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ABSTRACT: Photolysis is a major removal pathway for the biogenic gas
dimethylsulfide (DMS) in the surface ocean. Here we tested the hypothesis
that apparent quantum yields (AQY) for DMS photolysis varied according to
the quantity and quality of its photosensitizers, chiefly chromophoric
dissolved organic matter (CDOM) and nitrate. AQY compiled from the
literature and unpublished studies ranged across 3 orders of magnitude at the
330 nm reference wavelength. The smallest AQY(330) were observed in
coastal waters receiving major riverine inputs of terrestrial CDOM (0.06−0.5
m3 (mol quanta)−1). In open-ocean waters, AQY(330) generally ranged
between 1 and 10 m3 (mol quanta)−1. The largest AQY(330), up to 34 m3

(mol quanta)−1), were seen in the Southern Ocean potentially associated
with upwelling. Despite the large AQY variability, daily photolysis rate
constants at the sea surface spanned a smaller range (0.04−3.7 d−1), mainly
because of the inverse relationship between CDOM absorption and AQY. Comparison of AQY(330) with CDOM spectral
signatures suggests there is an interplay between CDOM origin (terrestrial versus marine) and photobleaching that controls
variations in AQYs, with a secondary role for nitrate. Our results can be used for regional or large-scale assessment of DMS
photolysis rates in future studies.

1. INTRODUCTION

Dimethylsulfide (DMS) is primarily produced in the sunlit
layer of the ocean from microbial transformations of
dimethylsulfoniopropionate (DMSP),1,2 a multifunctional
osmolyte synthesized by phytoplankton, macroalgae, and
corals.3 The sea-air flux of DMS, estimated at 20−28 Tg S
y−1 (ref4,5), is large compared to many other marine organic
volatiles.6,7 Ocean-emitted DMS can affect climate through its
effects on aerosol and cloud formation,8−10 and DMS plays an
important ecological role as an infochemical.11,12 However, the

sea−air DMS flux represents only a small fraction (generally
515%) of the DMS produced in the upper mixed layer
(UML) of the ocean.13 The remainder is removed from the
water column through biological14 and photochemical15,16

processes. In a shallow upper mixed layer (UML) and under
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high-irradiance conditions typical of summer, photolysis can
become the main removal mechanism for DMS,13,17−19

controlling its sea-surface concentration and flux into the
atmosphere.13

DMS does not absorb photons at the solar wavelengths that
reach the Earth’s surface. Rather, it is oxidized by reactive
species generated upon light absorption by optically active
substances in seawater known as photosensitizers.15 It is
generally assumed that chromophoric dissolved organic matter
(CDOM) and nitrate20 are the main DMS photosensitizers in
seawater. Although several studies have reported on the kinetics
and the spectral dependence of DMS photolysis in different
marine and estuarine environments, the factors that control the

observed variability in DMS photolysis rates, and the relative
importance of CDOM and nitrate as photosensitizers, remain
controversial.21,22 Even less is known about the molecular-scale
mechanisms of DMS photolysis, the specific oxidants involved
(e.g., the hydroxyl radical or other radical species20,23) and their
temperature dependence.24 This limits our ability to model
DMS photolysis across contrasting marine environments and to
predict its future trends under global-change scenarios.
DMS photolysis follows pseudo-first order kinetics16,23 at

ambient seawater DMS concentrations.16 Thus, instantaneous
photolysis rates (d[DMS]/dt) can be calculated as the product
of the pseudo first-order rate constant (kp) and DMS
concentration:

Figure 1. (A) Sampling locations overlaid on a global map of satellite-retrieved aCDM(443) (CDM stands for colored detrital and dissolved materials,
a proxy for CDOM;27 SeaWiFS sensor 1998−2010 climatology). Panels B through F display the latitudinal patterns of photolysis variables at the sea
surface in each study (median and range). Black lines in B−D represent zonal averages of climatological data from April through September
(northern hemisphere) or October through March (southern hemisphere). In C and D, solid lines represent the Atlantic and Indian basins and
dashed lines the Pacific basin. (B) Climatological daily UV irradiance (290 to 400 nm). (C) In situ aCDOM(330) and satellite aCDM(443) climatology
(scaled by 10×); (D) Nitrate concentration in situ and in a global climatology;34 (E) apparent quantum yields for DMS photolysis at 330 nm
(AQY(330)); (F) daily DMS photolysis rate constants just below the sea surface (kp). Symbols of different colors represent published and
unpublished studies identified in the legend. Different symbols distinguish studies classified into subsets D1, D2, and D3 (see text). The same color/
symbol coding is followed throughout the paper.
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=t kd[DMS]/d [DMS]p (1)

In turn, kp can be modeled as the product of three spectral
variables integrated across the relevant wavelength range
(Supporting Information (SI) Figure S1):

∫ λ λ λ λ=k E ( )a ( )AQY( )dp d CDOM (2)

where Ed(λ) is the downwelling irradiance (mol quanta m−2

s−1), aCDOM(λ) is the CDOM absorption coefficient (m−1), and
AQY(λ) is the apparent quantum yield for DMS photolysis [m3

