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The optics of chromophoric dissolved organic matter (CDOM) in the Greenland Sea:
An algorithm for differentiation between marine and terrestrially derived organic matter

Abstract—The optics of chromophoric dissolved organic
matter (CDOM) in the Greenland Sea were investigated and
compared to results from earlier studies in the Southeastern
North Sea. Absorption at 375 nm (a375) in the Greenland Sea
varied from 0.77 m21 to the detection limit of our instrument
(0.05 m21), with the highest values found during summer. The
spectral slope coefficient (S) ranged from 8.2 to 26.4 mm21

with the highest values occurring during winter. Seasonal var-
iations in the in situ production and degradation of CDOM
where shown to be responsible for the trends seen. A negative
correlation between S and a375 was evident in the Greenland
Sea and differed noticeably from that found in coastal waters.
The differing S-a375 behavior of CDOM known to be of ter-
restrial origin allowed the development of an algorithm for
the differentiation between marine and terrestrial organic
matter. The behavior of marine CDOM was modeled by S 5
7.4 1 1.1/a375.

Chromophoric dissolved organic matter (CDOM) exists in
all natural waters. Its source is the degradation of plant ma-

terial of both terrestrial and aquatic origin (Kirk 1994). In
coastal waters it is present in large quantities due to runoff
from rivers and it is responsible for a major part of the at-
tenuation of photosynthetically available radiation (PAR).
Although it exists at substantially lower concentrations in
oceanic environments, it still plays a significant role for the
attenuation of light in the water column. The absorption of
light by CDOM is strongest in the UV region and approach-
es zero with increasing wavelength. The behavior can be
modeled using this exponential equation,

S(l 2l)oa 5 a e (1)l lo

where al and alo are the absorption coefficients at a certain
wavelength and a reference wavelength, respectively, and S
is the spectral slope coefficient that determines the shape of
the absorption curve (Jerlov 1968; Lundgren 1976; Bricaud
et al. 1981).

CDOM’s light absorption properties can result in both a
positive and a negative feedback on aquatic organisms. In
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Fig. 1. A map of the study area and sampling stations for the
Global Change program. The stations where CDOM samples were
taken are shown with a filled circle.

surface layers harmful UV light is attenuated, while deeper
in the water column light is limited (Arrigo and Brown
1996). The presence of CDOM also has to be taken into
account before the water color signal can be used in remote
sensing applications (Tassan 1988; Carder et al. 1989). The
composition of CDOM is modified as it ages due to removal
and modification of different fractions via adsorption on to
particles, precipitation, bacterial degradation, and photo-ox-
idation (Brown 1977). These processes have in turn been
shown to alter the optical properties of CDOM (Morris and
Hargreaves 1997; Gao and Zepp 1998).

The Greenland Sea is a region of particular interest in
oceanography because it is the site of North Atlantic Bottom
Water (NABW) formation. The seasonal cooling initiates con-
vective sinking of surface waters to the ocean depth. This is
one of the driving forces in the global thermohaline circula-
tion, which has considerable control over Earth’s climate
(Broeker 1997) and the global carbon cycle. There is an on-
going debate about how much of the DOM pool has its origin
from land and how much is produced autocthonously in the
marine environment both in coastal areas and in the open
oceans, like the Greenland Sea (Wheeler et al. 1997; Opsahl
et al. 1999). The differentiation has previously been quantified
by in-depth chemical analyses (e.g., Opsahl et al. 1999). The
objective of the present study was to characterize the optical
properties of CDOM in the Greenland Sea and to develop an
algorithm that can distinguish between CDOM of marine and
terrestrial origin, respectively. The algorithm is based on the
relationship between absorption and the slope parameter, S.
Definition of the relationship for different regions will also
aid in the development of regional algorithms for remote sens-
ing applications. The CDOM data presented here are part of
the Danish Global Change project, which is focused on study-
ing carbon cycling in the North Atlantic Ocean.

