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Abstract

Ž . Ž .The direct photooxidation of coloured dissolved organic matter CDOM to dissolved inorganic carbon DIC may
provide a significant sink for organic carbon in the ocean. To calculate the rate of this reaction on a global scale, it is

Ž . Žessential to know its quantum yield, or photochemical efficiency. We have determined quantum yield spectra, f l , moles
.DICrmole photons absorbed for 14 samples of seawater from environments ranging from a turbid, eutrophic bay to the

Gulf Stream. The spectra vary among locations, but can be represented quite well by three pooled spectra for zones defined
Ž . yŽ6.66q0.0285Žly290.. Ž . yŽ6.36q0.0140Žly290..by location and salinity: inshore f l se ; coastal f l se ; and open ocean

Ž . yŽ5.53q0.00914Žly290..f l se . Production efficiency increases offshore, which suggests that the most highly absorbing and
quickly faded terrestrial chromophores are not those directly responsible for DIC photoproduction. q 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction

ŽThe photochemical oxidation of coloured or
.chromophoric dissolved organic matter, CDOM, is

important for carbon cycling in the ocean. Photo-
chemical oxidation in the coastal zone may provide
the unknown sink for terrestrial dissolved organic

Žcarbon, DOC Kieber and Mopper, 1987; Kieber et
al., 1989, 1990; Mopper et al., 1991; Valentine and
Zepp, 1993; Miller, 1994; Moran and Zepp, 1997;
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.Vodacek et al., 1997; Johannessen, 2000 . In the
open ocean, it provides a hitherto unquantified, but
possibly important, sink for DOC produced in situ
Ž .Mopper et al., 1991 . Biologically and chemically
reactive photoproducts can participate in secondary
transformations of organic carbon. Biologically la-
bile photoproducts include ammonium and amino

Ž .acids Bushaw et al., 1996 , and low molecular
Žweight organic compounds Kieber et al., 1989, 1990;

Wetzel et al., 1995; Ratte et al., 1998; and review by
. ŽMoran and Zepp, 1997 . Hydroxyl radical Mopper

and Zhou, 1990; Zhou and Mopper, 1990; Zepp et
. Žal., 1992 , oxygen radicals review by Blough and
. ŽZepp, 1995 , total free radicals Zafiriou and Dister,

. Ž1991 , hydrogen peroxide Moore et al., 1993; Siko-
.rski and Zika, 1993; Miller and Kester, 1994a ,
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Žreduced iron Finden et al., 1984; Miller and Kester,
. Ž .1994b , and COS Andreae and Ferek, 1992 are

among the chemically reactive species formed.
CDOM can also be photomineralized directly into

Ž .various inorganic carbon gases. Mopper et al. 1991
reported that carbon monoxide was by far the most
rapidly produced carbon photoproduct they were able
to measure in seawater. However, Miller and Zepp
Ž .1995 found that dissolved inorganic carbon, DIC
Ž y y2 .measured as the sum of CO , HCO , and CO2 3 3

was produced from CDOM about 20 times as fast as
CO in the near coastal water of the Mississippi River
plume. Further comparison by Miller and Moran
Ž .1997 found DIC production to be 15 times as fast
as CO production for coastal marsh water. The direct
photoproduction of DIC from CDOM represents a
mineralization pathway that does not require micro-

Ž .bial oxidation. Vahatalo et al. 2000a determined¨ ¨
spectral quantum yield or efficiency for DIC produc-
tion in situ in a Scandinavian lake, using tubes

Ž .suspended at several depths. Gao and Zepp 1998
have recently published quantum yield values at
three wavelengths for a sample of water from the

Ž .Satilla River, GA, USA, and Moore 1999 deter-
mined the spectral quantum yield for DIC photopro-
duction in Nova Scotian lake water. To date, there
have been no published DIC quantum yield spectra
for seawater.

Without quantum yield spectra, it is impossible to
estimate quantitatively the regional or global photo-
chemical production rate of DIC as a sink for DOC.
Here, we present DIC quantum yield spectra for
seawater from the Gulf Stream, the Mid-Atlantic
Bight, and Halifax Harbour, Nova Scotia. We also
describe the variability of DIC quantum yield with
location and depth, and suggest an explanation for
that variability.