(mol quanta)−1].
An AQY is used here instead of a true quantum yield to

define the efficiency for DMS photolysis because the precursors
giving rise to DMS photolysis in seawater are not known and
therefore the absorption term includes all components of
CDOM, including contributions of light-absorbing substances
(chromophores) that do not participate in DMS photolysis.
Thus, wavelength-dependent AQY are minimum estimates of
the true wavelength-dependent quantum yields. In general,
AQYs decrease exponentially with increasing wave-
length21,24−26 and become insignificant at wavelengths longer
than 400 nm, as is the case for DMS photolysis. The photolysis
of DMS is driven by ultraviolet (UV) radiation between 300
and 400 nm in seawater, with a peak near 330 nm.21,24−26

Generally, CDOM is the main absorber of UV radiation and
thus controls UV penetration in oceanic waters.27 CDOM
absorption coefficients typically decrease sharply from river-
influenced coastal waters to offshore waters, reflecting the
balance between photobleaching of terrestrially derived
CDOM, autochthonous CDOM production28,29 and mixing
between the oceanic and coastal end-members.27 Owing to its
characteristic optical signature, CDOM can be monitored using
ocean color remote sensing,27 enabling large-scale photo-
chemistry assessments. Satellite-based estimates of photo-
chemical rates have been made for dissolved organic carbon
(DOC) photomineralization30 and for carbon monoxide
photoproduction31 in seawater. Yet, to our knowledge this
approach has not been applied to DMS photolysis, likely
because a synthesis study of DMS photolysis AQYs is missing.
Here we analyze the variability in DMS photolysis rate
constants and AQYs in a comprehensive global data set,
gaining insights into the environmental factors affecting
photolysis. This should improve our ability to remotely sense
and model DMS photolysis in surface waters globally.

2. MATERIALS AND METHODS
2.1. Database. We assembled a global database of DMS

photolysis measurements in the upper mixed layer of the ocean,
including both published and previously unpublished data
(Figure 1 and SI Table S1). Individual studies were labeled with
the name of the lead author followed by the publication year, or
with the name of the authors followed by the study area in the
case of unpublished studies. Some studies were divided into
two or three regions according to the authors’ criteria. We did
not apply any correction to the data reported in the original
papers, and the reader is referred to Table S2 for
methodological details of each study. The data were assigned
to three different subsets (D1-D3) according to the type of
measurements performed and the increasing uncertainty of
AQY estimation:
D1 (n = 50): Studies specifically designed to measure AQY

(see section 2.4).
D2 (n = 78): Studies where kp was determined in at least one

spectral treatment along with aCDOM spectra and spectral UV
downwelling irradiances (Ed). This allowed AQY to be
determined at the reference wavelength (330 nm) using a
spectral optimization method after making a few simplifying
assumptions (see section 2.5).
D3 (n = 18): kp was determined, but aCDOM and/or UV

irradiances did not have sufficient spectral resolution to
determine AQY(330) with the methodology used for the D2
subset. Instead, AQY(330) for this data set were estimated from
a fitted equation based on data from the D1 and D2 subsets
(see section 2.6).
Samples were further classified into three biogeochemical

domains: river-inf luenced coastal waters that include the
Mackenzie Estuary and Shelf (“Taalba13MES” subset), plus
the Mississippi plume (“Kinsey_PLU”) and its transitional
waters toward the Gulf of Mexico at a distance less than 50 km
from the coast (“Kinsey_INT”); other coastal/shelf areas that
include samples collected less than 50 km from the coast over a
water column shallower than 200 m and excluding river-
influenced waters; and the open ocean that includes the
remaining samples.
When available, ancillary variables were reported including

temperature in situ and during the incubation, salinity, nitrate
concentration (nitrate + nitrite in some studies), chlorophyll a,
and dissolved organic carbon concentration (DOC). Missing
temperature, salinity and nitrate data were filled with
climatological data from the World Ocean Atlas32−34 (only
for open-ocean samples), and missing bottom depths were

Table 1. Summary Statisticsa for the Compiled AQY for DMS Photolysis at 330 nm, (AQY(330), m3 (mol quanta)−1), and the
Daily Pseudo-First Order Rate Constants at the Sea Surface (kp, d

