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ABSTRACT.  Chromophoric dissolved organic matter (CDOM) is ubiquitous in the 
oceans, where it is an important elemental reservoir, a key photoreactant, and a sun-
screen for ultraviolet (UV) radiation. Chromophoric dissolved organic matter is generally 
the main attenuator of UV radiation in the water column, and it affects the remote sens-
ing of chlorophyll a (chl a) such that corrections for CDOM need to be incorporated into 
remote sensing algorithms. Despite its signifi cance, relatively few CDOM measurements 
have been made in the open ocean, especially in polar regions. In this paper, we show 
that CDOM spectral absorption coeffi cients (aλ) are relatively low in highly productive 
Antarctic waters, ranging from approximately 0.18 to 0.30 m�1 at 300 nm and 0.014 
to 0.054 m�1 at 443 nm. These values are low compared to coastal waters, but they are 
higher (by approximately a factor of two to three) than aλ in oligotrophic waters at low 
latitudes, supporting the supposition of a poleward increase in aCDOM in the open ocean. 
Chromophoric dissolved organic matter aλ and spectral slopes did not increase during 
the early development of a bloom of the colonial haptophyte Phaeocystis antarctica in 
the Ross Sea, Antarctica, even though chl a concentrations increased more than one-
hundred-fold. Our results suggest that Antarctic CDOM in the Ross Sea is not coupled 
directly to algal production of organic matter in the photic zone during the early bloom 
but is rather produced in the photic zone at a later time or elsewhere in the water column, 
possibly from organic-rich sea ice or the microbial degradation of algal-derived dissolved 
organic matter exported out of the photic zone. Spectral aλ at 325 nm for surface waters 
in the Southern Ocean and Ross Sea were remarkably similar to values reported for deep 
water from the North Atlantic by Nelson et al. in 2007. This similarity may not be a coin-
cidence and may indicate long-range transport to the North Atlantic of CDOM produced 
in the Antarctic via Antarctic Intermediate and Bottom Water.

INTRODUCTION

Quantifying temporal and spatial variations in chromophoric dissolved or-
ganic matter (CDOM) absorption is important to understanding the biogeo-
chemistry of natural waters because CDOM plays a signifi cant role in deter-
mining the underwater light fi eld. Chromophoric dissolved organic matter is 
the fraction of dissolved organic matter (DOM) that absorbs solar radiation in 
natural waters, including radiation in the UVB (280 to 320 nm), the UVA (320 
to 400 nm), and the visible portion (400 to 700 nm) of the solar spectrum. For 
most natural waters, CDOM is the primary constituent that attenuates  actinic 
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UVB and UVA radiation in the water column. Conse-
quently, CDOM acts as a “sunscreen,” providing protec-
tion from short wavelengths of solar radiation that can 
be damaging to aquatic organisms (Hebling and Zagarese, 
2003). Chromophoric dissolved organic matter absorp-
tion is often also quite high in the blue spectral region, 
particularly in the subtropics and poles, accounting for 
a quantitatively signifi cant percentage of total nonwater 
absorption (Siegel et al., 2002), complicating remote sens-
ing of phytoplankton pigment concentrations and primary 
productivity (Carder et al., 1989; Nelson et al., 1998). 
In lakes and coastal areas with high riverine discharge, 
CDOM absorption in the blue region can be so large as to 
restrict phytoplankton absorption of light, thereby placing 
limits on primary productivity (e.g., Vodacek et al., 1997; 
Del Vecchio and Blough, 2004). Since CDOM absorption 
affects the satellite-retrieved phytoplankton absorption 
signal in most oceanic waters, especially coastal waters, 
CDOM absorption must be accounted for when using re-
motely sensed data (Blough and Del Vecchio, 2002). This 
necessitates a thorough understanding of the characteris-
tics of CDOM and factors controlling its distribution in 
different areas of the ocean.

Sources of CDOM in the oceans are varied and, in many 
cases, poorly described. Potential sources include  terrestrial 
input of decaying plant organic matter, autochthonous pro-
duction by algae, photochemical or bacterial processing of 
DOM, and release from sediments (e.g., Blough et al., 1993; 
Opsahl and Benner, 1997; Nelson et al., 1998;  Nelson and 
Siegel, 2002; Rochelle-Newall and Fisher, 2002a, 2002b; 
Chen et al., 2004; Nelson et al., 2004). The removal of 
CDOM in the oceans is dominated by its photochemical 
bleaching, but microbial processing is also important al-
though poorly understood (Blough et al., 1993; Vodacek et 
al., 1997; Del Vecchio and Blough, 2002; Chen et al., 2004; 
Nelson et al., 2004; Vähätalo and Wetzel, 2004).

Absorption of sunlight by CDOM can affect an aquatic 
ecosystem both directly and indirectly (Schindler and Cur-
tis, 1997). The bleaching of CDOM absorption and fl uo-
rescence properties as a result of sunlight absorption lessens 
the biological shielding effect of CDOM in surface waters. 
Chromophoric dissolved organic matter  photobleaching 
may also produce a variety of reactive oxygen species 
(ROS), such as the hydroxyl radical, hydrogen peroxide, 
and superoxide (for review, see Kieber et al., 2003). Gen-
eration of these compounds provides a positive feedback to 
CDOM removal by causing further destruction of CDOM 
via reaction with these ROS.

Although CDOM has been intensively studied to 
understand its chemical and physical properties, previ-

ous research has primarily focused on CDOM cycling in 
temperate and subtropical waters. Very little is known re-
garding temporal and spatial distributions of CDOM in 
high-latitude marine waters. Studies in the Bering Strait– 
Chukchi Sea region and the Greenland Sea showed that 
absorption coeffi cients (aλ) and spectral slopes (S) derived 
from CDOM absorption spectra at coastal stations were 
infl uenced by terrestrial inputs and comparable to aλ and 
S values in temperate and tropical coastal sites (Stedmon 
and Markager, 2001; Ferenac, 2006). As the distance 
from the coastline in the Bering Strait and Chukchi Sea 
proper increased, there was a large decrease in aλ from 
1.5 to 0.2 m�1 at 350 nm. These aλ were mostly higher 
than a350 observed in the open ocean at lower latitudes 
(Ferenac, 2006). However, corresponding spectral slopes 
were signifi cantly lower (�0.014 nm�1) than open oceanic 
values in the Sargasso Sea and elsewhere (�0.02 nm�1; 
Blough and Del Vecchio, 2002), suggesting that the types 
of CDOM present in these contrasting environments were 
different, possibly owing to a residual terrestrial signal and 
lower degree of photobleaching in the Arctic samples.