2. Methods

2.1. General approach

The quantum yield of a primary photochemical
reaction at a particular wavelength is defined as the
ratio of the number of moles of reactant consumed or

Ž .of product made Braslavsky et al., 1996 , in this
case DIC, to the number of moles of photons ab-

Žsorbed at that wavelength. Table 1 contains a sum-
mary of the symbols and abbreviations used in this

.paper. Because neither the molar absorptivity of the
chromophore nor the reaction mechanism responsi-
ble for the photochemical production of DIC is
known, we actually calculate a wavelength-depen-

Ž .dent AapparentB quantum yield, f l , as shown in
Ž .Eq. 1 :

moles of DIC produced
f l s .Ž .

moles of photons absorbed by CDOM lŽ .
1Ž .

ŽThe production rate of DIC, d Prd t moles DIC
y3 y1.produced m s , in an optically thin solution can

be expressed as:

d Prd ts E l a l f l dl , 2Ž . Ž . Ž . Ž .Ž .H 0 CDOM

Ž .modified from Balzani and Carassiti, 1970 , where
Ž . Ž y2E l is the scalar irradiance moles photons m0

y1 y1. Ž . Ž y1 .s nm , a l is CDOM absorptivity m ,CDOM
Ž .and l is wavelength nm . By measuring the spectral

Table 1
Sample names and locations

Sample name Latitude Longitude
Ž . Ž .8N 8W

M9705-03s 38.67 74.88
M9705-03d 38.67 74.88
M9705-05s 30.52 74.68
M9705-05d 30.52 74.68
M9705-16s 36.21 72.00
M9708-08s 37.27 74.36
M9708-08d 37.27 74.36
M9708-16As 36.21 72.00
M9708-16Ad 36.21 72.00
F9805-01 44.73 63.66
F9805-03 44.71 63.67
F9805-04 44.70 63.66

Ž .NW Arm 9906 unfaded 44.62 63.56
Ž .NW Arm 9906 faded 44.62 63.56

Samples beginning with AMB come from the Mid-Atlantic Bight;
those beginning with AFB come from the Bedford Basin of Halifax
Harbour; and ANW ArmB refers to the North West Arm of Halifax
Harbour. The four digits following the location code refer to the
year and month of collection, e.g. A9708B means August 1997.
The number following the hyphen is the station number, and AsB
and AdB mean surface and deep, i.e. below the mixed layer,
respectively.
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irradiance, spectral absorptivity, and production rate
as described below, we can calculate the spectral

Žquantum yield for DIC production. In the solar
simulator, we measured downwelling irradiance, not
scalar irradiance, but since the cells were arranged
on a black velvet cloth inside the irradiation box and
the incident radiation was approximately collimated,

.the measurement was reasonable.

2.2. Sample collection and storage

Samples were taken from the Gulf Stream, the
Mid-Atlantic Bight, and Halifax Harbour, Nova Sco-
tia. Table 2 contains a list of sample names and
locations. We collected 1 l of seawater from the
surface and 1 l from below the mixed layer at each
station, using Niskin bottles, except in Halifax Har-
bour, where we only collected water from the sur-
face. Water samples were filtered within a day of
collection through 0.2 mm Schleicher and Schuell
Nylon 66 filters to remove particles and bacteria.
The Halifax Harbour samples and those taken during

Table 2
ŽSymbols and abbreviations used in the text following Braslavsky

.et al., 1996, where applicable

Ž . Ž .A l Absorbance by CDOM AUCDOM
y1Ž . Ž .a l Absorptivity by CDOM mCDOM

C Constant in absorptivity correction
Ž .equation dimensionless

CDOM Coloured dissolved organic matter
DIC Dissolved inorganic carbon
DOC Dissolved organic carbon

Ž . Ž .E l Incident downwelling irradianced
y2 y1 y1Ž .moles photons m s nm

Ž . Žf l Apparent quantum yield moles DIC
.producedrmole photons absorbed

Ž .l Wavelength nm
m Regression constant in quantum yield1

fitting equation
m Regression constant in quantum yield2

fitting equation
d Prd t Production rate of DIC

y3 y1Ž .moles DIC m s
S Absorptivity slope from fitting

y1Ž .equation nm
UV Ultraviolet radiation
UVA Radiation from 320 to 400 nm
UVB Radiation from 280 to 320 nm
z Path length of spectrophotometer

Ž .cell or depth in the ocean m

the August 1997 cruise in the Mid-Atlantic Bight
were pressure-filtered using a peristaltic pump with
an in-line filter; the others were vacuum-filtered.
After filtration, samples were stored at 4 8C in amber
glass bottles for less than a year to minimize biologi-
cal activity and photochemical breakdown of CDOM.
The absorbance spectra of the samples did not change

Žappreciably over the storage time. Related studies
have shown no measurable change in absorbance at
350 nm over three months of storage under the same

.conditions.