−1), for Different Biogeochemical Domains and Open Ocean
Sub-Domains (Latitude Bands)

biogeochemical domain AQY(330) kp (d
−1)

median Q25% Q75% n median Q25% Q75% n

river-influenced coasts 0.13a 0.08 0.23 19 0.58a 0.43 0.88 19
other coastal/shelf areas 2.30bc 1.45 3.13 15 0.68ab 0.38 1.57 19

open ocean

north of 65°N 0.53b 0.25 3.0 13 0.28abc 0.11 1.05 13
65°N to 35°N 1.66b 0.91 2.19 16 0.42ac 0.34 0.58 20
35°N to 35°S 1.80b 1.33 2.65 23 0.35c 0.23 0.43 33
35°S to 65°S 22.0d 18.0 30.7 22 2.17d 1.78 2.53 26
South of 65°S 6.40c 3.29 10.5 27 0.98bd 0.85 1.41 15

aDifferences between biogeochemical domain and subdomain medians are shown with superscript letters. Sample groups that do not share the same
superscript letters are significantly different with α = 0.05. Pairwise differences were tested with the Mann−Whitney U-test (Bonferroni-adjusted p
values) after testing for significant differences among groups (Kruskal−Wallis test; p < 10−9 for both AQY(330) and kp).
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obtained from the General Bathymetric Chart of the Oceans
(www.gebco.net/). Available CDOM spectra were used to
compute (i) the spectral slope ratio SR, defined as S275_295/
S350_400 where S is the spectral slope of ln(aCDOM) for the
spectral intervals 275295 nm and 350400 nm;35 (ii) the
absorbance ratio between 254 and 365 nm, aCDOM(254)/
aCDOM(365);

36 and (iii) the specific ultraviolet absorption
(often referred to as SUVA)37 defined as aCDOM(254)/DOC. SR
and aCDOM(254)/aCDOM(365) are proxies for the mean CDOM
molecular weight and degree of photobleaching, whereas
aCDOM(254)/DOC is a proxy for aromaticity.
Our analysis includes only the results from filtered seawater

incubations, precluding any assessment of particle-associated
DMS photolysis. Measurement of particle-associated DMS
photolysis is challenging20 due to concurrent DMS photo-
production by marine particles,18,38 and might be important in
detritus- and sediment-laden coastal waters.20

All statistical analyses were done using Matlab 2013b, except
for the statistics shown in Table 1 that were calculated using R
3.2.039 (multcompView package40). Significance thresholds and
reported confidence intervals correspond to α = 0.05.
Throughout the text, r refers to Pearson’s linear correlation
coefficient and rS to Spearman’s rank correlation coefficient.
2.2. Radiative Transfer Model. The downwelling spectral

irradiance just below the sea surface, Ed,0‑(λ), was computed
using the Santa Barbara DISORT Atmospheric Radiative
Transfer (SBDART)41 model as implemented by Beĺanger et
al. (ref 42). In this configuration, SBDART outputs the spectral
irradiance (μmol quanta m−2 s−1) at a given location every 3 h
at a spectral resolution of 5 nm between 290 and 700 nm using
climatological satellite-observed atmospheric properties at each
location and date. Further details on SBDART implementation
are given in SI section 1.
2.3. kp Determination and Scaling to Daily Irradiance.

The pseudo-first order rate constant can be determined by
evaluating DMS loss over time under controlled irradiance
using the integrated form of eq 1:

=k tln([DMS] /[DMS])/p,OBS 0 (3)

where kp,OBS is the observed photolysis rate constant, [DMS]o is
the initial DMS concentration and [DMS] is the concentration
at irradiation time t. In the compiled studies, kp,OBS was
expressed in several different units. To allow for a comparison,
all the kp,OBS were normalized to the daily climatological
irradiance at their corresponding sampling location using the
equation:

=k k E E/p p,OBS d,day d,INCUB (4)

where Ed,INCUB is the reported incubation irradiance and Ed,day is
the daily climatological irradiance calculated with SBDART,
integrated within the same radiation band that was reported in
each study (see SI section 2). Note that normalization to the
particular band reported in each study would have been nearly
impossible without the use of a spectrally resolved radiative
transfer model. When kp,OBS was reported in photon dose−1

units, kp was converted to d−1 units assuming reciprocity.43

Henceforth, kp in our study is expressed in d−1 and represents
the pseudo-first order photolysis rate constant just below the
sea surface for a given location and date and the corresponding
24 h climatological irradiance.
2.4. AQY(λ) Determination in the D1 Subset. Studies

belonging to the D1 subset were designed to determine

AQY(λ) using a monochromatic24,25 or polychromatic21,26

approach, as described elsewhere. Results obtained from both
approaches indicate that the AQY spectrum for DMS
photolysis can be modeled using a decreasing exponential
function:

λ λ λ= −AQY( ) AQY exp[S ( )]ref AQY ref (5)

where AQYref is the AQY at the reference wavelength, λref, and
SAQY is the AQY spectral slope. Here we set the reference
wavelength at 330 nm, corresponding to the peak in the
photolysis response,21,24−26 and converted AQY(λ) reported at
different wavelengths to AQY(330) using eq 5 when needed.
The unit for the DMS AQY is m3 (mol quanta)−1. This is
equivalent to 10−6 mol DMS photolyzed per mol quanta
normalized to 1 nmol L−1 DMS, as used in other studies.24

