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Abstract. Measurements of light absorption by chro- the oxygen minimum zone of tropical regions. The origin,
mophoric dissolved organic matter (CDOM) from subsurfacechemical nature, turnover rate, and fate of this molecule is so
waters of the tropical Atlantic and Pacific Oceans showed aar unknown.

distinct absorption shoulder at 410-415nm. This indicates
an underlying absorption of a pigment whose occurrence

is partly correlated with the apparent oxygen utilization

(AOU) but also found in the deep chlorophyll maximum. A 1 Introduction

similar absorption maximum at 415 nm was also found in

the particulate fraction of samples taken below the surfacd’issolved organic matter (DOM) forms the largest reservoir
mixing layer and is usually attributed to absorption by of reduced organic carbon in the ocean. It consists of a large
respiratory pigments of heterotrophic unicellular organisms.variety of different compounds (Koch et al., 2005) which

In our study, fluorescence measurements of pre-concentratd@Present microbially or photochemically reworked remnants
dissolved organic matter (DOM) samples from 200-6000 mof biomolecules (e.g. McCarthy et al., 1998; Benner, 2002).
confirmed a previous study suggesting that the absorptiorThe overall distribution of DOM in the world’s oceans is

at ~415nm was related to fluorescence at 650nm indetermined by autochthonous and only partly allochthonous
the oxygen minimum zone. The absorption characteris-SOUrces, by photodegradation near the sea surface, and by
tics of this fluorophore was examined by fluorescenceparticulate matter remineralization in deeper waters.
emission/excitation analysis and showed a clear excitation Measurement of DOM light absorption is one method
maximum at 415 nm that could be linked to the absorptionused to describe the biogeochemistry and hydrography of
shoulder in the CDOM spectra. The spectral characteristicglifferent oceanic regions and water masses. The combination
of the substance found in the dissolved and particulateOf absorption with fluorescence characterization allows for
fraction did not match with those of chlorophyl improved insights into the chemical nature and origin of
degradation products (as found in a sample from theDOM (Stedmon et al., 2003). Chromophoric and fluorescent
sea surface) but can be explained by the occurrence ofoieties of the DOM (CDOM and FDOM, respectively)
porphyrin pigments from either heterotrophs or autotrophsrepresent only a small part of the DOM pool, but can easily
Combining the observations of the fluorescence andPe determined by optical methods. The absorption of CDOM
the 415-nm absorption shoulder suggests that there ari® the aquatic environment has a characteristic spectral shape
high concentrations of a pigment degradation product inwith a strong absorption in the UV to visible range, which

subsurface DOM of all major oceans. Most pronouncedlydecreases exponentially towards longer wavelengths. The
we found this signal in the deep chlorophyll maximum and Slope of this decrease is used to characterize CDOM sources

(e.g. Vodacek et al.,, 1997) and to describe its molecular
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composition (e.g. Helms et al., 2008). Commonly, samplesand unique among other chromophoric/fluorescent DOM
are taken near the sea surface where dissolved organimolecules in the subsurface ocean.
carbon (DOC) concentrations are highest and the CDOM The aims of our study are (i) to demonstrate the occurrence
absorption can be retrieved by satellite remote sensingof the 415-nm absorption shoulder in other oceanic regions
Therefore most scientific studies address CDOM absorptiorbesides the Arabian Sea; (i) to clarify whether the absorption
features at the sea surface. Few studies examine the CDOIsit 415 nm and the fluorescence at 650 nm originate from the
absorption in deeper waters (e.g. Nelson et al., 2007, 2010same molecule; (iii) to clarify whether it is found in either the
Del Castillo and Coble 2000; Swan et al., 2009). Due todissolved or the particulate fraction; and (iv) to investigate
photodegradation at the surface, CDOM absorption is highethe distribution of this chromophore/fluorophore in the
below the surface mixing zone. As a substantial proportionwater column and on a latitudinal transect in the Atlantic
of DOM is refractory and resists degradation for severalOcean, proofing the hypothesis by Broenkow and coworkers
thousand years (Williams and Druffel, 1987; Bauer et al.,about the global and depth distributions of this “deep red
1992), CDOM can be used to reconstruct the hydrographidluorescence”. We also tested whether solid-phase extraction
origin of a water mass (e.g. Nelson et al., 2010; Swan et al.js suitable to extract the absorbing CDOM compounds from
2009). the sea water matrix and whether the compounds are stable
Due to high concentrations of aromatic structures inin methanol solution (see e.g. Coble et al., 1990). The
DOM, a pronounced shoulder in the CDOM absorption concentrated samples are expected to provide better signal
spectrum can usually be found in the U¥ 270nm) or  to noise ratios for fluorescence analyses.
in the UVA region (Nelson et al., 2011; Steinberg et al.,
2004). A previous CDOM absorption study in mesopelagic ,
waters (600m) of the Arabian Sea showed an absorptiorf Materials and methods
shoulder in the visible wavelengths at around 415 nm (Breves2
and Reuter, 2000; Breves, 2001; Breves et al., 2003). The"

