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Abstract. Photolysis of dimethylsulfide (DMS), a secondary same geographic regions. The methodology adopted here
photochemical process mediated by chromophoric dissolvedo study the relationship between CDOM quality/origin and
organic matter (CDOM), has previously been demonstratedMS AQYs, if applicable to other ocean areas, may bring re-
to be an important loss term of DMS in the surface layersults of global significance for DMS cycling and might have
of warm seas and the Southern Ocean. The role of photolyimplications for probing other CDOM-driven photochemical
sis in regulating the DMS dynamics in northern polar seasprocesses.

remains, however, less clear. This study for the first time

determined the apparent quantum yield (AQY) spectra of

DMS photooxidation in Canadian Arctic seas covering Baf- )

fin Bay, the Mackenzie estuary and shelf, and the Canadad Introduction

Basin. The DMS AQY was fairly invariant at salinities <25 Dimethvisulfide (DMS) is th bund latil It
but rose rapidly with further increasing salinity in an expo- Dimethylsulfide (DMS) is the most abundant volatile sulfur

nential manner. Salinity can therefore be used as a quantit gompound in seawater and its egress from the ocean accounts

tive indicator of the DMS AQY. The DMS AQY in the ultra- or ~ 50 % of the total biogenic sulfur flux to the atmosphere
violet (UV) wavelengths was linearly and positively corre- (Batehs et a;l., 199?12; Liss eél\a/llé _1997)._dL|Jpon§_nte(;|ng thei\ftro-
lated with the spectral slope coefficient (275-295 nm) of thePOSPNEre from t_ € sea, DMS 1S rapidly oxidize to sulfate
CDOM absorption spectrum, suggesting that marine CDOMaerosols, potentlally contributing to the formation of cloud
photosensitizes the degradation of DMS more eﬁicientlycgrl‘gené?:t:\?r_‘ nuclei (CFsz(Iaan"’I‘ et aI.,2bOlZ; Ifju:]mala etlal.,d
than does terrestrial CDOM or that coastal waters contain2 )- Increase cloud droplet number and hence clou

higher concentrations of substrates (most likely dissolveaalb?do' tg\er;by redugirg:g solar rfgdsi;e;[ior'l/larrivingD'\a/lltSEa:th’s
organic matter and redox metals) that compete for Dms-Surtace (Andreae and Crutzen, ). Marine » along

oxidizing radical intermediates. High concentrations of ni- with other qceanic precursors (e.g., sea salts a_nd organics_) of
trate (~12 pmol 1) in deep water samples boosted DMS atmospheric aerosols, may thus moderate climate warming
photooxidation by 70-80 %, due likely to radical chemistry (Charlson et al., 1987; Quinn and Bates, 2011). Moreover,

of nitrate photolysis. Coupled optical-photochemical model-the cycling of marine DMS and its precursor, dimethylsul-

ing, based on the obtained DMS AQY spectra, shows tha{oniopropionate (DMSP), implicates a cascade of processes

UV-A (320-400nm) accounted for 60—75% of the DMS that impact not only the sulfur and carbon biogeochemistry
photolysis in the sunlit surface layer and that photochem-bUt also the ecology and physiology of marine phytoplankton

istry degraded DMS on aa-folding time from 9 to 100d and bacteria (Kiene et al., 2000; Simo, 2004).

(mean: 29 d). The photooxidation term on average accounted In contrast to the enormous progress made in mapping the

for 21% of the DMS gross loss rate and was Comparab|econcentrations; and air—sea fluxes of DMS in major ocean