2.3. DIC stripping and irradiations

All carbonate species initially present were
stripped from samples prior to irradiation, in order to
measure the low concentrations of DIC produced
photochemically. Each stored sample was refiltered
sequentially through two 0.2 mm Schleicher and
Schuell Nylon 66 filters into an acid-washed, dis-
tilled water-rinsed, glass Erlenmeyer flask and then
into a similarly cleaned glass sparging vessel. After
acidification to a pH between 3 and 4 with concen-
trated HCl, CO -free air was bubbled through the2

Žsample until no measurable DIC remained -0.3
.mM . The stripped seawater was buffered back to

Žapproximately the original pH initial pH ranged
.from 7.8 to 8.3 with powdered Fisher ACS sodium

Ž .borate Na B O P10H O . The addition of the acid2 4 7 2

and the buffer to a sample was found to increase its
UVB absorptivity by about 5%, leaving the longer-
wavelength portion of the spectrum essentially un-
changed. Control experiments showed that neither
the added reagents nor the filtration process pro-
duced measurable DIC photochemically. It was not
feasible to strip the DIC from seawater samples
without acidification; without acidification, even af-
ter 2 days of bubbling with CO -free air, we mea-2

sured no significant decrease in the DIC concentra-
tion. Although it is possible that the changes in pH
during the DIC stripping changed the photochemical
reactivity of the DOC, it is unlikely that any such

Ž .change was significant: Miller and Zepp 1995 found
only a 15% increase in DIC photoproduction under
full spectral irradiance in samples that were irradi-
ated at a pH of 3.5 relative to those samples which
had been rebuffered to approximately their original
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pH. In addition, the lake DIC quantum yield spec-
Ž .trum Moore, 1999 shown in Fig. 10 was obtained

Žwithout initial stripping of DIC because fresh water
has a much lower concentration of DIC than does the

.ocean , and it is similar to those determined in this
study.

Quartz irradiation cells and their silicon fittings
were sterilized for at least 3 h under a Phillips TUV
30WrG30 T8 long-life ultraviolet UV-C source in a
laminar flow clean hood before each experiment.
The fittings were attached to the irradiation cells
inside the laminar flow hood. The DIC-free seawater
was injected into the irradiation cells through their
silicon septa directly from the sparger’s sample port,
using a new, sterile, hypodermic needle for each
experiment. We wore gloves whenever handling the
glassware. The acid-washing, sterilization, double
0.2 mm filtration and use of gloves proved to be
essential for avoiding bacterial contamination of the
irradiated samples, which otherwise resulted in in-
creased CO production due to respiration in the2

dark cells and under the longer wavelength cut-off
filters.

Samples were irradiated in a Suntest CPS solar
simulator with a 1000-W Heraeus xenon lamp fit-
ted with an infrared mirror to lessen sample cham-
ber heating. Samples maintained a temperature of
approximately 27 8C during irradiations. Fourteen
quartz irradiation cells were arranged in an alu-
minum and brass frame under Schott long-pass cut-
off filters as shown in Fig. 1. Each cell was wrapped
in black electrical tape, leaving only the ends open,
to prevent the lateral leakage of radiation between
cells. Two dark cells were included in each irradia-
tion to correct for nonphotochemical production of
DIC. Cells were always oriented as nearly vertical as

Ž .possible within 58 of vertical to avoid path length
variations. The method was not very sensitive to
such variations, however, since one cell with a 308
tilt away from vertical showed only 10% less DIC
production than observed in previous irradiations.