2.5. AQY(330) Determination in the D2 Subset. Studies
designated as D2 were not designed to determine AQY(λ). Yet,
since aCDOM and irradiance spectra between 300 and 400 nm
were accurately known, we were able to use a nonlinear
optimization method to determine the AQY spectrum that
satisfied the observed kp, according to eq 2 and 5 (see SI for
methodological details). This approach is similar to that
employed for polychromatic D1 incubations except that,
when the experimental kp was determined under a single
spectral treatment, it required making assumptions regarding
the value of SAQY. That is, since SAQY could not be estimated
through optimization, an SAQY value was chosen a priori to
estimate AQY(330) through optimization. The sensitivity of
optimized AQY(330) to the chosen SAQY was estimated by
calculating AQY(330) for 13 SAQY values ranging between
0.0200 and 0.0700 nm−1 (see section 3.2). This test showed
that, on average, estimated AQY(330) varied by ±36% (relative
standard deviation about the mean) between the smallest and
the largest SAQY values tested. We took the mean of the 13
AQY(330) and assumed that this coefficient of variation
represented the maximum error associated with AQY(330) in
the D2 subset. The uncertainty was also computed over a
narrower spectral-slope range, between 0.034 and 0.058 nm−1,
which encompassed the open-ocean AQY spectra. This yielded
a correspondingly smaller uncertainty (<±10%) in AQY(330).
Occasionally, kp was determined under two to four spectral

treatments in samples classified in the D2 subset.38 This
allowed for the determination of both AQY(330) and SAQY
following the same polychromatic modeling approach that was
used for the D1 subset, but with larger uncertainty due to the
smaller number of spectral treatments applied.

2.6. AQY(330) Determination in the D3 Subset. The
photolysis of DMS just below the sea surface generally peaks
around 330 nm21,24−26 (SI Figure S1), suggesting that kp
should be roughly proportional to the product Ed(330)
aCDOM(330) AQY(330). Here we took advantage of this
spectral response to derive an empirical method to estimate
AQY(330). In the first step, a standardized daily photolysis rate
constant, k*p, was calculated by scaling kp to an arbitrary
standard daily irradiance (Ed,daySTA). For the D1 subset, k*p was
calculated through forward application of eq 2 when the in situ
aCDOM(λ) was available. For D2 and D3, it was estimated as

* =k k E E/p p d,daySTA d,dayINCUB (6)

where Ed,daySTA is the output of SBDART at 45°N and 30°W for
June 21 (summer solstice). For D2 and D3, eq 6 was applied
using a broadband irradiance value obtained by integrating the
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Ed,daySTA spectrum across the same radiation band that was
monitored during each incubation (Ed,dayINCUB), as done in
section 2.3.
In the second step, k*p was used to plot AQY(330) from the

D1 and D2 subsets against k*p/aCDOM(330) to obtain the
following regression eq (Figure 2A):

= − ± + ±

*k

log AQY(330) ( 0.21 0.01) (1.00 0.01)

log [ /a (330)]
10

10 p CDOM (7)

with r2 = 0.99, n = 111 (type II major axis regression). The
highly significant relationship confirmed that the broadband
photolysis of DMS in seawater exposed to sea-surface solar
radiation can be approximated by the peak response wavelength
at 330 nm. Furthermore, this procedure allowed us to include
in our analysis AQY(330) data from the D3 subset (or, more
generally, any samples where only aCDOM(330), kp and the
broadband irradiance were known).

3. RESULTS AND DISCUSSION
3.1. kp and AQY(330) variability. Our data set covers a

wide environmental range spanning the Arctic through
temperate and tropical oceans to the Antarctic Seas, and
from estuarine and coastal areas to the open ocean (Figure 1).
Since most measurements were obtained between the spring
and fall equinoxes, the daily UV irradiance typically varied
within a relatively narrow range (Figure 1B). By contrast,
aCDOM, nitrate and AQY(330) varied by 2−3 orders of
magnitude both across latitudes and from oceanic to coastal
waters (Figure 1C−E), suggesting that their role in controlling
kp variability was more important than that of irradiance. Since
the patterns displayed by aCDOM and nitrate have been
described elsewhere, below we examine the variability of the
daily DMS photolysis rate constants at the sea surface (kp) and
the corresponding AQY(330).
In the ensemble of studies, kp varied between 0.044 and 3.66

d−1, with a median of 0.55 d−1, and displayed regular
oceanographic patterns (Table 1, Figure 1F). Typically, kp
ranged between 0.2 and 0.6 d−1 in low-latitude (35°S to 35°N)
open ocean environments16,24,44,45 and in temperate46 to
subpolar21,25,47 northern hemisphere oceans, with slightly
lower kp at low latitudes. A larger scatter was observed in
northern polar seas, with an overall median of 0.28 d−1 but with

higher kp in the Greenland Sea19 compared to the Beaufort Sea
and the northern Baffin Bay.26 Higher kp of ca. 1 d−1 were
observed in waters nearby the Antarctic Peninsula and in the
Ross Sea; yet, the highest kp values (median 2.2 d−1) were
consistently observed in the Southern Ocean22,48 particularly at
latitudes between 50° and 70°S in the Indian and Pacific
sectors.
In the open ocean, the 50% central values (interquartile