Methods—Three cruises were undertaken in the same region
of the Greenland Sea during November 1998, June 1999, and
August 1999 (Fig. 1). A total of 195 samples were taken from

a range of depths from 5 to 3662 m. CDOM samples were
filtered through a 0.2-mm Minisart syringe filter that had been
prewashed with ultra pure Milli-Q water and 10 ml of sample
before use and then stored refrigerated and in the dark in 100-
ml amber glass bottles. The samples were analyzed in a spec-
trophotometer (Shimadzu UV-2401PC UV-Vis) after the cruis-
es, approximately 1 month after sampling. Tests have shown
that this method of storage has little or no effect on CDOM’s
absorption spectrum and is preferable to measurement onboard
the ship, where the pitch, roll, and vibrations of the ship can
considerably influence the quality of the spectra measured (un-
publ. data). Reanalysis of 7-month-old samples showed no sig-
nificant changes in absorption at 375 nm and a slight decrease
in S by 1.61 mm21 (;7% of mean S). Before the analysis, the
samples were warmed to room temperature. CDOM’s light ab-
sorption was measured in a 10-cm cuvette over the 300–800
nm range with 0.5 nm increments and referenced to ultra pure
Milli-Q water. Effects on the spectra due to warming of the
reference cuvette were eliminated by subtracting the spectra of
Milli-Q blanks measured every tenth sample having the same
temperature as the samples (i.e., room temperature).

The absorption coefficients were obtained by

Al 5 2.303Al/L (2)

where Al is the optical density at wavelength l and L is the
path length. CDOM’s spectral properties were modeled from
300 to 650 nm using the equation

S(l 2l)oa 5 a e 1 K (3)l lo

where lo was at 400 nm and K is a background constant that
allows for any baseline shifts or attenuation not due to or-
ganic matter (Markager and Vincent 2000; Stedmon et al
2000). The parameters a400, S, and K were estimated simul-
taneously via a nonlinear regression of Eq. 3 using the secant
(doesn’t use derivatives) iterative method in SAS/STAT soft-
ware package (SAS Institute Inc. 1994). This technique has
been found to give a better fit of the model to the observed
spectrum than the linear regression of log transformed data
by preferentially weighting regions of higher CDOM ab-
sorption rather than the areas of low absorption (Stedmon et
al. 2000). This method permits the use of a fixed wavelength
range for estimating S and therefore simplifies the compar-
ison of S values from CDOM in different environments. For
example, S estimation is not influenced by the low signal
found at wavelengths greater than 400 nm in oceanic waters.
To demonstrate this, a dilution experiment was carried out
to assess the impact of decreasing concentrations of CDOM
on the regression estimation of the spectral slope coefficient
(S). A 2-liter water sample was taken from the Sound be-
tween Sweden and Denmark, filtered, and then diluted. The
salinity of the sample water was maintained constant during
the dilutions by using a saline stock solution of Milli-Q wa-
ter with the same salinity. A total of 25 dilutions were made,
consisting of five different concentrations with five respec-
tive replicates.

Total organic carbon (TOC) was also measured during the
Greenland Sea cruises. A total of 149 triplicate samples from
a range of depths was analyzed. Samples were stored in 50-
ml Nunclont bottles (November and August cruises) or 10-
ml Fritz sterile glass ampules (June cruise) in the cold and
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Fig. 2. The effects of the dilution of a CDOM sample with
Milli-Q water (with the same salinity as the sample), on the esti-
mation of S. The mean S estimates are shown, and the error bars
show the standard deviation of the S at each concentration (n 5 5).
The second plot shows the increase in the standard deviations of S
(filled squares) with decreasing a375, which was subsequently mod-
eled by SD of S 5 0.24 1 2.9 (r2 5 0.998).26.4a375e

Table 1. Summary of CDOM data from the Greenland Sea cruises (this study) and the Skagerrak and North Sea (taken from Stedmon
et al. 2000 and unpubl. data). Sdiff is the mean difference between the measured and modeled S coefficient (Eq. 2). n/a 5 no data available.

Cruise

a375 (m21)

N Mean SD Min Max

S (mm21)

Mean SD Min Max

a (m2 g21 C)*375

N Mean SD Min Max

Sdiff

(mm21)
Mean

Global Change, Nov 98
Global Change, Jun 99
Global Change, Aug 99
Skagerrak, Feb 99
Skagerrak, Aug 99
SW North Sea, Feb 99
SW North Sea, Aug 99