The spectral irradiance measured under each filter
is shown in Fig. 2. The filters transmitted about 90%
of incident radiation at long wavelengths, cutting off
short-wavelength radiation, and had 50% transmis-
sion at one of the following Acut-offB wavelengths:
280, 295, 320, 335, 380, and 480 nm. Six pairs of
matched filters were used for replicate irradiations. It

ŽFig. 1. Solar simulator with irradiation cells modified from
.Moore, 1999 .

was not always possible to obtain data from replicate
samples because of limited sample volumes and
because some samples developed bubbles during ir-
radiation, making them unusable. Where replicates
were used, the two production values were usually
within 5% of one another. Irradiation times varied
from 4 to 7 h. Spectral irradiance was measured
under each filter with an Optronics OL754 spectro-
radiometer fitted with a fibreoptic cable. The spec-
troradiometer, with fibreoptic cable in place, was
calibrated with an Optronics OL752-10E irradiance
standard. Successive measurements with the spectro-
radiometer showed less than 1% variation in the
irradiance measured at any wavelength.

To test the effect of irradiation history on quan-
tum yield, we irradiated 1 l of water from the North
West Arm of Halifax Harbour in an open borosili-
cate container for 111 h at the full output intensity of
the solar simulator prior to other experimentation.
UV-transparent polyethylene film was used to pre-
vent evaporation during the experiment. We then
conducted two quantum yield experiments as usual,
one on the prefaded water and the other on a portion
of the same sample which had not been previously
faded.
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Fig. 2. Irradiance measured under cut-off filters.

2.4. DIC measurements

After irradiation, several milliliters of water from
each irradiation cell were extracted with a hypoder-
mic needle into a 10 ml gas-tight syringe though the
silicon septum. Three to seven replicate 200 ml
subsamples were injected into an acid trap and
sparger for introduction into the CO analyzer sys-2

Ž .tem. The phosphoric acid pHs2 in the acid trap
converted the DIC into CO following injection, and2

the resulting CO was stripped from the sample and2
Žcarried into the system in a stream of UHP Ultra

.High Purity grade nitrogen gas. The sample CO2
Žpassed sequentially through Drierite anhydrous

.CaSO , Hammond Drierite and magnesium per-4
Ž Ž . .chlorate Mg ClO , Aldrich ACS columns to re-4 2

move water vapor before entering a Li–Cor 6262
CO rH O infrared detector. The CO analyzer was2 2 2

Žcalibrated daily with a series of standards 0, 5, 10
.and 20 mM DIC made each day from a stock 5 mM

sodium carbonate solution that was made freshly
about once a month from dried sodium carbonate
Ž .Na CO , BDH AnalaR and stored in an air-tight2 3

flask. The standards were injected into the acid trap
and flowed through the system in exactly the same
way as the samples. Calibration curves always re-
sulted in r 2G0.97. The standard deviation of the
mean of 50 replicate injections of distilled water was

0.16 mM. The limit of detection, defined as three
times the standard deviation for the distilled water
measurement, was 0.5 mM. This is definitely a con-
servative estimate of precision, since the distilled
water injections were done over several months and
their standard deviation included the day-to-day vari-
ability of the machine, while a new standard curve
was made every day. Since the dark DIC production
was typically the same as that measured under the

Ž480 nm cut-off filter -0.3 mM over the 4–7-h
.irradiations , we used the 480 nm cut-off DIC pro-

duction as a dark correction. The quantum yield
spectra were determined using the corrected DIC
production rates.

2.5. Absorbance measurements

We measured the spectral absorbance of each
filtered, DIC-stripped, unirradiated sample with
reagents added, so that it represented as closely as
possible the colour of the solution that was irradi-
ated. Spectral absorbance was measured in a 10 cm
quartz cell with a Varian CARY3 scanning spectro-

Ž . Ž .photometer. Absorbance, A l AU was mea-CDOM

sured over the range 280–800 nm, and the values
Ž . Ž y1 .were converted to absorptivity, a l m ,CDOM

according to the relation:

a l s2.303 A l rz , 3Ž . Ž . Ž .CDOM CDOM
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where z is the path length of the spectrophotometer
cell in meters, and the factor 2.303 converts from log

Ž .base ten to natural log Braslavsky et al., 1996 . We
made a correction for scattering, index of refraction

Ž .and blank drift by fitting Eq. 4 to the data. The use
of an equation of this form to fit CDOM absorbance
data has been described by Markager and Vincent
Ž . Ž .2000 ; Stedmon et al. 2000 and Johannessen
Ž .2000 . Because of the difficulty of measuring aCDOM

at long wavelengths, particularly, in the open ocean
samples, the fit was determined over the range 280–
550 nm:

a l sCeySlqa , 4Ž . Ž .CDOM 0

Ž y1 . Ž y1 . Ž y1 .where C m , S nm and a m are con-0
Ž .stants and l is wavelength nm . The offset, a , was0

then subtracted from the whole spectrum. The fit was
not used for any purpose other than to provide an
offset value. The corrected absorbance measured at
each wavelength was used in subsequent calcula-
tions. Fig. 3 shows the absorptivity spectra for the
darkest and clearest samples. For clarity, only two
spectra are shown.