As with Arctic waters, there is very little known regard-
ing CDOM in Antarctic waters. To our knowledge, there 
are only three published reports investigating CDOM dis-
tributions in the Ross Sea and along the Antarctic Peninsula 
(Sarpal et al., 1995; Patterson, 2000; Kieber et al., 2007). A 
key fi nding of the Sarpal et al. study was that Antarctic wa-
ters were quite transparent in the UV (aλ � 0.4 m�1 at λ � 
290 nm), even at coastal stations during a bloom of Cryp-
tomonas sp. Patterson (2000) examined CDOM in several 
transects perpendicular to the Antarctic Peninsula coastline 
and found that CDOM absorption coeffi cients were low in 
the austral summer, with a305 (�SD) � 0.28 (�0.09) m�1 
and a340 � 0.13 (�0.06) m�1. Similarly low aλ were ob-
served by Kieber et al. (2007) in the upper water column of 
the Ross Sea (a300 � 0.32 m�1 and a350 � 0.15 m�1) during 
the end of a Phaeocystis antarctica bloom when diatoms 
were also blooming (chl a � 3.8 �g L�1).

Polar regions are unique in many ways that may infl u-
ence CDOM optical properties. Sea ice may provide a rich 
source of ice-derived CDOM to melt water (Scully and 
Miller, 2000; Xie and Gosselin, 2005). Additionally, polar 
blooms can decay without signifi cant losses to zooplank-
ton, especially in the spring when zooplankton grazing can 
be minimal (Caron et al., 2000; Overland and Stabeno, 
2004; Rose and Caron, 2007).

In the Ross Sea, soon after the opening of the Ross Sea 
polynya in the austral spring, a Phaeocystis antarctica– 
dominated bloom regularly occurs (Smith et al., 2000), 
especially in waters away from the ice edge where iron 
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concentrations are lower and the water column is more 
deeply mixed. As is typical of polar regions, the massive 
phytoplankton production that is observed during the early 
stages of this bloom (in the early to mid austral spring) is 
not accompanied by signifi cant micro- or macrozooplank-
ton grazing (Caron et al., 2000). The spring bloom also 
appears to be a period of low bacterial abundance and ac-
tivity (Ducklow et al., 2001), although bacteria do bloom 
during the later stages of the algal bloom, in early to mid 
summer, coinciding with an increase in dissolved and par-
ticulate organic carbon (Carlson et al., 2000).

Depending on physiological and hydrodynamic fac-
tors, this ecological decoupling between primary produc-
tivity and both microbial productivity and grazing may 
cause the phytoplankton to sink out of the photic zone 
(DiTullio et al., 2000; Becquevort and Smith, 2001; Over-
land and Stabeno, 2004). This may lead to a signifi cant 
fl ux of organic matter to the ocean fl oor and to deepwater 
CDOM production. Export of the phytoplankton out of 
the photic zone may also lead to a decoupling of bloom 
dynamics and CDOM cycling.

Here we report on spatial and temporal patterns in 
CDOM spectra observed during the early stages of the 2005 
austral spring Phaeocystis antarctica bloom in the seasonal 
Ross Sea polynya. Our results show that CDOM changed 
very little during a period when chl a concentrations in-
creased more than one-hundred-fold. Implications of this 
fi nding for CDOM cycling in the Ross Sea are discussed.

METHODS

ROSS SEA SITE DESCRIPTION AND SAMPLING

A fi eld campaign was conducted aboard the R/V 
 Nathaniel B. Palmer in the seasonal ice-free polynya in the 
Ross Sea, Antarctica, from 8 November to 30 November 
2005 (Figure 1). During this time, the surface seawater tem-
perature was approximately – 1.8°C and the phytoplank-
ton assemblage was dominated by colonial Phaeocystis 
antarctica. Three main hydrographic stations were occu-
pied within the Ross Sea polynya for approximately seven 
days each (i.e., R10, R13, R14). Seawater samples were 
collected from early morning hydrocasts (0400-0700 local 
time) directly from Niskin bottles attached to a conductiv-
ity, temperature, and depth (CTD) rosette. Vertical profi les 
of a suite of routine measurements were obtained at each 
station including downwelling irradiance (and coupled in-
cident surface irradiance), chl a, and CDOM absorption 
spectra. Additionally, a profi le of dissolved organic carbon 
(DOC) was collected at one station (14F).

In addition to studying CDOM cycling in the Ross 
Sea, we also collected and analyzed surface water CDOM 
samples during our North-South transit from New  Zealand 
through the Southern Ocean to the Ross Sea (28 October– 7 
November, 2005). Transect sampling for CDOM was con-
ducted from �49 to �75°S. Details of the cruise track, sam-
pling protocols, analyses conducted and meteoro logical and 
sea ice conditions for the southbound transect are presented 
in Kiene et al. (2007). The transect encompassed open 
 waters of the Southern Ocean, the northern sea-ice melt 
zone, and ice-covered areas near the northern Ross Sea.

Chlorophyll a was determined fl uorometrically by em-
ploying the acidifi cation method described by Strickland 
and Parsons (1968). Briefl y, 50– 250 mL of seawater was fi l-
tered onto a 25-mm GF/C glass fi ber fi lter (Whatman Inc., 
Floram Park, New Jersey) with low vacuum. Filters were 
placed in 5 mL of 90% HPLC-grade acetone and extracted 
for 24 h at – 20°C. Chlorophyll fl uorescence in the acetone 
extracts was quantifi ed with a Turner Designs 10-AU fl uo-
rometer (Sunnyvale, Calafornia) before and after 80-�L ad-
dition of 10% HCl. Dissolved organic carbon samples were 

FIGURE 1.  Locations of transect sampling stations south of New 
Zealand to the Ross Sea (open circles) and the main hydrographic 
stations that were occupied in the Ross Sea (solid black circles) dur-
ing the NBP05-08 cruise. Latitude and longitude information for 
specifi c hydrographic stations (e.g., R10A and R10D) are given in 
fi gure captions 4, 5, 8 and 9.
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collected and concentrations were determined by employ-
ing the techniques outlined in Qian and Mopper (1996).

For nutrient and CDOM samples, seawater was col-
lected directly from Niskin bottles by gravity fi ltration 
through a 20-�m Nitex mesh (held in a 47-mm-diameter 
polycarbonate (PC) fi lter holder) followed by a precleaned 
0.2-�m AS 75 Polycap fi lter capsule (nylon membrane with 
a glass microfi ber prefi lter enclosed in a polypropylene 
housing). Silicone tubing was used to attach the PC fi lter 
to the Niskin bottle spigot and the Polycap to the PC fi lter 
outlet. Nutrient samples were collected into 50-mL poly-
propylene centrifuge tubes, while samples for CDOM were 
fi ltered into precleaned 80-mL Qorpak bottles sealed with 
Tefl on-lined caps (see Toole et al., 2003, for details regard-
ing sample fi ltration and glassware preparation). Nutrient 
samples were stored frozen at �80°C until shipboard anal-
ysis by standard fl ow-injection techniques.