observation of the shoulder was hypothesized to be relatedeyera oceanographic cruises were conducted to collect

to a chlorophylla-like fluorescence observed in the same samples for particulate and CDOM as well as DOM extract
water depth (Breves, 2001; Breves et al., 2003). A redapsarption measurements. The first cruise (ANT-XXIII/Z,
fluorescence in subsurface waters was reported earlier frorg Polarstern Oct/Nov 2005) followed a transect from
the Pacific (Broenkow et al., 1983, 1985, 1992; Lewitus andgermany to Cape Town, South Africa, crossing the Atlantic
Br_oe“nkow, 1985). In these f’t,Ud'eS it was concluded th_at()cean along the African continent. During this cruise
this “deep red fluorescence” is a global feature found inggmples for CDOM and particulate absorption analyses were
all major oceans and at all latitudes, and that its MaximuMpy, Jinly taken from the surface and at 200-m water depth.
s associated with the oceanic oxygen minimum Zzonea; 5 stations in the tropics the entire water column was
(OMZ). In addition, it was speculated that chlorophyll - g3mpjed. One DOM extract was collected from 200-m depth.
or c_hIorophyIIa degradanon products in phyto_planktomc On the second transect cruise (ANT-XXV/1, RPdlarstern
particles are potential molecular precursors. It is, howeverygvember 2008), which covered the same region (Koch and
still unresolved whether the red fluorescence occurs in thgatiner 2012), DOM extracts were collected throughout the
particulate and/or dissolved fraction. Breves et al. (2003)\4ter column and across the Atlantic (Fig. 1). Additional
concluded that it is most likely in the dissolved phase basec%amples were collected from two other cruises for CDOM
on sample filtration and a fluorescence emission 850Nm, 54 particulate absorption measurements from the surface
which appeared in samples from mesopelagic depth whepng from 80—200-m depths: in the West Pacific offshore of

excited with light of 420 nm. This contradicts earlier results Now Caledonia (VALHYBIO, R/VL'Alis, Mar/Apr 2008)
(Broenkow et al., 1992) which often found a close correlation ;4 in the Santa Barbara Channel (California, Northeast

of the “_deep red ﬂ_uorescence” with light attenuation (mainly Pacific, RaDyO, R/\Kilo Moana, September 2008).
scattering by particles). Moreover, the exact molecular nature
of this phenomenon is still unknown. 2.2 Light absorption measurements

An unresolved guestion is also whether the fluorescence at
650 nm emits from the chromophore that absorbs at 415 nmThe light absorption of dissolved (CDOM) and patrticulate
If this is true, the observation of the 415-nm absorption matter, acgom and a,, respectively, was measured during
shoulder in the visible spectral range and the “deep redANT-XXIII/1 using a point-source integrating cavity
fluorescence” in the subsurface waters are most likely linkedabsorption meter (PSICAM) as described irtigers et
The observed “deep red fluorescence” would then provideal. (2007) and Bttgers and Doerffer (2007). For this,
evidence that this specific chromophore/fluorophore occur¢ghe sample absorption was measured before and after
globally and throughout the water column, and its opticalfiltration (0.2 um), and the absorption of the filtered fraction
characteristics provide evidence that it is of pigment originwas subtracted from the unfiltered sample absorption to

obtain particulate absorption. During the RaDyO cruise the

1 Sampling
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60° N applying a vacuum of 200-300 mbar. Prior to absorption
measurements, filtered samples were adjusted to the same
temperature as the reference (ultra pure water) to minimize
temperature effects. However, slight temperature differences
as well as the difference between the salinity of the
samples and reference water were individually corrected,
using instrument-specific correction coefficients obtained
from measurements of concentrated NaCl solutions. Light
absorption (350-700nm, 2nm resolution and slit width)
of the methanol DOM extracts were measured in the
laboratory against pure methanol as a reference in a Lambda
850 spectrophotometer (Perkin Elmer) using 1-cm path
length quartz glass cuvette. The resulting spectra of the
ANT-XXV/1 samples were, however, too noisy to resolve the
shoulder and perform the following least-square fit.