to the atmospheric DMS ventilation rate estimated for thebaSirls (e.g., Kettle et al., 1999; Lan_a e_t al_., 2011; Yang et
al., 2011), our knowledge of DMS distributions and fluxes
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in Arctic seas remains rudimentary. Surface water DMS con-water column. Indeed, recent studies have observed signif-
centrations obtained from a limited number of Arctic field icant photochemical CDOM transformation in the western
surveys are within ranges occurring in warmer oceans (LeckCanadian Arctic under current ice conditions in terms of car-
and Persson, 1996; Bouillon et al., 2002; Gali and Simo,bon monoxide (Xie et al., 2009), carbon dioxide (Bélanger et
2010; Luce et al., 2011; Motard-Co6té et al., 2012). Sharmaal., 2006) and ammonium photoproduction (Xie et al., 2012).
et al. (1999) estimated that the efflux of DMS from the Arc- Modeling studies point to strengthened photooxidation under
tic Ocean accounts for only 0.4 % of the world ocean'’s totala totally ice-free scenario in the summer season (Bélanger et
flux but could have a significant effect on the regional cloudal., 2006; Xie et al., 2012).
albedo. More recent works on Arctic DMS fluxes arrived  Gali and Simo6 (2010) determined DMS photooxidation
at similar conclusions (Chang et al., 2011; Rempillo et al.,rates in waters off Greenland and concluded that photolysis
2011). Moreover, rising seawater temperatures and increasand biological consumption rates are comparable within the
ing open water areas (Comiso, 2006) in the Arctic Ocean araipper mixed layer during summer under shallow stratifica-
expected to promote primary production (hence DMS for-tion conditions. Deal et al. (2005) measured the pseudo-first-
mation) and accelerate air—sea exchange. Model simulationgrder apparent quantum yield (AQY) spectra of DMS photol-
predicted that the Arctic DMS emission rate will increase by ysis in seawater from two Bering Sea stations. Their results
90 % if the atmospheric C&Jevel triples and totally ice-free  indicate that the loss of DMS through photolysis is compara-
conditions materialize in summer (Gabric et al., 2005). ble to that by air-sea exchange in the Bering Sea in late sum-
The amount of seawater DMS available for transfer tomer. To our knowledge, these are to date the only published
the atmosphere is controlled by in situ production and losssurveys of DMS photooxidation in the Arctic Ocean. Here
processes in the surface ocean. DMS is generated biologiwe report the first measurement of the AQY spectra of DMS
cally by phytoplankton and bacteria (Yoch, 2002; Stefels etphotolysis in Canadian Arctic marine environments covering
al., 2007); it is lost by bacterial uptake (Kiene and Bates,the Mackenzie estuary and shelf, Canada Basin, and Baffin
1990; Sim6, 2004), photolysis (Brimblecombe and ShooterBay. We modeled the photochemical DMS turnover rate con-
1986), and ventilation to the atmosphere. DMS photolysis isstants based on the obtained AQY spectra and discussed the
a secondary photochemical process induced by oxidants pramplication of photooxidation for DMS cycling in northern
duced primarily from photoreactions of chromophoric dis- marine systems.
solved organic matter (CDOM) (Brimblecombe and Shooter,
1986; Toole et al., 2003). Compared to concentration distri-
butions and air-sea fluxes, even less is known of the pro2 Materials and methods
duction and consumption rates of DMS in the Arctic, partic-
ularly for the photooxidation term. Like other CDOM pho- 2.1 Sampling
tochemical processes, previous studies on DMS photooxi-
dation in the Northern Hemisphere were predominantly re-Sampling was conducted aboard the icebreaker CCGS
stricted to low and midlatitudes due partly to the logistic Amundselin the southeastern (SE) Beaufort Sea in late June
challenges of field surveys in the high north and partly toand July 2008 and in the Baffin Bay/Lancaster Sound area
the implicit assumption that photochemistry is irrelevant in in September 2008 as part of the field campaigns for the
the Arctic where low solar angles and extensive ice cover2007—-2008 IPY’s (International Polar Year) CFL (Circum-
minimize the solar radiation available for aquatic photopro- polar Flaw Lead system study) and Canadian Arctic SOLAS
cesses (Amon and Meon, 2004). However, ongoing globalSurface Ocean—Lower Atmosphere Study) programs. The
changes appear to favor photoreactions in Arctic environ-SE Beaufort Sea was re-visited in August 2009 during the
ments. First, Arctic climate warming shrinks ice extent and Mackenzie Light and Carbon (Malina) program (Fig. 1). The
shortens the ice cover period (Comiso, 2006), thereby allow-SE Beaufort Sea survey covered the Mackenzie River estu-
ing more solar energy to be passed into the water columnary, Mackenzie Shelf, and Canada Basin. Zodiac rafts were
Second, warming-induced melting of Arctic permafrost may deployed during the Malina cruise to collect shallow waters
increase the input of terrestrial CDOM to the Arctic Oceanin the estuary that included two salinity-gradient transects:
(Retamal et al., 2008; Stedmon et al., 2011); CDOM is theone in the east channel covering stations from 391 to 398 and
primary substrate of marine photochemistry. Third, declin-the other in the west channel encompassing stations from 691
ing stratospheric ozone over the high northern latitudes leadto 698. The eastern Canadian Arctic was sampled at three lo-
to increasing ultraviolet (UV) radiation reaching the sea sur-calities, Sta. 303 in the Lancaster Sound and Sta. 126 and
face (Rex et al., 2004). Finally, strong surface water stratifi-140 in the northeastern Baffin Bay (Fig. 1). Only surface wa-
cation in the Arctic Ocean, which could be further intensi- ter samples (0-5m) were collected except for Sta. 1526 at
fied by growing freshwater runoff and ice melting (Rabe etwhich three depths down to 950 m were sampled. Samples
al., 2011), increases substrate exposure to solar radiation dinom the salinity-gradient transects were taken with a clean
a per-molecule basis. These factors combined together couldigh-density polyethylene (HDPE) bucket and transferred
synergistically enhance the photooxidation potential in theinto 10 L acid-cleaned HDPE jugs. Elsewhere, 12 L Niskin
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Table 1. Sampling information and related physical and chemical properties. MRE-E: Mackenzie River estuary east channel; MRE-W:
Mackenzie River estuary west channel; MS: Mackenzie Shelf; CB: Canada Basin; BB: Baffin Bay; n.d.: not determined; <DL: under the
detection limit. Sampling depths of 0—0.2 m denote bucket samples. The separation of MRE-E and MRE-W from MS is only intended to
facilitate discussion in the text. Al MRE-E and MER-W stations were actually located on the MS.