range) of AQY(330) were between 1.3 and 10.5 m3 (mol
quanta)−1, with a median of 3.1 m3 (mol quanta)−1. In tropical
and subtropical oceans, as well as in northern temperate to
subpolar seas, the median AQY(330) was 1.7 m3 (mol
quanta)−1. A larger scatter was observed at latitudes above
65°N, with values up to 8 m3 (mol quanta)−1 in the Greenland
Sea but less than 1 m3 (mol quanta)−1 in the northern Baffin
Bay. Moderate to high values were observed south of 65°S, with
a median of 6.4 m3 (mol quanta)−1. As with kp, the highest
AQY(330) were seen in Sub-Antarctic waters with a maximum
of 34 m3 (mol quanta)−1. Previously, the highest AQY(330)
reported in the literature was 2.5 m3 (mol quanta)−1 in the
Sargasso Sea.24 Therefore, our study extends the upper range of
DMS photolysis AQY by an order of magnitude, and indicates
that AQY(330) between 3 and 34 m3 (mol quanta)−1 are not
exceptional. The maximum AQY(330) occurred within a
narrow range in salinity and temperature characteristic of the
Antarctic Polar Front,49 suggesting a link with upwelling of
deep, potentially old50 water masses (SI Figure S2).
Coastal waters influenced by the Mackenzie26 and the

Mississippi River outflows differed from the general patterns in
kp and AQY(330) seen in the open ocean, adding another
dimension (inshore-offshore) to the latitudinal gradients. A
closer examination of these coastal transects showed that kp
increased by four- to 10-fold toward the mouth of these major
rivers compared to nearby oceanic waters (e.g., compare
“Kinsey_PLU” to “Kinsey_INT” and “Kinsey_GOM”, and
“Taalba13MES” to “Taalba13CB” in Figure 1). This trend
corresponded to a 40−70-fold increase in aCDOM(330) and a ca.
5-fold decrease in AQY(330) with decreasing salinity, such that
AQY(330) was usually less than 0.2 m3 (mol quanta)−1 close to
river mouths (Figure 2B inset). Pooling together these two
river-influenced coastal data sets, the linear correlation
coefficient between AQY(330) and salinity for salinities less
than 31 was r = 0.78 (p = 3 × 10−6, n = 25). For comparison,

Figure 2. (A) Relationship between AQY(330) and the quotient k*p/aCDOM(330) (eq 7). k*p is the DMS photolysis rate constant just below the sea
surface scaled to a fixed standard irradiance spectrum. (B) Relationship between AQY(330) and aCDOM(330). Inset: Relationship between
AQY(330) and salinity. In B, AQY(330) marked with diamonds (subset D3) were estimated from the linear fit shown in Figure 2A (eq 7), and were
not used to derive the regression depicted by the dashed line (eq 8). See Figure 1 for a legend to the symbols and colors corresponding to different
studies.
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the correlation between aCDOM(330) and salinity was r = −0.95
for the same pooled data sets. Because of the opposite changes
in aCDOM(330) and AQY(330), kp in river-influenced waters
were not significantly different, overall, from those in other
coastal areas (Table 1). In samples from coastal and continental
shelf areas with limited or no riverine influence, such as those
from the coastal NW Mediterranean,38,45,51 NW Atlantic18 and
Antarctica,52 kp and AQY(330) were similar or slightly higher
than those in temperate to subpolar oceanic waters (excluding
the Sub-Antarctic region).
3.2. AQY and aCDOM Magnitude and Spectral Shape.

When the full range of AQY(330) and aCDOM(330) was
examined (Figure 2B), a highly significant inverse relationship
was found between log10AQY(330) and log10aCDOM(330),
according to the regression equation:

= − ± − ±log AQY(330) ( 0.32 0.11) (1.08 0.13)

log a (330)
10

10 CDOM (8)

with r2 = 0.70, p < 10−16, n = 111. The D3 subset was not
included in the regression, since it was derived from another
regression involving aCDOM(330). At aCDOM(330) less than 0.4
m−1, characteristic of oceanic waters, the AQY(330) vs
aCDOM(330) relationship diverged into two distinct trends,
roughly defined by high- and low-latitude samples. This
divergence was more marked at low aCDOM(330), with
AQY(330) ranging between 1 and 34 m3 (mol quanta)−1 at
aCDOM(330) of 0.1 m−1.