CDOM ABSORPTION SPECTRA

Absorbance spectra were determined with 0.2-�m fi l-
tered seawater samples that were warmed to room tem-
perature in the dark immediately after they were collected 
and then analyzed soon thereafter (generally within 24 h). 
Absorbance spectra were determined in a 100-cm path 
length, Type II liquid capillary waveguide (World Preci-
sion Instruments) attached to an Ocean Optics model 
SD2000 dual-channel fi ber-optic spectrophotometer and 
a Micropack DH 2000 UV-visible light source. Prior to 
analysis, a sample or blank was fi rst deaerated with ul-
trahigh purity He in an 80-mL Qorpak bottle and then 
pulled through the capillary cell slowly with a Rainin Rab-
bit peristaltic pump. Deaeration with He eliminated bub-
ble formation in the sample cell, while increasing the pH 
slightly from 8.0 to 8.3. This pH change is not expected to 
affect absorption spectra, although this was not explicitly 
tested. The reference solution consisted of 0.2-�m-fi ltered 
0.7-M NaCl prepared from precombusted (600°C, 24 h) 
high-purity sodium chloride (99.8%, Baker Analyzed) and 
dissolved in high-purity (18.2 M� cm) laboratory water 
obtained from a Millipore Milli-Q ultrapure water system 
(Millipore Corp., Billerica, Massachusetts). The sodium 
chloride solution was used to approximately match the 
ionic strength of the Ross Sea seawater samples and mini-
mize spectral offsets due to refractive index effects. Even 
though a sodium chloride solution was used as a reference, 
sample absorbance spectra still exhibited small, variable 
baseline offsets (�0.005 AU). This was corrected for by 
adjusting the absorbance (Aλ) to zero between 650 and 
675 nm where the sample absorbance was assumed to be 

zero. The capillary cell was fl ushed after every fourth or 
fi fth seawater sample with deaerated Milli-Q water and 
high-purity, distilled-in-glass-grade methanol (Burdick and 
Jackson, Muskegon, Michigan). Corrected absorbance 
values were used to calculate absorption coeffi cients:

 aλ � 2.303Aλ / l, (1)

where l is the path length of the capillary cell. Each sample 
was analyzed in triplicate, resulting in �2% relative stan-
dard deviation (RSD) in spectral absorbance values �400 
nm. On the basis of three times the standard deviation of 
the sodium chloride reference, the limit of detection for 
measured absorption coeffi cients was approximately 0.002 
m�1. To characterize sample absorption, spectra were fi t 
to the following exponential form (e.g., Twardowski et al., 
2004):

 aλ � aλ o e�S(λ– λo), (2)

where aλ o is the absorption coeffi cient at the reference 
wavelength, λo, and S is the spectral slope (nm�1). Data 
were fi t to a single exponential equation using SigmaPlot 
(SPSS Inc.). Slope coeffi cients were evaluated from 275 to 
295 nm (S275–295; λo � 285 nm) and from 350 to 400 nm 
(S350–400; λo � 375 nm). These wavelength ranges were se-
lected for study of spectral slopes instead of using broader 
wavelength ranges (e.g., 290– 700 nm) because the former 
can be measured with high precision and better refl ects 
biogeochemical changes in CDOM in the water column 
(Helms et al., 2008).

OPTICAL PROFILES

Vertical profi les of spectral downwelling irradiance 
(Ed(z,λ)) and upwelling radiance (Lu(z,λ)), as well as the 
time course of surface irradiance (Ed(0�,λ, t)), were de-
termined separately for ultraviolet and visible wavebands. 
Ultraviolet wavelengths were sampled using a Biospherical 
Instruments, Inc. (BSI, San Diego, California) PUV-2500 
Profi ling Ultraviolet Radiometer coupled with a continu-
ously sampling, deck-mounted, cosine-corrected GUV-
2511 Ground-based Ultraviolet Radiometer. Both sensors 
had a sampling rate of approximately 6 Hz and monitored 
seven channels centered at 305, 313, 320, 340, 380, and 
395 nm, as well as integrated photosynthetically active 
radiation (PAR). Each channel had an approximate band-
width of 10 nm, except for the 305-nm channel, whose 
bandwidth was determined by the atmospheric ozone cut-
off and the PAR channel, which monitored the  irradiance 
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from 400 to 700 nm. The irradiance at several visible 
wavelength channels, centered at 412, 443, 490, 510, 555, 
and 665 nm, as well as PAR, were determined with a BSI 
PRR-600 Profi ling Refl ectance Radiometer coupled to a 
radiometrically matched surface reference sensor (PRR-
610). Similarly, both PRR sensors had a sampling rate of 
approximately 6 Hz and an approximate bandwidth of 
10 nm. The PUV-2500 was deployed multiple times a day 
(generally, three to fi ve profi les per day) in free-fall mode, 
allowing it to sample at a distance of over 10 m from the 
ship, minimizing effects from ship shadow and instrument 
tilt (Waters et al., 1990). The PRR-600 was deployed sev-
eral times per station in a metal lowering frame via the 
starboard side winch. Prior to each cast, the ship was ori-
ented relative to the sun to minimize ship shadow. The 
GUV-2511 and PRR-610 were mounted to the deck, and 
care was taken to avoid shadows or refl ected light associ-
ated with the ship’s superstructure. To reduce instrument 
variability due to atmospheric temperature fl uctuations, 
the GUV-2511 was equipped with active internal heating. 
All calibrations utilized coeffi cients provided by BSI, and 
the data were processed using standard procedures.

Spectral downwelling attenuation coeffi cients (Kd(λ), 
m�1) were derived from each PUV-2500 and PRR-600 
profi le as the slope of log-transformed Ed(z, λ) versus 
depth. On the basis of water clarity, the depth interval 
for this calculation varied from � 10 m for shorter UV 
wavelengths up to 20-30 m for blue wavelengths of solar 
radiation. Daily mean Kd(λ) were derived as the average 
of individual Kd(λ) coeffi cients determined from each PUV 
and PRR profi le, and station means were determined by 
averaging the daily Kd(λ) coeffi cients.