To determine the absorption of an observed chromophore
at ca. 415 nm, the CDOM and particulate absorption spectra
of water samples were analyzed with a least-square fit as
done by Breves et al. (2003). The absorption was fitted in
the range of 370-600 nm to:

40° N
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o
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The term on the left side of the equation refers to a typical
40° S — — — —] exponential increase of the CDOM spectrum with decreasing
20°W 10°W O0°E 10°E 20°E wavelength with the slope and the absorptiom(ro).
Longitude The term in the middle is a Gaussian function used for the
additional absorption of a 415-nm chromophatg(rg) =
Fig. 1. Geographic positions of relevant sampling stations duringa»/(o+/27), whereo is the width parameter of the Gaussian
the cruises ANT-XXIII/1 (November 2005) and ANT-XXV/1 function. The last ternuz is an absorption parameter to
(November 2008). Shown are the positions of regular samplingcorrect for offsets in the absorption at longer wavelength.
stations (solid circles) and those of the five stations at which theAppIying the exponential fit to our samples, the best fits were
whole water column was sampled (stars). obtained for.g = 415 ando= 25 nm.

2.3 DOM extraction

absorption by CDOM was measured additionally using apony was extracted from 5-L filtered (GF/F, Whatman)
2-_m path length liquid core waveguide capillary cell (LWCC; gqovater samples using solid-phase adsorption (1-g PPL
Miller et al., 2002). All PSICAM and LWCC measurements ¢ yriqges, Varian) according to Dittmar et al. (2008).
were done shortly after sampling % h) onboard of the ship,  g4jig_phase extractable DOC (SPE-DOC) accounted far 42

using ultrapure water (MilliQ, Gradient, Millipore) as the 6% of the total DOC A = 138); and 22+ 11 % of the DON
reference. Measurements were done at least in triplicates ang, 5 solid-phase extractable £ 128). For details of the

averaged. The absorption coefficieat, was calculated as oy action method see Flerus et al. (2012).

a=—InT/L [m~1], whereT is the transmission and the

corrected optical path length of the capillary cell, as provided2 4 Eluorescence measurements

by the manufacturer (WPI Inc.). Comparison of both CDOM

absorption methods revealed insignificant differences, bufluorescence emission and excitation spectra from the

the LWCC had a wider wavelength range and was preferrednethanolic DOM extracts were recorded with an Aminco-

when available. Bowman Serie 2 Luminescence Spectrometer in a 1-cm
CDOM filtration was done using cleaned glass filtration path length quartz glass fluorescence cuvette. Due to the

units. After rinsing with 50-100mL of the sample, the small sample volumes, excitation-emission matrices (EEM)

first filtration was performed through pre-combusted GF/Fwere recorded for selected samples only using different

filters (Whatman) under low vacuum<(00 mbar) to avoid wavelength ranges and signal amplification to amplify low

breakage of phytoplankton cells. The second filtrationfluorescence features at500 nm. EEM measurements were

(0.2 um; washed GWSP filters, Millipore) was carried out done with a resolution of 2nm, band widths of 4nm for
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0.08 T T I I T 3 Results
. s“gfzace 3.1 CDOM absorption
—_— m
- _ 0.06 —— 110m
E - == 200m The CDOM absorption spectra from the sea surface
s e gggm measured during ANT-XXIII/1 showed a typical spectral
'g 0.04 - == 2000m ] distribution in the UVA to visible (VIS) range (380—700 nm),
5000 N N N\ e i.e. an exponential decrease with increasing wavelength
2 without pronounced structures. Along the depth profile
< 0.02 CDOM absorption was lowest at the sea surface and typically
...... highest in depth between 100 and 1000 m. Figure 2 shows the
""""" CDOM absorption spectra of the sample profile taken in the
0.00 tropical Atlantic Ocean. Apart from generally higher CDOM
400 450 500 550 600  apsorption in the subsurface water, there was a pronounced
Wavelength [nm|] absorption shoulder at ca. 415nm for intermediate depths

(110-800m). Even at higher depths this absorption was
Fig. 2. Light absorption of CDOM in the tropical Atlantic Ocean still observable by a divergence of the exponentially to a
(12°’S, 2 W) in November 2005 (ANT-XXIII/1) as a function of  more linearly decreasing curve. The “typical” exponential
wavelength, given for water depths between the surface and 6000 tyacrease in the CDOM absorption spectra was only found

in samples from the sea surface, whereas the shoulder was
und in nearly all samples from depths below the surface

o o 0
excitation (Ex) and emission (Em), and a scan speed 0{nixing zone (40-100m) as well as in depths of the deep