20
107

67
83
20
92
68

0.07
0.16
0.16
0.22
0.47
0.55
0.51

0.01
0.12
0.07
0.10
0.26
0.38
0.23

0.05
0.05
0.06
0.08
0.24
0.14
0.13

0.11
0.77
0.37
0.55
1.29
1.51
1.02

20.16
16.51
16.22
18.74
20.03
19.00
19.62

2.52
3.52
2.97
2.52
3.05
1.15
1.61

17.20
8.22
9.75

11.42
11.31
16.29
16.45

26.41
24.08
23.23
24.17
22.79
22.96
27.97

18
80
51
19
n/a
18
n/a

0.12
0.23
0.19
0.22
n/a

0.30
n/a

0.02
0.18
0.09
0.11
n/a

0.11
n/a

0.08
0.07
0.08
0.07
n/a

0.13
n/a

0.16
1.27
0.56
0.45
n/a

0.52
n/a

23.7
20.9

0.3
5.0
9.2
8.7
9.7

dark, and preserved with 0.25 ml concentrated Suprapurt
(Merck) HCl. The Nunclont bottles were precleaned by
soaking in 10% HCl overnight. The sample vessels were
rinsed three times with sample water before filling. The sam-
ples were analyzed on a Shimadzu TOC5000 analyzer, which
was calibrated before each batch was run with a four-point
calibration curve using standard solutions of benzene-1,2-
dicarboxylic acid (r2 5 1 or 0.999). Blank values were sub-
tracted from the measurements.

Results and discussion—The dilution experiment covered
a range of CDOM concentrations with a375 ranging from 0.68
to 0.06 m21. The detection limit for the absorption measure-
ments was found to be 0.05 m21. This was determined by
doubling the standard deviation (2 s) of the spectra of five
Milli-Q blanks. There were no noticeable changes in the
standard deviations with wavelengths between 300–650 nm,
and therefore the detection limit was calculated over and
applies to the whole wavelength range. The mean S values
for each dilution appeared to decrease slightly from 24.2 to
22.5 mm21 with decreasing CDOM concentration (Fig. 2);
however, an analysis of variance test showed the means did

not differ significantly from each other. There was an ap-
parent decrease in the precision of the S estimates, as can
be seen by looking at the standard deviations in Fig. 2. We
found that this behavior could be closely modeled (r2 5
0.998) by an exponential equation (Fig. 2). As the salinity
of samples was maintained constant, and all samples were
diluted and measured within the same day, we can attribute
the behavior seen to limitations of the method of measure-
ment rather than a salinity or bacterial degradation effect. In
order to gain a better understanding of the effects of de-
creasing signal to noise ratio on the regression estimation of
S, a Monte Carlo study was carried out. A series of absorp-
tion curves were calculated for a range of CDOM concen-
trations (a375 from 0.02 to 1.00 m21), according to Eq. 1,
using an S coefficient of 24 mm21. A white noise signal was
then generated using a random number procedure, adjusted
to imitate the instrument noise (mean absorption of 0 m21

and standard deviation of 0.025 m21), and added to the ab-
sorption curves. This resulted in a series of absorption
curves with decreasing signal to noise ratios and a known
original S value. These curves then underwent the nonlinear
regression procedure for the estimation of S. As the concen-
tration of CDOM decreased, the estimated S value tended to
deviate more from its original value of 24 mm21. However,
these deviations were relatively small, with the largest being
0.43 mm21 at the lowest concentration. The overall mean
estimate of S was 23.99 mm21 (SD 5 0.12 mm21, n 5 55).
It is evident that low absorption values themselves do not
have a significant effect on the accuracy of S estimation but
do, however, effect the precision of the S estimate. The un-
certainty introduced by low absorption values was larger in
the dilution experiment, most likely due to experimental er-
rors. The model of the decline in precision from the dilution
experiment (Fig. 2) was used to predict the limitations of
the methods used (e.g., instrument and regression technique),
when studying the behavior of S in natural waters.

Table 1 presents the results from the three cruises in the
Greenland Sea. The specific absorption coefficient (a ) was*375

calculated by normalizing a375 to the TOC concentration. Ac-
cording to the temperature–salinity definitions given in Swift
and Aagaard (1981), the samples originated from seven dif-
ferent water masses in the region (Table 2). A maximum
value for a375 of 0.77 m21 was found during the June 1999
cruise, and the range of values measured during this cruise
was larger than for the other two cruises (Table 1). Mean
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Table 2. Water masses present according to definitions in Swift
and Aagaard (1981). ASW 5 Arctic surface water, AW 5 Atlantic
water, GSDW 5 Greenland Sea deep water, LAIM 5 lower Arctic
intermediate water, NSDW 5 Norwegian Sea deep water, PW 5
Polar water, UAIM 5 upper Arctic intermediate water.