Ž .Fig. 3. Absorptivity spectra for the darkest F9805-01 and clear-
Ž .est M9708-16As stations used in this study. For graphical clar-

ity, only two spectra are shown.

2.6. Determination of quantum yield spectra

Quantum yield is sometimes calculated at discrete
wavelengths by difference. The difference method
consists of dividing the difference between the num-
ber of moles of DIC produced under filters with
adjacent wavelength cut-offs by the difference be-
tween the irradiance measured under the two filters,

Ž .as described by Xie et al. 1998 . For example:

f 287.5 nmŽ .

w x w xd DIC d DIC
280 cut y 295 cutŽ . Ž .

d t d ts . 5Ž .
E 280 cut a yE 295 cut aŽ . Ž .0 CDOM 0 CDOM

The resulting quantum yield point is then plotted
at the wavelength halfway between the two succes-
sive cut-off filters.

We used the difference method described above
as an order-of-magnitude and spectral shape check.
However, this method was complicated by the non-
uniformity of the irradiance field in the solar simula-
tor, which required a normalization of all the produc-
tion and irradiance values. The difference method is
also quite sensitive to individual outlying production
values. And plotting the quantum yield at the mid-
point between the two cut-off wavelengths is not
ideal where quantum yield changes rapidly with
wavelength; the point should actually be plotted
closer to the shorter cut-off wavelength, as explained

Ž . Ž .by Rundel 1983 and Cullen and Neale 1994 .
Because of these major disadvantages to the dif-

ference method, we chose to use a statistical curve fit
method modified from those presented by Rundel
Ž . Ž .1983 and by Cullen and Neale 1994 . The curve
fit method assumed a spectral shape for quantum
yield and required input data for the measured spec-
tral irradiance and DIC production values for each
cell under the long-pass filters. A Matlabw program
then calculated best fit parameters, m and m , for1 2

the equation:

f l seyŽ m1qm 2Žly290.. , 6Ž . Ž .
Ž . Žwhere f l is apparent quantum yield moles DIC

.producedrmole photons absorbed , and l is wave-
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Ž .length nm , over the range 280–550 nm at 1-nm
intervals. This wavelength range was chosen because
the absorbance data were unreliable at wavelengths
longer than 550 nm; since there was no measurable
DIC photoproduction under the 480 nm cut-off filter,
the limited wavelength range should not have biased
the results. The program changed the fitting parame-
ters, m and m , iteratively from initial estimates to1 2

find the best match between the measured production
Ž .values and those predicted by Eq. 2 using the

actual absorbance and irradiance spectra for each
Žcell. Initial evaluation of DIC production under

successive cut-off filters indicated an exponential
shape to the quantum yield spectra. We also tried to
fit the production values with several other func-
tional forms, including a linear fit and a double
exponential. None of these forms fit as well as the
single exponential for all samples, and it seemed an
unwarranted interpretation of the data to choose a

.more complicated equation.

3. Results

We determined the apparent spectral quantum
yield for each of 14 samples from the Gulf Stream,
the Mid-Atlantic Bight, and the Northwest Arm and
Bedford Basin of Halifax Harbour, Nova Scotia
Ž .Johannessen, 2000 . Taken together, the spectra were
quite variable, both in shape and in magnitude. Table
3 contains a summary of the quantum yield equa-
tions.

The agreement between measured DIC production
values for each cell and those predicted from the
quantum yield spectra was very good, with r 2 val-
ues ranging from 0.92 to 0.99. Fig. 4 shows plots of
predicted vs. measured DIC production values for
the best and worst fits obtained from the 14 expo-

Ž Ž .sures. Panel b of Fig. 4 shows only five points; we
had to reject the data from both replicates under one
filter in that experiment, because the cells had leaked.
That panel shows the worst case used in these calcu-

.lations. Fig. 4 demonstrates that even the worst fit
described the observed production rates reasonably
well. Eleven of the fourteen calculated quantum
yield spectra predicted DIC production with r 2)

0.96. Error bars in Fig. 4 show the 95% confidence
intervals for measured DIC production, determined

Table 3
Ž .Apparent quantum yield fit parameters with standard deviations

for the equation fseyŽ m1qm 2Žly290.