5-10nms?t for (i) Ex: 250-500nm, Em: 270-500nm, . . o
(i) Ex: 380-680nm, Em: 400-700nm, and (i) Ex: Eg'grgrz’h%"g‘gaxz';n”m (DCM) just below the mixing layer

?hseos_e‘l?r?rgg] ’mEaTr;CSeio\;vZ?g r;r;]}g:l?zzgotfs{ﬁingem;:gir(]:zlt?ocr)l Five depth profiles in the tropical Atlantic Ocean were
; . examined to test if a chromophore underlies the absorption
value (PMT voltage: 550-750 V) to adjust for the differences P P

in the signal amplification. For several samples i) singleShOUIder at ca. 415nm. For this, the absorption of the
e ' . chromophore and the absorption of the remainin
emission spectrax370-700nm) were recorded with an b de 415 nm pu ning

o o ... CDOM (ag 415 nm Were determined as described above and
g;gg?rgolgggvﬁri? %vsgr:ngegg?dgrg' ]%':de(:iizggfseg?tzgg?plotted with the pro.fi'les .of the potential water density)(
. . apparent oxygen utilization (AOU), and chlorophyl- like
650, 670, and 720 nm. For these single scans the signal t uorescence (fthl; Fig. 3). The values fotic 415 nmWere
noise level was reduced by applying a slower scan Speeglose to zero at tHe surface and varied from 0.005 to 0.017
(1-2nms™), multiple scans/( = 5—10) thatwere averaged, -1 pejo\y the surface mixing zone, wheregs1s nmvaried
and a band width of 8—16 nm for the fixed monochromatorfrom 0.1 to 0.2m! and from 0.3 to 0.7 m%, respectively.

((j|.e: for e-m|§5|on durln? texcnﬁmon chngl.aﬂg. ?Xc't‘.”:t'or;ln the most pronounced cas&; 415 nm represented 30 %
thu”rl]Eg eml_sstl'on scags). tn ernaty recq; edllg tl'n er;3| %/ %ot the CDOM absorption at 415 nmad415 nm+ ag 415 nm-
e Ex variation and instrument specific correction factors, -, profiles a close correlation betwee 415 nm and

for E.X and Em_ were used fo correct the raw spectra. Inthe AOU was observed. Linear regression analysis of the
addition, inner filter effects were corrected using absorbanc%a,[a of all profiles shows also a good correlatioR £
measurement of the sample according to the method b 69, n =44, p <0001). The strong AOU maximum
Lakowicz (1999). For all measurements pure methanol Wasi.é. t1he oxyg,en con'centration minimum, ranged from jL,JSt
used with the same scan speed, band width, and amplificatio elow 100m to about 1000 m in this reé;ion with a lower
settings for a subsequent subtraction of Raman and Ra\yleiggXtent at 25°S. However, higher values chz;15 L were

scattering. The spectra were not further calibrated as t_he¥ietected above the AOU maxima, close to the typical deep
were primarily used to show structural but not concentranonChlorophyll fluorescence maxima (CFM). Excluding values

differences between samples from the surface and subsurfa(fpom the CEM leads to an even better correlation between
waters. For some spectra, the fluorescence was normalized Bc(): 215 nmand AOU ¢2 = 0.89, n = 33, p < 0.001). CDOM

the maximum signal or to the measured absorption at 415 nmabsorptionﬂg 415 nm i less strongly correlated with AOU

(r2=0.27, n =44, p <0.001) and in two cases (28l
and 12 N) showed highest values in the CFM, not in the
AOU maximum. Regular water sampling at 200-m water
depth showed a higher CDOM absorption at 415nm in the
tropics between 20N and 15 S (Fig. 4, upper panel). The
depth profiles in Fig. 3 show that the valuesagfs1s nmat
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Fig. 3. Depth profiles of seawater density anomaty; apparent oxygen utilization, AOU; chlorophyitlike fluorescence, fthl; the
absorption of the 415-chromophoi®, 415 nm and the absorption of the remaining CDOM, 415 nm i-€. acdom Minusac. Shown are
five profiles taken between 28l and 25 S in the eastern Atlantic Ocean in November 2005 (ANT-XXI1I/1).