Cruise Water masses sampled

Global Change, Nov 98 AW, GSDW, LAIM, NSDW, UAIM
Global Change, Jun 99 ASW, AW, GSDW, LAIM, NSDW,

PW, UAIM
Global Change, Aug 99 ASW, AW, GSDW, LAIM, NSDW,

PW, UAIM

Table 3. Mean values from each water mass and for the photic
zone (0–50 m) and the aphotic zone (50–500 m). Refer to Table 2
for the full names of the water masses.

a375 (m21)

N Mean SD

S (mm21)

Mean SD

a (m2 g21 C)*375

N Mean SD

ASW Total 9 0.19 0.07 15.9 3.0 7 0.19 0.06
Jun 99
Aug 99

2
7

0.17
0.20

0.02
0.08

14.1
16.4

0.2
3.3

2
5

0.20
0.19

0.06
0.07

AW Total 18 0.14 0.07 18.3 4.3 13 0.17 0.05
Nov 98
Jun 99
Aug 99

5
8
5

0.07
0.15
0.21

0.01
0.05
0.06

23.5
16.9
15.2

1.9
3.3
2.3

3
7
3

0.12
0.18
0.18

0.02
0.04
0.06

GSDW Total 51 0.15 0.13 16.8 3.6 4 0.23 0.22
Nov 98
Jun 99
Aug 99

5
31
15

0.07
0.16
0.15

0.01
0.15
0.08

19.1
17.0
15.6

1.9
3.9
3.0

5
24
15

0.12
0.27
0.20

0.03
0.28
0.13

LAIM total 20 0.14 0.14 16.6 2.7 16 0.14 0.04
Nov 98
Jun 99
Aug 99

1
14

5

0.08
0.15
0.14

n/a
0.17
0.05

17.8
16.6
16.3

n/a
2.9
2.6

1
11

4

0.13
0.14
0.13

n/a
0.05
0.04

NSDW Total 42 0.13 0.07 17.0 3.3 31 0.22 0.12
Nov 98
Jun 99
Aug 99

2
29
11

0.07
0.13
0.12

0.02
0.08
0.03

19.4
16.9
16.9

2.2
3.5
3.0

2
20

9

0.13
0.25
0.18

0.02
0.14
0.06

PW Total 6 0.16 0.03 17.9 2.4 3 0.18 0.02
Jun 99
Aug 99

4
2

0.17
0.15

0.02
0.06

16.5
20.6

0.7
2.4

2
1

0.19
0.16

0.02
n/a

UAIM Total 22 0.16 0.09 16.0 3.3 17 0.18 0.10
Nov 98
Jun 99
Aug 99

4
12

6

0.07
0.20
0.15

0.01
0.11
0.04

19.5
14.9
15.8

1.6
3.5
2.3

4
9
4

0.11
0.24
0.12

0.02
0.11
0.03

Photic Total 54 0.17 0.08 16.7 3.5 37 0.19 0.08
Nov 98
Jun 99
Aug 99

5
29
20

0.08
0.18
0.19

0.02
0.09
0.06

21.6
15.8
16.9

3.3
3.3
2.9

4
22
11

0.13
0.22
0.17

0.03
0.09
0.06

Aphotic Total 48 0.13 0.10 17.2 3.0 41 0.15 0.08
Nov 98
Jun 99
Aug 99

8
23
17

0.07
0.13
0.15

0.01
0.13
0.06

20.4
17.2
15.7

2.4
2.8
2.4

7
19
15

0.11
0.15
0.17

0.02
0.05
0.12

a375 and S values for the June and August cruises were sim-
ilar, and S agreed well with values reported from offshore
saline waters by Green (1992). Analysis of variance (AN-
OVA) tests showed that the optical properties of CDOM
(a375, S, a ) sampled during the two summer cruises were*375

very similar to each other and both differed significantly (P
5 0.01) from the winter data. In general the summer con-
ditions were characterized by higher a375 and a values and*375

lower S coefficients in comparison to winter conditions. The
minimum values for S were very similar to those found by
Mopper et al. (1996) in the central Pacific ocean (;600 m).
In general a was lower than previously reported values*375