AQY(330) from different study areas were grouped
according to the value of spectroscopic indicators of CDOM
origin, molecular weight and photobleaching (Figure 3).
AQY(330) generally increased with SR and the aCDOM(254)/
aCDOM(365) ratio and decreased with the aCDOM(254)/DOC
ratio. Low AQY(330) characteristic of river outflow areas
coincided with the lowest spectral slope ratios (SR < 2, Figure
3A), low to intermediate values of the aCDOM(254)/
aCDOM(365) ratio (3−15, Figure 3B) and intermediate to
high aCDOM(254)/DOC ratios (generally 0.02−0.07 m2

mmol−1, Figure 3C). Furthermore, AQY(330) in river-
influenced samples showed a monotonic increase with SR (rS
= 0.75, p = 10−4, n = 21) and the aCDOM(254)/ aCDOM(365)
ratio (rS = 0.74, p = 7 × 10−5), and a decrease with
aCDOM(254)/DOC (rS = −0.72, p = 0.01). Overall, this suggests
that the offshore increase in AQY(330) is related to
photobleaching of terrestrial CDOM, accompanied by a
decrease in the mean CDOM molecular weight35 and
CDOM aromaticity.37

In oceanic waters, the relationship between AQY(330) and
SR branched at SR > 2, setting apart high-AQY Sub-Antarctic
waters from other oceanic regions (Figure 3A). Samples from
diverse subtropical to subpolar seas clustered around an SR of 2,
whereas samples with SR between 3.5 and 6.3 and AQY(330)
smaller than 4 m3 (mol quanta)−1 originated mainly from the
open Mediterranean Sea and the subtropical gyres, with
maximal SR in the Sargasso Sea (July-August). Comparison
between AQY(330) and the aCDOM(254)/aCDOM(365) ratio
revealed a similar branching pattern, with separation into two

Figure 3. Relationship between AQY(330) and (A) the CDOM spectral slope ratio SR; (B) the CDOM absorbance ratio at 254 and 365 nm; (C)
the aCDOM(254)/DOC ratio (specific UV absorption); and (D) the nitrate concentration. Diamonds denote AQY(330) estimated from eq 7. In A−
C, different end members were tentatively identified as terrestrial, photobleached, productive, and upwelled surface waters (see sections 3.1, 3.2, and
3.6). MW: CDOM molecular weight. See Figure 1 for the legend to the symbols and colors corresponding to different studies.
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groups at aCDOM(254)/aCDOM(365) of ca. 10. The grouping of
samples was, however, slightly different from that produced by
SR. In this case, the samples from the Indian Ocean subtropical
gyre in late austral summer showed the highest aCDOM(254)/
aCDOM(365) ratio with values above 30. High SR and
aCDOM(254)/aCDOM(365) have both been interpreted as the
signature of intense CDOM photobleaching at the sea surface,
which is overall consistent with the observed trends. The high
SR (with a maximum of 5 at 60°S) seen in high-AQY Sub-
Antarctic samples in the austral spring is more intriguing, and
perhaps related to CDOM transformations other than photo-
bleaching.53

Despite the general positive covariation between AQY(330)
and either SR or aCDOM(254)/aCDOM(365), both indices showed
a local minimum in samples from the Greenland Sea and the
Antarctic Peninsula with AQY(330) between 1 and 10 m3 (mol
quanta)−1. This pattern might reflect the effect of higher local
biological productivity on the CDOM pool, since these samples
exhibited a higher median chlorophyll concentration (0.69 μg
L−1) than the other oceanic samples (ca. 0.20 μg L−1). Yet, this
interpretation remains speculative.
The inverse relationship between AQY and aCDOM at the 330

nm reference wavelength extended across the spectral domain.
The median AQY spectral slope (SAQY) in the Mackenzie
estuary and shelf (0.0275 nm−1, n = 14) was significantly
smaller (p = 0.0002, Kruskal−Wallis test) than in oceanic
samples (0.0462 nm−1, n = 36). In fact, log10AQY(330) and
SAQY displayed a significant positive linear correlation in the D1
subset studies (r = 0.54, p = 2 × 10−4, n = 47; SI Figure S3).
This suggests that the AQY spectrum becomes steeper and thus
shortwave-shifted as it increases in magnitude.
As described in Section 2.5, we estimated SAQY in some D2

samples that could then be compared to D1 samples, and a
good agreement between both subsets was found (SI section
3). Interestingly, SAQY in samples from the Sub-Antarctic and
Antarctic Peninsula region was significantly higher than in the
other oceanic samples (p = 2 × 10−5, Kruskal−Wallis test;
pooled D1 and D2 subsets). The median of Sub-Antarctic and
Antarctic Peninsula samples was 0.0535 nm−1 (n = 23),
compared to 0.0389 nm−1 in the rest of oceanic samples (n =
29). These results indicate that high AQY and steep AQY
spectral slopes are characteristic of Antarctic waters and set
them apart from other oceanic regions including Arctic waters.
3.3. AQY and Nitrate. The role of nitrate as a DMS

photosensitizer was previously examined in two studies. In the
Northeast Pacific, AQY(330) increased with nitrate concen-
tration at a rate of 0.15 m3 (mol quanta)−1 μM−1 (n = 7;
“Bouillon2004″ data set).21 In the Southern Ocean, kp
increased linearly with added nitrate which corresponded to a
slope between 0.17 and 0.19 m3 (mol quanta)−1 μM−1