RESULTS

SAMPLE STORAGE AND SPECTRAL COMPARISON

A storage test was conducted with seawater collected 
on 29 October 2005 (52°59.90�S, 175°7.76�E) during the 
transect from New Zealand to the Ross Sea. The sample 
was obtained from the ship’s underway pump system that 
had an intake depth at approximately 4 m. Seawater was 
fi ltered directly from the pump line through a 0.2-µm AS 
75 Polycap fi lter capsule into an 80-mL Qorpak bottle 
and stored in the dark at room temperature. When this 
sample was analyzed multiple times over a period of two 
weeks (n � 8), no change was observed in its absorp-
tion spectrum with respect to spectral absorption coef-
fi cients or spectral slopes. For example, a300 varied over a 
very narrow range from 0.196 to 0.202 m�1 with a mean 

value of 0.197 m�1 and 3.1% RSD. This RSD is only 
slightly larger than the RSD for replicate analysis of the 
same sample when done sequentially (�2%). Likewise, 
the spectral slope from 275 to 295 nm (S275-295) showed 
very little variation over time, ranging from 0.0337 to 
0.0377 nm�1 (0.0358 nm�1 mean and 3.4% RSD). The 
S350-400 varied somewhat more (11.8% RSD) due to the 
lower aλ values, ranging from 0.0075 to 0.0111 nm�1, 
with a mean value of 0.009 nm�1. A storage study with 
two other samples that were collected along the transect 
showed similar results, with very little variability ob-
served in either aλ or S beyond the precision of sequential 
spectral measurements.

In addition to the storage study, absorption spectra 
obtained with the capillary waveguide system were com-
pared to those obtained with the commonly used Perkin 
Elmer Lamda 18 dual-beam, grating monochromator 
spectrophotometer. There was no statistical difference in 
the spectral absorption coeffi cients obtained by these two 
spectrophotometers, except for considerably more noise 
in aλ obtained with the Perkin Elmer spectrophotometer 
(Figure 2). The increased spectral noise seen with the 
Beckman spectrophotometer was expected due to the rela-
tively short path length (0.10 m) and the extremely low 
absorbance values in the Ross Sea seawater samples (e.g., 
�0.009 AU at 400 nm), which were close to the detection 
limit of this instrument. In contrast, aλ spectra obtained 

FIGURE 2.  Comparison of spectral absorption coeffi cients deter-
mined with a Perkin-Elmer Lambda 18 dual-beam spectrophoto-
meter (circles) and a capillary waveguide spectrophotometer (solid 
line). A 10-cm cylindrical quartz cell was used to obtain spectral 
absorption coeffi cients with the Perkin-Elmer spectrophotometer. 
Absorbance spectra were referenced against a 0.7 M NaCl solution.
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with the capillary waveguide were much smoother owing 
to the much higher absorbance values due to the much 
longer path length (1 m) and the ability to spectrally aver-
age over several scans.

TRANSECT AND ROSS SEA CDOM ABSORPTION SPECTRA

Absorption coeffi cients obtained during our transect 
from New Zealand to the Ross Sea were generally low, 
as exemplifi ed by a300 (Figure 3). Values for a300 ranged 
from 0.178 to 0.264 m�1, with an average value of 0.209 
m�1. Interestingly, absorption coeffi cients at 300 nm were 
consistently higher in samples collected with signifi cant ice 
cover (avg � SD: 0.231 � 0.014 m�1) compared to a300 
values collected in the Southern Ocean north of the sea ice 
(avg � SD: 0.195 � 0.017 m�1) (Figure 3), possibly due to 
lower rates of photobleaching or release of CDOM from 
the sea ice into the underlying seawater (Scully and Miller, 
2000; Xie and Gosselin, 2005). However, we cannot ex-
clude the possibility that the ship caused some release of 
CDOM from the ice during our passage through it.

Absorption coeffi cients were also low within the Ross 
Sea during the development of the Phaeocystis antarctica 
bloom, even when surface waters were visibly green (chl 

a � 4– 8 µg L�1). For example, the absorption coeffi cient 
spectrum at station R14F was remarkably similar to that 
obtained in the Sargasso Sea during July 2004 (Figure 4), 
even though the chl a content of these two water samples 
differed by two orders of magnitude (7.0 versus 0.08 �g 
L�1, respectively). The main differences observed between 
the two spectra were seen at wavelengths less than approx-
imately 350 nm, with the Sargasso Sea sample exhibiting a 
much higher spectral slope (e.g., S275–295 of 0.0466 versus 
0.0273 nm�1) and the Ross Sea sample having a higher aλ 
between �300 and 350 nm. These differences are likely 
due to different autochthonous sources of CDOM as well 
as the presence of micromolar levels of nitrate in the Ant-
arctic sample (and perhaps dissolved mycosporine amino 
acids (MAA) as well; see “Ross Sea Temporal Trends in 
CDOM” section) compared to the low nanomolar levels 
of nitrate in the surface Sargasso Sea sample.

FIGURE 3.  Sea surface a300 plotted as a function of degrees latitude 
south for the Oct–Nov 2005 transect from the Southern Ocean south 
of New Zealand to the Ross Sea. All data were obtained from water 
collected from the ship’s underway seawater pump system (intake at 
approximately 4-m depth) that was fi ltered inline through a 0.2-�m 
AS 75 Polycap fi lter. The dashed line represents the approximate 
location of the northern extent of seasonal sea ice in our transect. For 
details regarding the transect, see Kiene et al. (2007).

FIGURE 4.  Comparison of spectral absorption coeffi cients de-
termined with seawater collected from 50 m in the Sargasso Sea 
(30°55.5�N, 65°17.8�W) on 21 July 2004 (dotted line) and from 
40 m in the Ross Sea (77°31.2�S, 179°79.8�W) on 26 November 
2005 (station R14B, solid line). Both samples were 0.2-�m grav-
ity fi ltered prior to analysis. The chl a concentration was 0.08 and 
7.0 �g L�1 in the Sargasso Sea and Ross Sea, respectively. Absorp-
tion spectra in the Sargasso Sea were determined with a Hewlett 
Packard (HP) 8453 UV-Vis photodiode array spectrophotometer 
equipped with a 5-cm path length rectangular microliter quartz fl ow 
cell; the Sargasso spectrum was referenced against Milli-Q water 
(for details, see Helms et al., 2008). The small discontinuity at 365 
nm is an artifact associated with the HP spectrophotometer (Blough 
et al., 1993).
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DOWNWELLING ATTENUATION COEFFICIENTS

The optical clarity of the water column was reduced 
considerably from before the onset of the Phaeocystis ant-
arctica bloom at station R10 to the end of the cruise at 
station R14. Before the onset of the Phaeocystis antarc-
tica bloom (stations R10 and R13A– R13D), the photic 
zone exhibited a high degree of optical clarity, character-
istic of type 1 open oceanic water (Mobley, 1994), with 
Kd(λ) decreasing exponentially in the UV with increasing 
wavelength and dominated by absorption by CDOM (Fig-
ure 5). Prebloom Kd(λ) shown in Figure 5 for station R10 
were nearly the same as observed at stations R13A– R13D 
(data not shown). For station R10, Kd(λ) ranged from 0.30 
to 0.38 m�1 at 305 nm, 0.18–  0.31 m�1 at 320 nm, and 
0.05– 0.15 m�1 at 395 nm. Because of low biomass (chl a 
� 0.6 �g L�1), the lowest values of Kd(λ), and therefore 
highest degree of optical clarity, were observed in the vis-
ible between approximately 450 and 500 nm with Kd(λ) 
ranging from 0.05 to 0.11 m�1. When the bloom started 
to develop, the optical characteristics of the water, includ-

ing the spectral structure of Kd(λ), changed dramatically. 
Over an approximately three-week period, values of Kd(λ) 
increased by a factor of six or more at some wavelengths, 
with peaks observed at two optical channels, 340 � 10 
and 443 � 10 nm. At stations R13E and R14 (stations 
A through F) the bloom progressed to the point that the 
water column was more transparent to some wavelengths 
in the UV (e.g., 380 nm) relative to wavelengths in the blue 
portion of the solar spectrum (Figure 5).