(Stedmon et al. 2000, and references therein). The maximum
values were found during the early summer cruise, and the
mean for this period was analogous to that found in the
Skagerrak (Stedmon et al. 2000). The lowest mean a was*375

found during the winter cruise.
The mean a375, S, and a values for the CDOM present*375

in each water mass are shown in Table 3. A series of AN-
OVA tests was run to assess the variability of CDOM’s op-
tical properties with respect to water mass, season, and
depth. Within the water masses present there were no sig-
nificant differences in CDOM’s optical properties between
the two summer cruises. An exception was found in the Po-
lar (PW) water mass where there was a significantly lower
mean S in June than in August 1999 (P 5 0.05). Comparison
of CDOM samples originating from the Atlantic water mass
(AW) and upper Arctic intermediate (UAIM) water mass
during the three cruises showed that there were significant
differences in the mean a375, S, and a values between the*375

summer and winter months (Table 3). This therefore suggests
that the summer to winter variability reported earlier was not
solely due to the presence of different water masses during
the cruises. An ANOVA analysis was also carried out on the
mean values within the photic zone, assumed to be from 0–
50 m (0–3% surface light), and from the aphotic zone di-
rectly below (50–500 m) (Table 3). This shows that in gen-
eral a375 and a in the surface waters were higher than in*375

the deeper waters (P 5 0.05). Further analysis of the indi-
vidual cruise data showed that this was most significant dur-
ing the June 1999 cruise (Table 3).

Figure 3 shows two representative examples of profiles
taken in the Greenland Sea (refer to Fig. 1 for station posi-
tions). In the majority of circumstances a375 tended to de-
crease with depth and S showed a slight increase. From the
examination of the profiles it was clear that S and a375 be-

haved inversely. Figure 4 shows the two parameters plotted
against each other and the apparent inverse relationship. A
similar relationship was also seen between a and S. Inverse*375

relationships between a375 and S in marine waters have been
reported before in the literature (Green 1992; Blough et al.
1993; Nelson and Guarda 1995; Vodacek et al. 1997; among
others). However, care must be taken when studying the be-
havior of S in natural waters, as it is highly sensitive to the
wavelength range over which it is estimated. It has been
shown that S increases with decreasing wavelength (Kalle
1966; Carder et al. 1989; Coble and Brophy 1994; Markager
and Vincent 2000). The use of variable wavelength ranges
(e.g., 300 nm to the detection limit; Blough et al. 1993)
results in a similar inverse relationship between a375 and S,
as an artifact of the S estimation method.

Variability in S is associated with changes in the compo-
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Fig. 3. Profiles of CDOM’s optical properties (a375, S), temper-
ature, and salinity from Sta. 16, June 1999, and Sta. 10, August
1999. Refer to Fig. 1 for station positions.

Fig. 4. CDOM data from the Greenland Sea during the Novem-
ber 1998, June 1999, and August 1999 cruises. Overlaid is the S-
a375 model defined in the text with limits defined as 64 standard
deviations of S from the model (precision of S estimate), calculated
by using the equation in Fig. 2.

Fig. 5. CDOM data from the Greenland Sea (as in Fig. 4) plot-
ted with data collected from the North Sea and Skagerrak in Feb-
ruary 1999 (Stedmon et al. 2000) and August 1999 (unpubl. data).
Data points that lie within the model limits are defined as autoch-
thonous CDOM, while the rest is of terrestrial origin.

sition of the CDOM pool (Carder et al. 1989). In the open
ocean it is usually associated with degradation (solar and
bacterial) and the mixing of different CDOM pools (Brown
1977; Gao and Zepp 1998). Work by Gao and Zepp (1998)
and Morris and Hargreaves (1997) has shown that the pho-
todegradation of terrestrially derived CDOM causes S to de-
crease. In contrast, results from a recent mesocosm study
suggest that photoreactions of autochthonous CDOM cause
S to increase as aCDOM decreases (Whitehead et al. 2000).

A similar relationship between aCDOM and S to that seen
in the Greenland Sea data (Fig. 4) was reported by Del Cas-
tillo and Coble (2000) in samples from the Arabian Sea. The
ranges in S seen in their study are alike to this study’s, after
differences in regression techniques used to calculate S are
accounted for. The nonlinear technique used here is known
to result in a 60% reduction in the variability of S estimates
due to the increased precision of the estimate (Stedmon et
al. 2000).