200 m are close to the maximum values found in the oxygera sensitive method to determine particulate absorption;
minimum between ca. 2N and 13 S, and are hence a good nevertheless, the absorption was often below the detection
representative ofic 415 nmin the whole water column. The limit. Therefore, measurements could only be carried out
absorption of the chromophore; 415 nmy varied during the  for the samples from the SBC and a few samples from the
latitudinal transect between 0.0046 and 0.0173 ifFig. 4, Atlantic Ocean (Fig. 6). The spectra showed an absorption
lower panel), with the highest values in the tropics. maximum at 415 nm in all samples from 90-200 m and no
Additional samples from water depths of up to 200 m pronounced maxima in samples taken from depthO00 m

taken from the shallow Santa Barbara Channel (SBC,n the Atlantic Ocean. The absorption spectra from these
Californian coast, Northeast Pacific, bottom depth ca. 200 mdeep water samples showed a typical detritus absorption,
and offshore of New Caledonia (West Pacific, bottom depthi.e. an exponential decrease with increasing wavelength
>2000m) were included in this study. In both regions anwith a slope lower than the slope for CDOM absorption.

absorption shoulder at 415 nm was found in the depths belowrhe particulate absorption at 415nm was lower than the
the mixed surface layer (Fig. 5), whereas the surface samplegspective CDOM absorption due to the high concentration
showed typical surface CDOM spectra without a visible of DOM compared to particulate organic matter (POM). The

shoulder (data not shown). particulate absorption of the 415-nm chromophegeys nm
of the Atlantic Ocean samples from the depth of 200 m was
3.2 Particulate absorption determined by a least-square fit and ranged between 0.0029

and 0.0044 m?.

The particulate absorption was determined for each sample

to check whether the CDOM absorption was derived from3.3 DOM fluorescence and absorption: original water

the particulate fraction X 0.2um). At the surface the and methanol extracts

particulate absorption in the ocean is usually dominated

by phytoplankton pigment absorption, whereas in the deegn November 2005 (during ANT-XXIII/1) only a single
sea it is dominated by heterotrophs (mainly bacteria) anddOM extract was collected from a 200-m sample to verify
non-living matter. Surface samples and samples from thehe occurrence of the shoulder in concentrated DOM samples
DCM were ignored as the phytoplankton pigment maximaand to further analyze a possible fluorescence associated
and shoulders mask the distinct shoulder at 415 nm. On thevith the 415-nm absorption shoulder. This DOM methanolic
other hand, particulate absorption in the deep sea is vergxtract showed the same absorption shoulder at 415nm
low and, thus, difficult to measure. The PSICAM provides as the original water sample (Fig. 7), proving that DOM

www.biogeosciences.net/9/2585/2012/ Biogeosciences, 9, 2885-2012
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Fig. 4. Latitudinal distribution of the CDOM absorption at 415 nm oooltl o v v b b b
in the eastern Atlantic Oceang1s nm (Upper panel); and 415-nm 400 450 500 550 600

chromophore absorptiom; 415 nm and normalized fluorescence
excitation,Ex415 nm (both lower panel). Measurementsafis nm
andac 415 nmwere done in November 2005 during ANT-XXIII/1 . . .
directly on water samples (open symbols) and thoseuf@g nm Fig. 5. Light absorption of CDOM from subsurface depths
and Exq15 nm in November 2008 during ANT-XXV/1 on DOM (80—_200_m) of samples fr_o_n(a) the Santa Barbara Channel
extracts (closed symbols). Note the differences in axis scale of théé: alllgorn_la, Vblor:hpe as_;_ Pacific) angb) from offshore of New
upper panel, probably due to incomplete sampling and extraction aledonia (West Pacific).
the absolute absorption determined from the extract is lower by a
factor of four.

Wavelength [nm]

at 415 nm most likely corresponds to the CDOM absorption
shoulder found at the same wavelength in the extract.