Ž . Ž .Sample name m S.D. m S.D.1 2

Inshore samples
Ž . Ž . Ž .NW Arm 9906 unfaded 7.5 0.8 0.0096 0.01

Ž . Ž .M9708-08s 6.0 0.5 0.041 0.009
Ž . Ž .F9805-01 6.7 0.9 0.026 0.02
Ž . Ž .F9805-03 5.9 0.8 0.051 0.03
Ž . Ž .F9805-04 7.0 0.3 0.032 0.01
Ž . Ž .Inshore pooled spectrum 6.66 1 0.0285 0.03

Coastal samples
Ž . Ž .M9708-08d 6.2 0.5 0.013 0.01
Ž . Ž .M9705-05s 6.1 0.5 0.020 0.01
Ž . Ž .M9705-05d 7.1 1 0.0083 0.008

Ž . Ž . Ž .NW Arm 9906 faded 5.7 0.4 0.017 0.007
Ž . Ž .Coastal pooled spectrum 6.36 1 0.0140 0.02

Open ocean samples
Ž . Ž .M9705-16s 5 2 0.012 0.01
Ž . Ž .M9708-16As 5.3 0.3 0.013 0.004
Ž . Ž .M9708-16Ad 5.7 0.6 0.0073 0.007
Ž . Ž .Open ocean pooled spectrum 5.53 0.7 0.00914 0.008

( )Stn 3 should be inshore
Ž . Ž .M9705-03s 3.6 0.9 0.058 0.03
Ž . Ž .M9705-03d 5.9 1 0.0068 0.007

Pooled spectra calculated as best fit to all production and irradi-
ance data for each zone. These spectra should not be applied for
wavelengths longer than 480 nm, since the efficiency of the
reaction is effectively zero beyond that wavelength.

from replicate distilled water injections, as described
in the Methods section.

Because some readers may be more accustomed
to seeing discrete results, such as those produced by
the difference method, we have compared the results
of the two methods for one quantum yield spectrum
in Fig. 5. Fig. 5 demonstrates that the assumption of
a single exponential shape to the quantum yield
spectrum is not unreasonable. The two spectra di-
verge only at the shortest wavelength where, because
of the small difference in incident irradiance between
successive cut-off filters, the difference method is
unreliable.

In general, the offshore quantum yield spectra
were shallower than the inshore ones, and their
magnitude at 300 nm was greater. To evaluate the
combined effects of the trends in quantum yield
slope and magnitude independently of variations in
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Fig. 4. Predicted vs. measured DIC photoproduction in irradiation
Ž .cells for samples with the best and worst fits: a sample F9805-04

Ž 2 . Ž . Ž 2 .r s0.99 ; b sample M9701-03d r s0.92 . Predicted values
represent the DIC production calculated for each cell using the
correct irradiance spectrum and the quantum yield determined for
that experiment. One-to-one lines show where the calculated
values would fall if they reproduced exactly the measured values
for the same experiment. Error bars show the 95% confidence
intervals for the measured DIC production values, calculated from
the variability in replicate distilled water DIC measurements made
over a 5-month period.

absorbance and irradiance, we multiplied each quan-
tum yield spectrum by the same irradiance spectrum
Ž .that shown in Fig. 2 for the 295 nm cut-off filter .
We summed over the wavelength range 280–480 nm
to calculate a scaled Aphotochemical responseB for

Ž .each Fig. 6 . The largest photochemical response in
Fig. 6 is about 21 times that of the smallest. One
quantum yield spectrum clearly cannot be used to
predict DIC production rate everywhere in the ocean.

Fig. 5. Apparent quantum yield spectra for sample M9705-05,
calculated using both the curve-fit and difference methods.