ROSS SEA TEMPORAL TRENDS IN CDOM

Although UV and visible downwelling attenuation 
coeffi cients increased substantially when the Phaeocys-
tis antarctica bloom was well developed in the Ross Sea 
(Figure 5), CDOM absorption coeffi cient spectra changed 
very little. To illustrate this point, an absorption coeffi cient 
spectrum of a 10-m sample taken before the onset of the 
bloom at station R10 was compared to a spectrum deter-
mined for a 10-m sample at station R14 when the water 
was visibly green (Figure 6). As can be seen from com-
parison of these two spectra, as well as from many other 
spectra not shown here, there was essentially no change in 

FIGURE 5.  Spectral downwelling attenuation coeffi cients derived 
from PUV-2500 and PRR-600 profi les both before the Phaeocystis 
antarctica bloom (station R10D, circles) and during the development 
of the bloom (station R13E, triangles; station R14D, squares). Lines 
connecting the data do not represent a mathematical fi t of the data. 
Water column profi le cast locations are as follows: R10D, 13 No-
vember 2005 New Zealand (NZ) time at 76°5.74�S, 170°15.70�W; 
R13E, 22 November 2005 NZ time at 77°5.20�S, 177°24.49�W; 
and R14D, 28 November 2005 NZ time at 77°3.61�S, 178°49.06�E. 
All optical profi les were conducted at approximately 1200 local 
noon NZ time.

FIGURE 6.  Spectral absorption coeffi cients plotted for 10-m samples 
from stations R10A (lower spectrum) and R14F (upper spectrum); 
latitude-longitude data for these stations are given in the Figure 8 
caption. Thick lines represent the best fi t of the data from 275 to 
295 nm and 350 to 400 nm, employing nonlinear regression analysis 
(equation 2). For station R10A, S275–295 � 0.0280 � 0.0003 nm�1 
(r2 � 0.997) and S350–400 � 0.0115 � 0.0003 nm�1 (r2 � 0.904). For 
station R14F, S275–295 � 0.0237 � 0.0004 nm�1 (r2 � 0.986) and 
S350–400 � 0.0117 � 0.0005 nm�1 (r2 � 0.916).
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absorption  coeffi cients or spectral slopes (S350–400) at wave-
lengths greater than approximately 350 nm. At shorter 
wavelengths, absorption coeffi cients and spectral slopes 
(S275–295) varied by 15%– 30%, but with no consistent pat-
tern among the many samples analyzed during a period 
when Kd(340 and 443) and chl a changed by more than a 
factor of 6 and 100, respectively.

Although there were generally only small changes in 
aλ spectra and S, there was an indication of a discernable 
increase in absorption coeffi cients in the vicinity of 330– 
350 nm seen in a few sample spectra (station R14), with 
the presence of a small peak (or shoulder) noted in some 
cases. Previous results in the literature suggest that this 
peak may be due to the presence of MAA in the dissolved 
phase, possibly stemming from release by Phaeocystis ant-
arctica, either through grazing, viral lysis, or direct release. 
The MAA are one of the primary UV-absorbing com-
pounds detected in Phaeocystis antarctica (e.g.,  Riegger 
and Robinson, 1997; Moisan and Mitchell, 2001), and 
it would not be unreasonable for there to be some algal 
release of MAA into the dissolved phase. However, it is 
also possible that this UV absorption peak was an artifact 
of sample fi ltration (cf. Laurion et al., 2003). While arti-
facts associated with sample fi ltration were not rigorously 
tested in this study, they are probably minimal because 
we prescreened water by gravity through 20-�m Nitex 
mesh to remove large aggregates and Phaeocystis colonies 
and then used gravity (hydrostatic) pressure for fi ltration 
through a 0.2-�m AS 75 POLYCAP fi lter. When gentle 
vacuum fi ltration was tested on samples collected during 
the bloom, we often observed a 330- to 350-nm peak that 
was not seen in CDOM spectra of the same samples that 
were prescreened and gravity fi ltered. Vacuum fi ltration is 
not recommended and may explain the presence of a peak 
in spectra for some samples that were analyzed during a 
bloom in Marguerite Bay along the Antarctic Peninsula 
(Patterson, 2000).

The striking lack of change in CDOM spectra and 
spectral slopes during the development of the Phaeo-
cystis antarctica bloom was also seen in temporal trends 
in  surface aλ. Using 340 nm as an example, surface val-
ues of a340 in the upper 10 m did not appreciably change 
from 8 November (0.0782 m�1) to 29  November (0.0837 
m�1), while over the same time frame, chl a changed by 
more than a factor of 100 from 0.084 to 8.45 �g L�1 
(Figure 7A). As with 340 nm, no signifi cant changes in 
aλ were observed at other wavelengths during the devel-
opment of the bloom. Even though CDOM absorption 
coeffi cients did not change over time, downwelling at-
tenuation coeffi cients increased dramatically (Figure 7B), 

FIGURE 7.  Temporal trends in (A) surface chl a and a340 and (B) 
Kd(340) and a340 from 8 November to 29 November 2005 (NZ 
time) in the Ross Sea, Antarctica. (C) Chlorophyll a plotted against 
Kd(340). In Figure 7C, the line denotes the best fi t obtained from lin-
ear correlation analysis: r2 � 0.900, Kd(340) � 0.053chl a � 0.128

paralleling increases in chl a (Figure 7C), especially in 
the vicinity of 340 and 443 nm (Figure 5), corresponding 
to particulate MAA and chl a absorption, respectively. 
The strong correlation between Kd(340) and chl a shown 
in Figure 7C was also seen when Kd(443) was plotted 
against chl a (r2 � 0.937, data not shown). The nonzero 
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y-intercept in Figure 7C denotes the background Kd(340) 
signal at very low chl a due to water, CDOM, and par-
ticles in the Ross Sea.