To examine the geographic distribution of the 415-nm
extraction was a good method to concentrate DOM forfluorophore, excitation spectra of each sample were recorded
a later lab analysis. Then, in November 2008 (duringwith the same fluorometer settings and amplification, and
ANT-XXV/1), a set of DOM extracts from the surface thereafter normalized. With the exception of one sample
and several depths down to the sea bottom were collectedrom >4000 m, pronounced maxima at 415 nm were mainly
Figure 8 shows the composite of three matrices of onefound in the 200-m samples (Fig. 10). Surface samples
sample from the sea surface and one from 200 m. Thershowed smaller maxima, only pronounced in one sample.
is a strong maximum at 330 nm/420 nm (Ex/Em) in both As there was a significant excitation at 415nm even in
samples and some smaller peaks in the UV and short-VISsamples from the surface, this background excitation from
The surface sample showed a low but distinct maximum atther chromophores in the DOM molecules was subtracted
410 nm/670 nm, whereas a similar maximum in the 200 mby using the excitation at 370 nm (outside of the 415-nm
sample occurred at 415nm/650 nm. The relevant emissiomaximum) and the mean ratio of Ex 370 nm/Ex 415 nm from
spectra are shown in Fig. 10a. The spectral absorptiorthe surface samples. Thereby the 415-nm excitation of the
related to these emissions were examined by single excitatiofluorophore is calculated. The geographic distribution of this
spectra (Ex: 370-630/-650/—690 nm, Em: 650/670/720 nmnormalized 415-nm excitation from north to south is shown
respectively). The emission wavelength of 720 nm was usedn Fig. 4 (lower panel). The CDOM absorption of the extract
to examine absorption features around the emission maximat 200 m showed high values in the highest latitudes (Gulf
for each sample. Figure 10b shows the excitation spectra foof Biscay), low values in the subtropics (40228) and high
these two samples (surface and 200 m). The surface sampl@lues in the tropics with distinct maxima north and south of
showed a strong excitation maximum at 415 nm and smallerthe equator. The absolute absorption was lower than those
and rather narrow maxima at ca. 509, 538, 608 and 665 nmmeasured earlier during ANT-XXIII/1 on original water
The sample from 200-m depth had a distinct maximum atsamples by a factor of four, probably due to a low DOM
415 nm and smaller, broad maxima at ca. 512 and 552 nmextraction efficiency. The 415-nm excitation maximum at
and no clear features at 600 nm. The excitation maximum 200-m depth was low at higher latitudes, steadily increasing

Biogeosciences, 9, 2583596 2012 www.biogeosciences.net/9/2585/2012/



R. Rottgers and B. P. Koch: A dissolved pigment in oceanic subsurface waters 2591

0020 T I LN D I N D D B B B D NN B B I T 1T 005 T I T 1T | T 1T | T T T I T T T
Atlantic Ocean R 200 m
- — 0.04 -
B}
5 0.03 —
£ 002 A
B 2 - === original
g < o001 — extract _|
=
= 0.04 — 400 450 500 550 600 000 S S S S S
g Santa Barbara Channel 400 450 500 550 600
< Wavelength [nm]
Fig. 7. CDOM absorption spectra of a methanolic DOM extract
from 200m and the absorption of the corresponding original
sample. The absorption of the extract was adjusted to fit to the
absorption of the original sample. Deviations<s880 nm are due
to larger measurement errors of the regular sample absorption at

these wavelengths in the PSICAM measurements.

1 I 11 1 1 I 11 1 1 l 11 1 1 l 11 1 1
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Wavelength [nm] which showed the same absorption shoulder (personal
communication).
Fig. 6. Light ab§0rption by particles of sf’;\mples from subsurface  The particulate absorption spectra from the subsurface
depths taken in(a) the westem Aflantic Ocean (200m and \ .ier samples in the Atlantic Ocean and SBC also showed
>2000m), and(b) the Santa Barbara Channel (California, . . - .
Northeast Pacific, 80200 m). an absorption maximum at 415 nm (Fig. 6). Thg absorption
of the chromophore in the particulate fraction of the
200-m samples from the Atlantic Ocean was lower than
throughout the subtropics and highest in the tropics (Fig. 4/n the CDOM fraction. If the same chromophore occurs
lower panel). in both fractions, it is likely that particles are the source
for the dissolved chromophore. It should be noted that
4 Discussion in most cases the particulate absorption of deeper water
was below the detection limit. The particulate fraction
in deeper water consists mainly of detrital matter and
bacteria. Surface detritus showed a similar exponentially
The CDOM absorption spectra from the subsurface watelgecreasing absorption as CDOM:; this can be assumed for
samples in the eastern Atlantic Ocean showed a cleappen ocean deep waters as well. Absorption by non-colored
absorption shoulder at ca. 415nm that is similar to themarine bacteria (or heterotrophic flagellates, ciliates) usually
shoulder found in the Arabian Sea in 600m (Breves andshows a strong maximum of the respiratory enzyme
Reuter, 2000; Breves, 2001; Breves et al., 2003). Theje. cytochromec) which absorbs strongest around 410
shoulder was absent in samples from the sea surfacqg 415nm (Yentsch, 1962; Morel and Ahn, 1990, 1991;
most pronounced at depths below the surface mixing layergiramski and Kiefer, 1990); a similar absorption maximum
i.e. in and below the DCM, and extended into the OMZ. s found here in the particulate fraction.
The underlying 415-nm chromophore absorption was partly
correlated with the extent of the oxygen minimum, as can4.2 CDOM extracts
be seen from the AOU profiles in the tropical Atlantic
(Fig. 3). This chromophore was also found in subsurfaceThe CDOM absorption shoulder of the seawater samples
coastal waters of the Santa Barbara Channel and in offshorevas also found in the methanolic DOM extracts (Fig. 7).
waters near New Caledonia, both in the Pacific OceanThe fluorescence analysis of these extracts was initiated
Considering that it was earlier found in the Indian Ocean,by the observation of a specific fluorescence at 660 nm
it is likely that it is a typical feature of the subsurface (Ex: 420nm) in the OMZ of the Arabian Sea (Breves,
CDOM in all major oceans, although our samples were taker2000; Breves et al., 2003). The authors speculated that this
mainly in the subtropics and tropics. For verification we fluorescence was related to a 415-nm CDOM absorption
checked the absorption characteristics of a data set from thehoulder observed in the same depths. However, there
same area derived from the “ICESS Global CDOM Project” was still no evidence that these two observations originate