From this figure, we were able to distinguish three
general groups of spectra. Since they grouped geo-
graphically, we used Fig. 6 to define the three geo-
graphic zones: inshore, including Halifax’s turbid
Bedford Basin, the North West Arm of Halifax
Harbour, and surface samples just outside the
Delaware Bay that were strongly terrestrially influ-

Fig. 6. APhotochemical responseB calculated by multiplying each
of the fourteen quantum yield spectra by an identical irradiance

Žspectrum the spectrum measured under the 295 nm cut-off filter
.in the solar simulator—see Fig. 2 and summing over the wave-

length range 280–480 nm. These values should NOT be applied to
the real ocean; they are included only to demonstrate the effect of
the variability among quantum yield spectra on DIC production
and the geographic grouping of spectra.
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Fig. 7. Apparent quantum yield spectra for the photochemical
production of DIC, arranged by zone, with zone-pooled spectra

Ž . Ž . Ž .shown. a Inshore; b coastal; c open ocean.

enced; coastal, over the continental shelf in the
Mid-Atlantic Bight; and open ocean, blue water sam-

Žples taken from the Gulf Stream. Fig. 6 was not
used for any other purpose, and the scaled photo-
chemical responses should not be taken to represent

.actual production rates in the ocean. For the same
irradiance spectrum, the inshore water is the least
efficient at producing DIC, while the open ocean
water is the most efficient. The quantum yield spec-
trum for the unfaded water from Halifax Harbour fit
into the inshore category, while to judge from its
calculated photochemical response, the prefaded
sample was more like the coastal samples. The geo-
graphic zones corresponded to ranges in salinity:
inshore samples had salinity less than 31, coastal
from 31 to 35, and open ocean greater than 35 on the

Practical Salinity Scale. The quantum yield spectra
are plotted by zone in Fig. 7.

We calculated a pooled quantum yield spectrum
for each zone by applying a single exponential fit to
all the DIC production and irradiance data together
for that zone. The equations of the pooled quantum
yield spectra are recorded in Table 3, and Fig. 8
shows their 80% confidence intervals, which were
determined from the confidence intervals around the
iteratively determined equation coefficients, m and1

m . Clearly, the confidence intervals for the three2

pooled spectra overlap. This is not surprising, how-
ever, considering the gradational boundaries between
the environments represented. The fairly wide confi-
dence intervals reflect the variability among the sam-
ples taken within each zone. The inshore and coastal

Ž 2zone spectra were more variable r of pooled spec-
.tra 0.83 and 0.82, respectively than were those in

Ž 2 . Žthe open ocean zone r s0.93 . The confidence
interval shown in Fig. 8 for the open ocean pooled
spectrum is wider than are those for the other two
zones in absolute value, but not as a proportion of

.the magnitude of the spectrum. The pooled spectra
showed trends of increasing magnitude and decreas-
ing slope from inshore to offshore.

A finer scale trend apparent from the data was
that the surface sample at any given station always
had a steeper quantum yield slope than did the
sample taken from below the surface mixed layer at
the same station. This means that surface sample was

Fig. 8. Zone-pooled quantum yield spectra plotted with 80%
confidence intervals calculated as described in text.
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Fig. 9. Apparent quantum yield spectra for station M9705-05,
showing the crossing of surface and deep spectra from the same
station.

always more efficient in the UVB than was the deep
sample. Corresponding pairs of surface and deep

Ž .spectra crossed one another Fig. 9, for example ,
although not at a consistent wavelength, so that the
quantum yield values of the deep samples were
higher than those of their surface counterparts in the
visible region of the spectrum. It is not unreasonable
that the water taken from two depths should show
different photochemical characteristics; Vodacek et

Ž .al. 1997 , for example, reported a distinctly faded
summer surface layer in the Mid-Atlantic Bight.

4. Discussion

Fig. 10 shows a comparison of the zone pooled
Žquantum yield spectra determined in this study and

.Johannessen, 2000 with those previously determined
Ž .for lakes Moore, 1999; Vahatalo et al., 2000a and a¨ ¨

Ž .river Gao and Zepp, 1998 . All the spectra were of
similar magnitude. The lake spectra had steeper
slopes than did the coastal and open ocean spectra,
but they were slightly shallower than the inshore
spectrum. Gao’s and Zepp’s river quantum yield
points fell within a similar range, although the first

Ž .point at 290 nm was higher than the other spectra
at that wavelength.