The variability of S in this study was reasonably large,
which suggests a high degree of variability in the compo-
sition of CDOM in these waters. A similar variability of S
at low CDOM concentrations off the Danish coast in the
Skagerrak was reported by Stedmon et al. (2000). Figure 5
shows all the a375 and S data from the Greenland Sea plotted
with the data from the Skagerrak and North Sea from the
earlier studies (February 1999, Stedmon et al. 2000; and
August 1999, unpubl. data). There is a clear overlap of some
of the data from the Skagerrak deep waters with the Green-
land Sea data, whereas data from the North Sea and the rest

of the data from the Skagerrak do not exhibit the same be-
havior. Here, S stays relatively constant as a375 decreases.
Using Fig. 5 one can clearly identify two different CDOM
pools in these waters. There is the CDOM from coastal
sources, with a comparatively invariant S value of approxi-
mately 18 mm21, mixing with the North Sea waters. There
is also an oceanic CDOM pool present in the Greenland Sea
and Skagerrak deep waters, with intermediate a375 values and
low S values that increase with falling concentrations. A
fraction of the increased variability of S at low concentra-
tions is due to the limitations of the method, evident from
the results of the dilution experiment. However the lower
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precision of the estimation of S at these concentrations can-
not explain the general inverse relationship seen in the
Greenland Sea data (Fig. 2). One would expect a bidirec-
tional variability in S if this were the case.

It seems likely that in the Greenland Sea a variable low
intensity oceanic source is present over a background pool
of refractory CDOM. The results from the ANOVA tests
show that there are seasonal fluctuations in CDOM abun-
dance with the lowest values found in winter. The fact that
the mean a375 and a values are highest both in the surface*375

(photic) waters and during summertime suggests that CDOM
is closely linked to in situ productivity in these waters (Nel-
son et al. 1998). The higher a values indicate the presence*375

of more recently produced CDOM with a relatively more
intense color. The coupling to productivity is reasonable
since there are considerable differences in the seasonal bio-
mass concentrations and productivity of these waters, mainly
as a result of seasonal changes in surface irradiance. The
mean values for a in this study were lower than those*375

found in coastal waters by Stedmon et al. (2000). This could
be a result of a higher proportion of particulate organic car-
bon in coastal waters or could also suggest that terrestrially
derived CDOM tends to be more colored than autochthonous
CDOM. The reduction in a375 and increase in S during the
winter months is most likely due to the lack of resupply and
continual degradation of the CDOM pool. This is supported
by the fact that there is a significant reduction in a from*375

summer to winter, which suggests that the colored fraction
of the organic carbon pool is bleached in this period.

As all the samples from the Greenland Sea lie on the same
S/a375 line, it poses the theory that a single CDOM source
is dominant in this area. The analogous S/a375 pattern and
a values seen in the deep offshore waters of the Skagerrak*375

by Stedmon et al. (2000) suggest that the dominant CDOM
source there is similar to the source in the Greenland Sea
and most likely organic material produced by marine plank-
ton. Dissolved organic carbon studies in the Arctic Ocean
and surrounding seas have concluded that despite the num-
ber of large rivers that supply the region, in situ production
is the largest source of dissolved organic carbon (Wheeler
et al. 1997). Lignin tracer studies in Arctic water masses
have shown that the dissolved organic carbon in the Green-
land Sea gyre contains a low amount of lignin oxidation
products and was enriched in 13C (Opsahl et al. 1999). From
this it was deduced that terrestrial dissolved organic matter
plays a relatively insignificant role in carbon cycling in the
Greenland Sea.

These findings suggest that CDOM of marine origin has
different optical properties to terrestrial CDOM and that ab-
sorption measurements can be used to distinguish between
them, at least at a375 values above 0.2 m21 (Fig. 5). Since
there appeared to be source dependent relationships between
S and a375, we decided to model the inverse behavior of
marine CDOM in order to (1) allow the distinction between
marine and terrestrial organic matter based on optical ob-
servations, and (2) allow the prediction of S values of
CDOM in the Greenland Sea from the measurement of the
absorption at a single wavelength. Owing to the uneven
spread of data points due to a larger proportion of the water
samples originating from below the photic zone, special con-

sideration had to be taken during the regression. Use of a
standard regression technique would not be suitable in this
case as there would be too much weighting of the regression
at the low concentrations where most of the data points lie.
To counter this, we modeled the frequency distribution ( f )
of the data and weighted the regression to the inverse of f
(SAS Institute Inc. 1994). The frequency distribution was
modeled as