The lack of a clear temporal trend noted in aλ sur-
face values during the Phaeocystis antarctica bloom in 
November 2005 was also evident in aλ and spectral slope 
depth profi les (Figures 8 and 9, respectively). Although we 
obtained multiple profi les at each station, results for only 
four CTD casts are shown in Figures 8 and 9 for clar-
ity, with at least one CTD profi le depicted for each main 
hydrostation (R10, R13, and R14). The absorption coef-
fi cient at 300 nm varied from approximately 0.18 to 0.30 
m�1 in the upper 100 m, with no temporal trend observed; 
some of the lowest and highest values were observed early 
and late in the cruise (Figure 8A). In the upper 50 m, later 
in the cruise, a340 showed somewhat higher values at sta-

tions R13E and R14F compared to stations R10 and R13A 
(Figure 8B), as did chl a (Figure 8C). However, while a340 
increased by 40%– 60%, chl a increased by more than two 
orders of magnitude. It was therefore not surprising that 
variations in a340 did not correlate well with changes in chl 
a (r2 � 0.384), as shown in Figure 8D.

Spectral slopes also did not vary with any consistent 
trend. S275-295 showed less than 25% variation over depth 
and time, ranging from �0.023 to 0.031 nm�1 (average 
0.027 nm�1, n � 58, 7% RSD) during the cruise. Trends 
in S350–400 were more variable (range 0.009– 0.017 nm�1, 
average 0.012 nm�1, n � 58, 15% RSD) but still showed 
no consistent trend with depth or time (Figure 9A and 
9B). This variability was also seen in the ratio of the spec-
tral slopes (Figure 9C), which showed no correlation to 
chl a (r2 � 0.143; Figure 9D).

FIGURE 8.  Depth profi les of (A) absorption coeffi cient at 300 nm, 
(B) absorption coeffi cient at 340 nm, and (C) chl a. (D) Plot of 
a340 versus chl a; linear correlation result is a340 � 0.0046chl a � 
0.091 with r2 � 0.384. Symbols are: diamonds, station R10A (CTD 
cast at 0754 local NZ time on 10 November 2005; 76°13.85�S, 
170°18.12�W); squares, station R13A (CTD cast at 0817 local NZ 
time on 18 November 2005; 77°35.16�S, 178°34.57�W); triangles, 
station R13E (CTD cast at 0823 local NZ time on 22 November 
2005; 77°12.61�S, 177°23.73�W); and circles, station R14F (CTD 
cast at 0734 local NZ time on 30 November 2005; 77°15.35�S, 
179°15.35�E).

FIGURE 9.  Depth profi les of (A) CDOM spectral slope from 275 to 
295 nm, (B) CDOM spectral slope from 350 to 400 nm, and (C) the 
spectral slope ratio (S275– 295:S350– 400). Horizontal error bars denote 
the standard deviation. (D) Spectral slope ratio (SR) plotted against 
chl a; linear correlation results were SR � �0.0447chl a � 2.37, 
with r 2 � 0.143 (line not shown). For all four panels, symbols are: 
diamonds (station R10A), squares (station R13A), triangles (station 
R13E), and circles (station R14F). Cast times and station locations 
are given in Figure 8 caption.
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DISCUSSION

CDOM absorption coeffi cients in the Southern Ocean 
and Ross Sea were consistently low throughout the cruise 
and along the transect south from New Zealand, with val-
ues signifi cantly less than unity at wavelengths �300 nm 
(e.g., 0.15– 0.32 m�1 at 300 nm). The aλ values determined 
in this study are slightly lower than values reported in the 
Weddell– Scotia Sea confl uence (Yocis et al., 2000) and 
along the Antarctic Peninsula (Sarpal et al., 1995; Yocis 
et al., 2000) (a300, range 0.19– 0.58 m�1) and are similar 
to values obtained on a 2004– 2005 Ross Sea cruise (a300, 
range �0.29– 0.32 m�1) during the latter stages of the 
Phaeocystis antarctica bloom and transition to a diatom-
dominated bloom (Kieber et al., 2007). These published 
fi ndings, along with results from our transect study and 
Ross Sea sampling, suggest that relatively low values of aλ 
are a general feature of Antarctic waters. By comparison, 
a300 values in the Bering Strait– Chukchi Sea are higher, 
ranging from 0.3 to 2.1 m�1, with an average of 1.1 m�1 
(n � 62) (Ferenac, 2006). Similarly high a300 values in the 
Greenland Sea (Stedmon and Markager, 2001) suggest 
that aλ values in the Antarctic are generally lower than 
those in Arctic waters, perhaps due to terrestrial inputs of 
DOM in the Arctic (Opsahl et al., 1999) that are lacking 
in the Antarctic.

Although Ross Sea absorption coeffi cients were similar 
to those in the Sargasso Sea at longer wavelengths 	350 
nm, absorption coeffi cient spectra were different in the 
Ross Sea at shorter wavelengths (Figure 4), with higher aλ 
seen between approximately 290 and 350 nm. To illustrate 
this point further, we computed a325 on all casts and depths 
(in the upper 140 m) during our cruise (n � 68) in order to 
directly compare them to results obtained by Nelson et al. 
(2007) in the Sargasso Sea. The a325 values obtained during 
the Phaeocystis antarctica bloom were, on average (� SD) 
0.142 (�0.017) and 0.153 (�0.023) m�1 (with an RSD of 
12% and 15%) before and during the bloom, respectively, 
with no temporal trends noted. If we consider a325 before 
the bloom (0.142 m�1) and subtract the calculated contri-
bution due to nitrate (present at 30 �M in the photic zone), 
then the average a325 value due to CDOM is 0.120 m�1. 
This is approximately a factor of 2.5 higher than a325 values 
reported by Nelson et al. (2007) in the surface Sargasso Sea 
(�0.05 m�1 at 325 nm) and reported by Morel et al. (2007) 
in the South Pacifi c gyre.

While our a325 values are higher than those Nelson 
et al. (2007) found in the Sargasso Sea, they are compa-
rable to those Nelson et al. (2007) reported in the Subpo-

lar Gyre (�0.14– 0.26 m�1), consistent with a slight pole-
ward trend of increasing a325 in open ocean waters due to 
a poleward decrease in CDOM photolysis rates and an 
increase in mixed layer depth (Nelson and Siegel, 2002). 
However, since not all wavelengths showed the same dif-
ference between samples (see Figure 4; e.g., aλ �290 nm 
were smaller in the Ross Sea compared to the Sargasso 
Sea), care should be taken in extrapolating trends for all 
wavelengths given that there are likely regional differences 
in spectral shapes due to differences in CDOM source and 
removal pathways.