Both the slope and the magnitude of the spectral
quantum yield affect the production rate calculated
from it. The zone pooled DIC quantum yield spectra
presented here show greater magnitude and shal-
lower spectral slope offshore than inshore. Fig. 6

shows that, as a result of the two geographic trends,
the open ocean water samples produce DIC photo-
chemically more efficiently than does either the
coastal or the inshore water. The actual surface
production rate depends on the colour of the water,
and inshore water absorbs UV much more strongly
than does open ocean water. Consequently, the rela-
tive importance of the three zones for carbon photo-
chemistry in surface waters of the ocean is probably
not so skewed toward the blue water as it appears
from Fig. 6. However, if one considers photochemi-
cal production over the whole water column rather
than surface production, then oligotrophic water does
produce more DIC photochemically than does in-
shore water. Since CDOM is thought to be the main
absorber of UV radiation in all areas of the ocean
Ž .Bricaud et al., 1981 , UV will penetrate more deeply
where there is a lower concentration of CDOM.
Ultimately, for a particular irradiance field, about the
same amount of UV radiation will be absorbed by
CDOM over the whole water column, regardless of
location. In that case, only the quantum yield, and
not the colour of the water, will control whole water
column DIC photoproduction.

The photochemical production of DIC in all areas
of the ocean cannot be calculated accurately using a
single quantum yield spectrum. However, it does
seem possible to estimate DIC production regionally
or locally, using a combination of three pooled spec-
tra, for inshore, coastal, and open ocean water, with

Fig. 10. Comparison of zone-pooled DIC quantum yield spectra
determined in this study for marine water with quantum yield
spectrum and points previously determined for fresh water.
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appropriate absorptivity and irradiance spectra. More
quantum yield determinations would be helpful in
assessing the broad applicability of the pooled spec-
tra presented here.

The inshore to offshore trend toward greater pro-
duction efficiency suggests an insight into the DIC
photoproduction mechanism. Considering terrestri-
ally derived CDOM, one might expect that the more
highly coloured, less degraded material found close
to its source would produce DIC more efficiently
than the molecules found offshore, but the opposite
is true. The following explanation might resolve the
apparent paradox.

Photodecarboxylation is the likely mechanism by
Žwhich DIC is formed from CDOM Chen et al.,

.1978 . While the aromatic rings of synthetic lignin
have been shown to produce DIC photochemically
Ž .Vahatalo et al., 2000b , suggesting that similar rings¨ ¨
in CDOM do the same, in many molecules contain-
ing aromatic structures, it is the attached carboxylic
acid functional groups, and not the ring structures
themselves, that undergo photodecarboxylation to

Ž .produce CO Budac and Wan, 1992 . Inshore, ter-2

restrially dominated CDOM contains more of the
highly coloured, aromatic ring structures than does

ŽCDOM collected in the open ocean Meyers-Schulte
.and Hedges, 1986 , while both terrestrial and marine

Ž .CDOM contain carboxyl groups Libes, 1992 . It is
possible then, that the chiefly aromatic components
of terrestrially derived CDOM contribute proportion-
ally more to the absorbance of radiation than to DIC
photoproduction. As the aromatic structures are elim-
inated by photochemical fading or as marine-derived
CDOM begins to dominate absorbance, the propor-
tion of DIC-producing to non-DIC-producing chro-
mophores in CDOM increases. In this way, the
efficiency of the dominant DIC-producing chro-
mophores might remain constant, while the effi-
ciency of the whole molecule for DIC production
increased. The loss of non-DIC-forming chromo-
phores by fading is supported by the increased quan-
tum yield we determined in Halifax Harbour water
after prolonged irradiation in the solar simulator.
ŽHowever, that particular finding rests on a single
experiment, which should be repeated for confirma-

.tion. It is possible that other photochemical products
might show different or even opposite trends in
efficiency with location and irradiation history, de-

pending on which components of CDOM produce
them and on their relative roles in light absorption
within the molecule.

5. Summary

In this paper, we have presented the first quantum
yield spectra for DIC photoproduction in seawater.
These spectra are essential for calculating the re-
gional and global rates of DIC photoproduction. We
have shown that, despite wide geographic variability
in the spectral quantum yield of DIC, it is possible to
represent quantum yield with three pooled spectra
for geographic zones defined by salinity. We have
also suggested a chemical interpretation of the trend
toward increased efficiency of DIC photoproduction
offshore. It should now be possible to combine
optical data with these three spectra to make global
estimates of DIC photoproduction in the ocean.
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