2ya 28.90a375 375f 5 xe 5 143e (4)

and the nonlinear weighted regression of the a375-S data gave

S 5 y0 1 b/a375 5 7.4 1 1.1/a375 (5)

Combining this model with the one established earlier for
the reduction in precision of S estimation at low a375 values,
we were able to account for deviations from the model at
low CDOM concentrations (Fig. 4). As a large majority of
the data fell within 4 standard deviations (precision of S
estimate) of the model (Fig. 5), this confidence bracket could
then be applied to the whole data set in order to allow the
identification of marine CDOM. In Fig. 5 one can see how
the data is divided. The mean deviations in S from the model
(Sdiff) for each cruise are shown in Table 1. Six points from
the Greenland Sea data were found to fall outside of the
range defined by the model. Four of the points lay clearly
outside the confidence limits of the model and were from
Polar water (PW) and Arctic surface water (ASW) sampled
during the August cruise. They can be best seen in Fig. 4a
(a375 ø 0.2 m21, S ø 19 mm21) where they deviate from the
general pattern. If the model is assumed to describe the be-
havior of marine CDOM in the region, then these points
indicate the presence of terrestrial CDOM. This corresponds
well with the fact that any terrestrial CDOM in the region
is most likely to be transported into the Greenland Sea from
the Arctic Ocean, into which there is considerable seasonal
river discharge. The remaining two points were only mar-
ginally outside the confidence limits. The majority of the
points from the North Sea and Skagerrak had S values above
18 mm21 and deviated noticeably from the model (Fig. 5).
These most likely reflect samples heavily influenced by local
terrestrial sources. A number of points can be seen to lie in
between the marine and terrestrial patterns, and these prob-
ably represent samples containing a mixture of CDOM from
both marine and terrestrial sources. At low concentrations
and high S values it becomes difficult to distinguish between
the different pools of CDOM due to the reduced precision
of the S estimates.

It is also interesting to note the lower mean Sdiff calculated
for Skagerrak February 1999 data (Table 1). This is due to
CDOM in the Skagerrak deep waters exhibiting a similar
behavior to that in the Greenland Sea. The surface waters of
the Skagerrak and North Sea are under the influence of local
terrestrial input, whereas the deeper waters are more oceanic
in character. The fact that there is not a noticeably lower
mean Sdiff in the August data set is due to the comparatively
smaller number of deep-water samples taken. This idea is
further supported by the calculated mean Sdiff for the surface
waters (,50 m) and deeper waters (.50 m) of the Skagerrak
in February 1999, which are 7.2 and 2.1 respectively.

Overall it would appear that this relatively simple model
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performs well, although more data from coastal and oceanic
waters are needed to test and refine it. It must be noted,
however, that the model performs best at values of a375 .
0.1 m21. If the behavior observed in the Greenland Sea is
found to be valid for marine derived CDOM in general, the
model derived in this work will provide a useful algorithm
for the first-order approximation of CDOM sources.

The results from previous studies combined with this
study’s results allow us to conclude that the major and vari-
able fraction of the CDOM in the Greenland Sea is derived
from autochthonous sources. The optical properties and abun-
dance of CDOM in the Greenland Sea vary seasonally with
respect to productivity in the water column and solar irradi-
ance. As the autochthonous CDOM degrades, the spectral
slope coefficient increases. These results and the data from
the North Sea/Skagerrak show that it is possible to model and
distinguish between terrestrial and marine CDOM in oceanic
environments, using optical measurements only. This makes
optical measurements a useful investigative tool in oceanic
carbon cycling studies. The results also suggest that it is pos-
sible to estimate S in oceanic water from the knowledge of
CDOM’s absorption at a single wavelength, assuming no in-
fluence from terrestrial CDOM. This has important conse-
quences for biooptical modeling of water color (e.g., remote
sensing), where CDOM’s color signal is an interference.

C. A. Stedmon1 and S. Markager

National Environmental Research Institute
Department of Marine Ecology
P.O. Box 358
Frederiksborgvej 399, DK-4000 Roskilde, Denmark
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