The supposition that CDOM photobleaching rates 
are slow in Antarctic waters is supported by fi eld evi-
dence. When 0.2-�m-fi ltered Ross Sea seawater samples in 
quartz tubes were exposed to sunlight for approximately 
eight hours, no measurable CDOM photobleaching was 
observed. This contrasts results from the Sargasso Sea or 
other tropical and temperate waters, where �10% loss in 
CDOM absorption coeffi cients is observed after six to eight 
hours of exposure to sunlight (D. J. Kieber, unpublished 
results). This difference is likely driven by lower actinic 
fl uxes at polar latitudes. However, differences in DOM 
reactivity cannot be ruled out. In addition to direct pho-
tobleaching experiments, no evidence for photobleaching 
was observed in aCDOM depth profi les. At 300 nm, for ex-
ample, absorption coeffi cients were uniform in the upper 
100 m or showed a slight increase near the surface (Figure 
8), a trend that is opposite of what would be expected if 
CDOM photolysis (bleaching) controlled near-surface aλ. 
It is also possible that mixing masked photobleaching, but 
this was not evaluated.

ABSORPTION COEFFICIENT AT 443 nm

Understanding what controls spatial and temporal 
trends in near-surface light attenuation is critical to accu-
rately interpret remotely sensed ocean color data from the 
Sea-viewing Wide Field-of-view Sensor (SeaWiFS) or future 
missions (see Smith and Comiso, 2009, this volume). One 
of the primary limitations in using satellite ocean color data 
to model CDOM distributions is the lack of directly mea-
sured CDOM spectra in the oceans for model calibration 
and validation, particularly in open oceanic environments 
and polar waters (Siegel et al., 2002). The 443 waveband 
corresponds to the chl a absorption peak and is often used 
in bio-optical algorithms for pigment concentrations, al-
though model estimates suggest that CDOM and detrital 
absorption account globally for 	50% of total nonwater 
absorption at this wavelength (Siegel et al., 2002).  During 
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our cruise, chl a concentrations varied one-hundred-fold, 
while a443 varied approximately 35% and showed no cor-
relation to chl a. In the upper water column, a443 was, 
on average (� SD) 0.032 (�0.011) m�1, with no differ-
ence observed in prebloom values (0.031 � 0.011 m�1) 
compared to values obtained during the bloom (0.033 � 
0.012 m�1). These observations fall within the range of 
wintertime zonally predicted values for southern latitudes 
between approximately 60° and 75°S (�0.009– 0.05 m�1) 
(Siegel et al., 2002) and suggest that the phytoplankton 
bloom is not directly responsible for the observed CDOM 
absorption.

While we do not have direct observations to calculate 
the contribution of CDOM absorption to total absorp-
tion, Kd(λ) values allow us to assess the contribution of 
CDOM to total light attenuation. Kd(λ) calculated from 
upper ocean optical profi les is the sum of component Kd(λ) 
from pure water, CDOM, and particulate material (phyto-
plankton and detritus). The contribution from particulate 
material can be determined using Kd(λ) from pure water 
(Morel and Maritorena, 2001) in conjunction with mea-
sured CDOM absorption coeffi cients. To a fi rst approxima-
tion the majority of the particulate matter is expected to be 
living phytoplankton, as the Ross Sea is spatially removed 
from sources of terrigenous material. At the prebloom sta-
tion R10A, the chl a concentration in the upper 30 m was, 
on average (�SD), 0.51 (�0.04) �g L�1 and Kd(443) was 
relatively low (0.0684 m�1). Pure water contributed 14.5% 
of the total attenuation at 443 nm while CDOM accounted 
for 42.8% (�4.7%) (avg � RSD) of the non water absorp-
tion, with 57.2% (�4.7%) accounted for by particles. At 
the bloom station R14D, the average chl a concentration 
was an order of magnitude greater (6.87 � 1.4 �g L�1), 
and pure  water contributed 2.1% of the total attenuation at 
443 nm. Chromophoric dissolved organic matter accounted 
for only 3.5% (�0.9%) of the total nonwater attenuation, 
with particles contributing the remaining 96.5% (�0.9%). 
Not surprisingly, this confi rms that the attenuation of blue 
and green wavelengths was dominated by particles and not 
by dissolved constituents during the bloom.

Many of the current suite of satellite algorithms (e.g., 
OC4v4, O’Reilly et al., 2000) have been shown to poorly 
predict chl a in the Southern Ocean, potentially because of 
the unique optical properties of large Phaeocystis antarc-
tica colonies or the assumption that water column optical 
properties covary with chl a (e.g., Siegel et al., 2005). Our 
results confi rm that semianalytical approaches, which in-
dividually solve for optical components, are necessary to 
describe the decoupling of CDOM and particulate mate-

rial during Phaeocystis antarctica blooms in the Ross Sea 
and ultimately allow accurate chl a retrievals.

SPECTRAL SLOPE

The spectral slope (S) varies substantially in natural wa-
ters, and it has been used to provide information about the 
source, structure, and history of CDOM (Blough and Del 
Vecchio, 2002). However, while spectral slopes have been 
reported in the literature for a range of natural waters, they 
are nearly impossible to compare because of differences in 
how S values have been determined and because different 
wavelength ranges have been considered (Twardowski et 
al., 2004). Indeed, when we employed a nonlinear fi tting 
routine to determine the spectral slope over several broad 
wavelength ranges, a range of S values was obtained for 
the same water sample [e.g., 0.0159 nm�1 (290– 500 nm), 
0.0124 nm�1 (320– 500 nm), 0.0118 nm�1 (340– 500 nm), 
0.0133 nm�1 (360– 500 nm), 0.0159 nm�1 (380– 500 nm), 
0.0164 nm�1 (400– 500 nm)]. These variations in the slope 
indicate that Antaractic aλ spectra do not fi t a simple expo-
nential function, as also observed by Sarpal et al. (1995) for 
samples along the Antarctic Peninsula. Therefore, instead 
of computing S over relatively broad wavelength ranges, 
we chose instead to compute S over two relatively narrow 
wavelength ranges proposed by Helms et al. (2008), 275– 
295 nm and 350– 400 nm. These wavelength ranges were 
chosen because they can be determined with high precision 
and they are less prone to errors in how the data are mathe-
matically fi t relative to broad wavelength ranges (e.g., 290– 
700 nm; Helms et al., 2008). Additionally, the ratio, SR, 
for these two wavelength ranges should facilitate compari-
son of different natural waters. In our study, the spectral 
slope between 275 and 295 nm was in all cases signifi cantly 
higher than at 350– 400 nm (�0.028 nm�1 versus �0.013 
nm�1, respectively), and SR was low, ranging between 1 and 
3, with an average value of 2.32 (e.g., Figure 9C).