(“Toole2004” data set,22 SI section 4). In our data set, we
further assessed the role of nitrate by regressing the residuals
left after fitting AQY(330) to aCDOM(330) (eq 8) against nitrate
concentration (SI Figure S4A). This gave a regression slope of
0.17 ± 0.04 m3 (mol quanta)−1 μM−1 (r2 = 0.41, p < 10−12, n =
111), similar to the nitrate dependence calculated from the two
previous regional studies. The slope was not significantly
different if river-influenced samples were excluded.
Figure 3D displays the relationship between AQY(330) and

nitrate. Despite the visual scatter, a highly significant correlation
existed between the two variables (r = 0.55, p < 10−10; rS = 0.64,
p < 10−16; log-transformed variables). However, as discussed in
the previous paragraph, assuming that AQY(330) increases at a

rate of 0.17 m3 (mol quanta)−1 μM−1, AQY(330) would be
expected to increase by only 5 m3 (mol quanta)−1 for a 30 μM
nitrate increase, such as that found between subtropical gyres
and Southern Ocean surface waters, compared to the observed
increase in AQY(330) of nearly 20 m3 (mol quanta)−1 (Table
1).
Further insights can be gained by examining seasonal

AQY(330) variations (SI Figure S5). In the coastal Northwest
Mediterranean,38 a maximal AQY(330) of 5.5 ± 0.5 m3 (mol
quanta)−1 was observed in late winter, with nitrate of 4.6 μM,
compared to a mean ± std AQY(330) of 1.8 ± 0.7 in spring
and summer (n = 8), with nitrate of 0.32 ± 0.26 μM. In this
case, nitrate would explain a change in AQY(330) of 0.73 m3

(mol quanta)−1, 23% of the observed variation. In summary,
these results suggest that the effect of nitrate on DMS
photolysis is important, but generally smaller than AQY
variations related to CDOM abundance and quality.22

3.4. AQY and Temperature. Toole et al.24 showed that in
Sargasso Sea water AQY followed Arrhenius behavior with an
activation energy of ca. 23 kJ mol−1, corresponding to a
doubling in AQY (at 320 nm) for every 20 °C increase in
temperature. However, this dependence was much weaker
(activation energy of ca. 7 kJ mol−1) in Ross Sea Antarctica
samples (Westby and Kieber, pers. comm.). Given this large
difference in temperature dependence, we reported AQYs at
the in situ temperature and did not apply any temperature-
dependent correction.
The AQY(330) in samples influenced by the Mississippi

River outflow were consistently higher, by 1.8−2.2 -fold, than in
samples from the Mackenzie outflow for a given aCDOM(330)
(Figure 2B). Since the Mississippi-influenced samples were
incubated at a temperature 25 °C higher than Mackenzie-
influenced samples, it appears that this 2-fold difference in
AQY(330) could be partly or completely accounted for by
Arrhenius temperature dependence.
In open-ocean and coastal samples with no riverine influence,

AQY(330) was negatively correlated to the sea-surface
temperature (SST) in situ (rS = −0.45, p < 10−7, n = 115)
and to the incubation temperature (rS = −0.42, p < 10−6).
Moreover, SST explained 34% of the linear-space residuals of
the regression between AQY(330) and aCDOM(330) (SI Figure
S4B). The negative SST dependence of AQY(330), however,
does not conform with the Arrhenius behavior previously
described. This indicates that SST statistically accounts for
other oceanographic factors that control AQY which covary
with SST (see section 3.5).

3.5. Multivariate Models. In the previous sections we
examined the effect of CDOM, nitrate and temperature on the
AQY for DMS photolysis. These variables can be used to
improve the statistical prediction of AQY(330), irrespective of
the underlying mechanisms. To this end, we performed a
stepwise multiple linear regression including log10aCDOM(330),
log10NO3

− and SST as initial predictor variables. The p-value
for adding a new term was set at 0.01, and that for removing a
term at 0.05, and interaction terms were allowed. With these
conditions, only CDOM and nitrate remained after the
stepwise variable selection, according to the equation:

= − ± − ±

+ ±
−

log AQY(330) ( 0.46 0.04) (0.84 0.06)

log a (330) (0.029 0.003)

log NO

10

10 CDOM

10 3 (9)
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with adjusted r2 = 0.83. Thus, nitrate explained 13% additional
log10AQY(330) variance compared to the regression model
with aCDOM(330) as the only predictor (eq 8). Yet, if nitrate was
excluded from the initial set of predictors, a similar amount of
variance was explained by including SST in the regression
equation:

= − ± − ±

+ ±

+ ±

×

log AQY(330) ( 0.46 0.07) (1.58 0.09)

log a (330)

(0.0049 0.0041)SST

(0.037 0.005)log a (330)

SST

10

10 CDOM

10 CDOM

(10)

with adjusted r2 = 0.82. This indicates that nitrate and SST are
redundant statistical predictors in our data set, which is
confirmed by the strong correlation between log10NO3

− and
SST (r = −0.63, p < 10−16). In eq 10, the sign of the SST effect
on AQY(330) switched from positive to negative for
aCDOM(330) less than 0.74 m−1, due to the aCDOM(330) ×
SST interaction term. This reflects the occurrence of the
highest AQY(330) in cold, CDOM-poor and nitrate-rich sub-
Antarctic waters. Alternative regression models including
bottom depth and salinity could explain up to 88% of
log10AQY(330) variance (not shown), but the large number
of regression coefficients (up to 12) rendered them more
difficult to interpret and increased the risk of overfitting.54