4.1 CDOM and particulate absorption of subsurface
waters
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550

characteristics, e.g. Jeffrey et al., 2007). The absorption
characteristic of the chromophore in the subsurface water
was clearly different from these chlorophyll derivatives.
First, there was no strong absorption maximum in the red
region (650-670 nm), and second, the strong Soret maximum
was shifted to 415 nm with the minor maxima being broader
and at longer wavelengths (Fig. 9). In conclusion, the specific
chromophore/fluorophore of the subsurface samples was not
APSS directly related to that found in surface waters. Its absorption
e IRE e [ and fluorescence characteristics fit more to a non-chlorin
600 700300 400 5 porphyrin molecule. We tried to identify target structures and
Fmission wavelength (nm] molecular formulas in the data sets for this issue (Flerus
Fig. 8. Fluorescence excitation-emission matrices of a sample takerft &l 2012; Hertkorn et al., 2012). Although Hertkorn et
at the surface (left panel) and at 200-m depth (right panel) in@l. identified nitrogen heterocycles which might be related
the east Atlantic Ocean during ANT-XXV/1. Each graph shows a to a porphyrin, its molecular identification is still subject to
composite of three matrices recorded from the same sample wittongoing research.
different detector amplification to adjust for the low fluorescence
emission at longer wavelengths. Note that fluorescence is given i} 3 Geographic distribution
arbitrary units and amplification differences between measurements
are not adjusted to see the otherwise faint ExX/Em maxima at Ionge[n addition to the determination of the chromophore

