameter (S). It was
found to give a better description of the observed
absorption spectra than previously used methods. The
residuals produced from the regression provided a
useful tool in the characterization of the CDOM pool
and allowed the distinction between CDOM from two
different land types with similar S values. The specific
absorption coefficient was found to be constant in
Danish coastal waters and similar to values published
from other regions. S values for the coastal waters on
a whole were seen to vary in a predictable, conser-
vative fashion and we recommend the use of the
regional values for S rather than an overall mean, for
remote sensing applications in this area. In the off-
shore waters of the Skagerrak and North Sea a less
precise mean for S was attained and was thought to be
a result of the presence of marine sources of CDOM.
The results provided here give an optimistic picture
for the application of water colour remote sensing
techniques in Danish coastal waters where CDOM
can be a hindrance. Further work is needed however,
to assess the occurrence of seasonal variations in its
behaviour.
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