3.6. Conceptual and Modeling Framework. Evidence
presented here suggests that CDOM concentration and quality
plays a major role in controlling AQY (Figure 2B and 3A−C),
with secondary but significant roles for nitrate and temperature.
Nevertheless, the importance of different environmental
processes varies from coastal to oceanic regions (see graphical
abstract).
In coastal areas with sharp aCDOM gradients, progressive

dilution and removal of terrestrial CDOM through photo-
degradation and other processes27 controls variations in DMS
photolysis AQY and kp. Previous studies have shown that
CDOM photobleaching does not affect all chromophores
equally, with a preferential removal of condensed aromatic
compounds of terrestrial origin compared to aliphatic and
carbohydrate-like compounds.20 Preferential removal of
terrestrial chromophores not involved in DMS photolysis
would increase the relative amount of DMS photosensitizers
offshore, and thus AQY. An alternative and compatible
interpretation is possible, by which terrestrial CDOM photo-
bleaching preferentially removes chromophores that quench
DMS oxidizers.26 Irrespective of the mechanism, and although
AQY is not methodologically independent from aCDOM (eq 2),
their strong negative covariation can be used to model DMS
photolysis across sharp estuarine CDOM gradients (eq 8).
Environmental control of AQY(330) in oceanic waters

appears more complex than in coastal waters. Our observations
support the notion that CDOM composition (or “quality”),
rather than CDOM abundance or nitrate concentration (see
section 3.3), controls oceanic AQY for DMS photolysis, as
proposed by Toole et al.22 Since CDOM in oceanic waters
originates mainly from autochthonous microbial plankton
activity,27 we hypothesize that marine CDOM cycling processes
control the AQY for DMS photolysis. If our hypothesis is
correct, then spatiotemporal variations in AQY in surface
waters should reflect the balance between processes that

replenish the upper ocean layer with nonbleached CDOM,
such as deep-water upwelling, vertical mixing and phytoplank-
ton blooms,27,29 and CDOM photodegradation.
Seasonal AQY(330) variations in the Ross Sea (Antarctica)

and the NW Mediterranean support this hypothesis (SI Figure
S5). In these contrasting locations, AQY(330) decreased by
three to 5-fold through spring and summer, whereas concurrent
aCDOM(330) variations were less than 2-fold. In the coastal
Mediterranean,38 AQY(330) was negatively correlated to the
day of year (r = −0.93, p = 0.0003), and changed concomitantly
with the abundance of various CDOM chromophores of
different photolability.55 Notably, marine CDOM photo-
degradation in summer is associated with a decrease in the
AQY for DMS photolysis, contrary to what is observed for
terrestrial CDOM photodegradation. In future studies,
advanced chemical characterization of specific chromo-
phores56,57 could help clarify the findings derived from
examination of aCDOM spectral features.
The interplay between ocean circulation and CDOM light

history is also illustrated by the high photosensitizer activity
associated with upwelled water masses (SI Figure S2), where
CDOM may have undergone long-term microbial trans-
formations and relatively little photobleaching.53,58 Consistent
with this interpretation, a few studies have shown24,26 or
suggested48 that AQY increase with depth in the water column.
This issue deserves further attention in future studies, since it
might affect the cycling of other climate-relevant trace gases and
in regions other than the Southern Ocean.
Our results can be used to better assess DMS photolysis at

large-scales, and to understand its response to natural
oscillations and global change-driven trends in river discharge,59

ice cover, vertical mixing, upwelling, and temperature,60 and
potential subsequent changes in nitrate concentration, CDOM
absorption and UV penetration.27 Current biogeochemical
models typically represent DMS photolysis as a fixed linear
function of irradiance,61,62 and do not take into account
variability in AQY, CDOM, or nitrate. One approach would be
to use coupled biogeochemical ocean circulation models to
trace the processes responsible for AQY variations. The end-
member-like structure that emerges in Figure 3A−C suggests
that AQY could be modeled as a function of water mass origin,
irradiance exposure at the sea surface and biological cycling of
CDOM photosensitizers (distinguishing at least between
terrestrial and marine CDOM) and nitrate. Another possibility
would be to use empirical parametrizations to statistically
predict AQY (eqs 8−10). These parametrizations could be
implemented at regional or global scales using remotely sensed
CDOM absorption27 and UV attenuation coefficients in the
water column,63 as well as satellite SST (eq 10) or nitrate
derived from climatologies or biogeochemical models (eq 9).
Further work is warranted to develop remote sensing models
for DMS photolysis.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
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methodological details of individual studies. Five
supporting figures are included to further illustrate the
relationship between AQY spectra and environmental
variables (CDOM, salinity, nitrate and SST) analyzed in
the main text. Data are available on request (PDF)
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