wavelength in more detail. absorption at 415 nmgc 415 nm the 650-nm fluorescence
can be used to roughly quantify the 415-nm chromophore.
Therefore excitation spectra (Em: 650 nm) were recorded for
from the same molecule or compound. The fluorescenceach extract. The normalized excitation at 415nm and the
EEM analysis showed EX/Em maxima, particularly aroundac 415 nmVvalues were used as an indication for the 415-nm
330/420 nm, which are typical for oceanic DOM (e.g. Coble, chromophore concentration over the latitudinal transect in
1996; Coble et al., 1998). In addition, there are distinctthe Atlantic Ocean between 5B and 25 S during the
maxima with emission at longer wavelengths, which aresame season (October/November) of two different years.
usually not measured in most DOM-EEM studies due toThe chromophore concentration was high in the tropics
the very low fluorescence signal (exception: Coble et al.,when the CDOM absorption was high as well. There
1998). Samples derived from the surface and from 200 mwas a significant correlation between the chromophore
showed a peak at 410/670 nm (Ex/Em) and at 415/650 nm¢oncentration and the general CDOM concentration in the
respectively (Fig. 8). For the surface sample the peak fitdropical Atlantic Ocean dc 415 nm VS. @415 nm 2= 0.87,
well to the fluorescence of chlorophyllor its degradation »n =20, p < 0.001), whereac 415 nm represented between
products (Peak P, 410nm/680nm in Coble et al., 1998)20 and 30% of theis15 nm in the subsurface water. The
The small wavelength shift in the emission and excitationlower values at 200m in the south are partly due to the
maximum compared to that found by Coble et al. (1998)fact that the OMZ is at higher depths than north of $5
could be explained by the different solvent (methanol vs.and hence, are related to differences in the water masses.
water). The peak at 415 nm/650 nm was not described earliellowever, the low sample resolution prevents resolving how
neither for surface nor for subsurface DOM samples. Only athe 415-nm chromophore is related to the specific water
660-nm emission (for 420-nm excitation) was observed inmasses. There is strong evidence that the 415-nm absorption
situ (Breves, 2000; Breves et al., 2003). It is most likely thatshoulder is directly related to the fluorescence at 650 nm.
this 660-nm emission peak is derived from the same commorThis fluorescence most probably can be detected by regular
fluorophore. chlorophyll  fluorometers. For example, a relatively high
The excitation spectrum can be used to get information orchlorophyll-like fluorescence was found in the deeper water
the related spectral absorption for each emission maximum(Fig. 3), even higher in the OMZ, similar to the fluorescence
The fluorescence at 650nm is linked to an absorptionprofile observed by Breves et al. (2003), but there was no
maximum at 415nm, whereas the emission at 670 nmchlorophyll-like fluorescence detectable in the samples from
relates to absorption at 410nm (Fig. 8). The absorptionthe subsurface water. However, the fluorescence emission at
characteristics of each fluorophore were further analyzed50 nm was likely detected earlier as “deep red fluorescence”
by more precise excitation spectra (Fig. 9). The underlying(Broenkow et al., 1983, 1985, 1992; Lewitus and Broenkow,
chromophore for the 670-nm fluorescence at the sea surfacE85 (their “third” fluorescence maximum); and by Breves
showed the characteristic absorption of a chloroplyll and co-workers (Breves and Reuter, 2000; Breves, 2001,
degradation product, e.g. pheophytih pheophorbides, Breves et al., 2003)). Breves and co-workers reported this
protopheophorbide: (which all have the same absorption fluorescence from the Arabian Sea in the tropical Indian

5004
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Ocean, and Broenkow and co-workers from the eastern £ 0.5 —
Pacific Ocean ranging from tropical to temperate regions. ’g
Broenkow and co-workers were one of the first to measure 7, 0.0 = L b Lo
red fluorescence in deeper waters. Previously, Lewitus and % 25 400 450 500 250 690
Broenkow (1985) speculated from their observations that 2
the maximum of the deep red fluorescence is associatec & 20 >4000 m
with the OMZ and that it might be a geographically E
widespread feature. Combining the observation of the deep
red fluorescence with that of the 415-nm absorption shoulder, |
this specific chromophore/fluorophore can be found in
tropical regions of all major oceans, as well as in subtropical _
and temperate regions of the Pacific Ocean. Concentration:
in the temperate to subtropical Atlantic Ocean were relatively ool b v v v v by by
low, but still detectable. The “third” fluorescence maximum 400 450 500 550 600

(Broenkow et al., 1983) was found in depths of the OMZ, Wavelength [nm]

and the extent of the 415-nm absorption shoulder was o o .

high in the OMZ correlating with the AOU. However, the Fig. 10. Excitation spectra for the 650-nm emission maxima for

absorption shoulder was also high in depths of the' DCMsampIes taken in the eastern Atlantic Ocean during ANT-XXV/1

below the vertical mixing zone in the tropical Atlantic. at(a) the surface(b) 200 m depth(c) depths of- 4000 m.

Any red fluorescence by this fluorophore might be covered

by chlorophyll fluorescence from phytoplankton in the . o

DCM. Broenkow and co-workers, however, observed a%-4 Possible origin of the chromophore/fluorophore

clear fluorescence minimum between the surface maximum .

and the “third” maximum. which could not be observed Our data show that an absorption shoulder at around
yet for the absorption shoulder, probably due to the low415nm is observed in the dissolved and in the particulate
vertical resolution. More information is needed to resolve thefraction in samples from subsurface depth in the ocean.
relationship between OMZ and this fluorophore, but from We assume that the chromophore in the particulate fraction
the absorption results it is clear that it does not exclusively!S theé same as in the dissolved fraction, although with
occur in the OMZ, as the absorption shoulder was also found® clearly lower concentration. It can therefore be stated

in about 100-200 m of the Santa Barbara Channel, a coastiftat this 415-nm chromophore was generally found in
environment. the “dissolved” phase. It probably originates from the

particulate fraction either from bacteria or detrital particles
sinking down from the euphotic zone. Earlier observations
were contradicting: Broenkow et al. (1992) concluded from
an often significant correlation with attenuation (mainly
scattering by particles) that the deep fluorescence originates
from the particulate fraction, whereas Breves et al. (2003)
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