Our SR are similar to coastal values observed in the 
Georgia Bight (avg � SD: 1.75 � 0.15) and elsewhere even 
though aλ in coastal areas are much higher than we ob-
served in the Ross Sea (e.g., 	1 m�1 versus �0.3 m�1 at 
300 nm, respectively). Likewise, the SR values we found in 
the Ross Sea are much lower than those observed in open 
oceanic sites, where values as high as 9 or more have been 
observed (Helms et al., 2008). Helms et al. (2008) found 
a strong positive correlation between SR and the relative 
proportion of low molecular weight DOM versus high mo-
lecular weight (HMW) DOM in the sample. If the results of 
Helms et al. can be extrapolated to Antarctic waters, then 
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our low SR results would suggest that the Ross Sea samples 
contained a relatively high proportion of HMW DOM 
compared to what is observed in oligotrophic waters. The 
relatively higher molecular weight DOM and low SR in the 
Ross Sea may be related to the lower photobleaching rates 
that are observed in the Antarctic, since photobleaching 
is the main mechanism to increase SR and remove HMW 
DOM (Helms et al., 2008).

CDOM SOURCE

The CDOM present in coastal areas near rivers and in 
estuaries in subtropical-temperate and northern boreal lat-
itudes is predominantly of terrestrial origin (e.g., Blough et 
al., 1993; Blough and Del Vecchio, 2002; Rochelle-Newall 
and Fisher, 2002a), but in the open ocean, as in the Ant-
arctic, terrigenous CDOM is only a minor component of 
the total DOM pool (Opsahl and Benner, 1997; Nelson 
and Siegel, 2002).

Phytoplankton are expected to be the main source of 
CDOM in the open ocean, although they are not thought 
to be directly responsible for CDOM production (Bri-
caud et al., 1981; Carder et al., 1989; Del Castillo et al., 
2000; Nelson et al., 1998, 2004; Rochelle-Newall and 
Fisher 2002b; Ferenac, 2006). Our results are consistent 
with this fi nding (Figure 7). With no substantial grazing 
pressure (Rose and Caron, 2007, and as noted by our 
colleagues D. Caron and R. Gast during our cruise to the 
Ross Sea in early November 2005) and very low bacterial 
activity (Ducklow et al., 2001; Del Valle et al., in press), 
it is not surprising that CDOM a300 and a340 changed 
very little during the bloom. In fact, a300 did not appar-
ently increase even during the latter stages of the Ross 
Sea Phaeocystis antarctica bloom when the microbial ac-
tivity was higher (Kieber et al., 2007: fi g. 5). This fi nd-
ing is rather remarkable since DOC is known to increase 
by �50% during the Phaeocystis antarctica bloom from 
�42 to 	60 �M in the Ross Sea (Carlson et al., 1998). 
We also observed a DOC increase during our cruise from 
background levels (�43 �M at 130 m) to 53-�M DOC 
near the surface (based on one DOC profi le obtained at 
our last station, R14F, on 30 November 2005). This dif-
ference suggests that the DOC increase was due to the 
release of nonchromophoric material by Phaeocystis ant-
arctica. Field results support this supposition, showing 
that the main DOC produced by Phaeocystis antarctica 
is carbohydrates (Mathot et al., 2000).

The temporal and spatial decoupling between DOC 
and CDOM cycles in the Ross Sea photic zone indicate 

that CDOM was produced later in the season or elsewhere 
in the water column. Since evidence from Kieber et al. 
(2007) suggests that additional CDOM did not accumu-
late later in the season, it was likely produced elsewhere. 
Previous studies have shown that sea ice is a rich source of 
CDOM (Scully and Miller, 2000; Xie and Gosselin, 2005). 
It is therefore possible that the pack ice along the edges 
of the Polynya was an important source of CDOM in the 
photic zone, especially the bottom of the ice, which was 
visibly light brown with ice algae. It is also possible that 
CDOM was produced below the photic zone and reached 
the photic layer via vertical mixing. Several lines of evi-
dence indicate that Ross Sea Phaeocystis antarctica may 
be exported out of the photic zone (DiTullio et al., 2000; 
Rellinger et al., in press) and perhaps reach the ocean fl oor 
(�900 m) (DiTullio et al., 2000), as seen in the Arctic. 
Arctic algal blooms often occur in the early spring when 
the water is still too cold for signifi cant zooplankton graz-
ing and bacterial growth (Overland and Stabeno, 2004). 
As a consequence, the algae sink out of the photic zone 
and settle to the ocean fl oor rather than being consumed, 
thereby providing a DOM source for long-term CDOM 
production in dark bottom waters. A similar phenomenon 
may occur in the Ross Sea. The possibility that CDOM 
may be generated in deep waters, with no photobleach-
ing, might explain the high photosensitizing capacity of 
this CDOM for important reactions like DMS photolysis 
(Toole et al., 2004).

Deepwater production of CDOM in the Ross Sea 
would explain why our a325 values are comparable to 
those observed by Nelson et al. (2007: fi gs. 8– 9) in deep 
water (�0.1– 0.2 m�1) and nearly the same as would be 
predicted on the basis of values in Antarctic Bottom Water 
and Antarctic Intermediate Water (average of �0.13– 0.14 
m�1). Although speculative, it is possible that CDOM 
is exported from the Southern Ocean to deep waters at 
 temperate- subtropical latitudes, which would be consis-
tent with CDOM as a tracer of oceanic circulation ( Nelson 
et al., 2007).

CONCLUSIONS

Despite the necessity of understanding the spatial 
and temporal distributions of CDOM for remote sens-
ing, photochemical, and biogeochemical applications, few 
measurements have been made in the Southern Ocean. 
Our results indicate that Antarctic CDOM shows spectral 
properties that are intermediate between what is observed 
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in coastal environments and properties observed in the 
main oceanic gyres. We suggest this trend is largely due to 
slow photobleaching rates and shading from Phaeocystis 
antarctica and other bloom-forming species that contain 
substantial MAA.

While CDOM spectral absorption coeffi cients are 
low in Antarctic waters, they are generally higher than 
surface water aλ in low-latitude, open-ocean waters, such 
as the Sargasso Sea, supporting the supposition of a pole-
ward increase in aCDOM in the open ocean. Our results 
suggest that CDOM in the Ross Sea is not coupled di-
rectly to algal production of organic matter in the photic 
zone. This indicates that case I bio-optical algorithms, 
in which all in-water constituents and the underwater 
light fi eld are modeled to covary with chl a (e.g., Morel 
and Maritorena, 2001), are inappropriate. The decou-
pling of the phytoplankton bloom and CDOM dynam-
ics indicates that CDOM is produced from sea ice or the 
microbial degradation of algal-derived dissolved organic 
matter that was exported out of the photic zone. Ross 
Sea CDOM absorption coeffi cients are similar in mag-
nitude to values in Antarctic-infl uenced deep waters of 
the North Atlantic (Nelson et al., 2007), suggesting long-
range transport of CDOM produced in the Ross Sea via 
Antarctic Intermediate and Bottom Water.
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