Region Station  Cruise Date Latitude Longitude Sampling Bottom Salinity 7 acdoma12 NO3
depth depth
dd-mm-yy  (N) (°w) (m) (m) o) (m=1 (M)
MRE-E SO CFL 30-06-08 69.27 134.09 0-0.2 1.0 0 n.d. 2.14 3.53
3 CFL 29-07-08 69.50 133.25 0-0.2 3.8 11.1 149 156 0.51
391 Malina 16-08-09 70.10 133.54 0-0.2 34.6 27.82 3.2 0.13 0.01
394 Malina 16-08-09 69.85 133.49 0-0.2 12.4 21.46 8.8 0.82 0.01
396 Malina 16-08-09 69.68 133.46 0-0.2 6.3 17.27 8.2 1.11  0.12
398 Malina 16-08-09 69.53 133.42 0-0.2 3.1 16.37 8.8 1.23 0.70
434 CFL 30-06-08 70.18 133.56 2.7 40.0 29.03 3.6 0.28 0.40
MRE-W 691 Malina 13-08-09 69.39 137.79 0-0.2 43.7 23.61 5.2 0.39 <DL
693 Malina 13-08-09 69.30 137.40 0-0.2 32.3 15 8.8 1.15 0.63
694 Malina 13-08-09 69.25 137.20 0-0.2 9.0 9.43 9.3 1.66 1.79
695 Malina 13-08-09 69.20 137.01 0-0.2 5.0 7.04 9.3 1.89 2.60
697 Malina 13-08-09 69.13 136.68 0-0.2 1.7 0.15 103 2.04 3.62
MS 170 Malina 07-08-09 70.92 128.92 3 35 29.01 3.2 0.20 <DL
670 Malina 10-08-09 69.80 138.43 3 174 235 4 0.33 0.01
CB 320 Malina 09-08-09 71.56 133.96 2.8 1159 26.46-0.8 0.10 0.01
640 Malina 11-08-09 70.33 139.10 3.3 564 21.43 2.1 0.24 n.d.
1526 CFL 03-07-08 72.01 131.33 5 1050 25.470.9 0.17 0.30
1526 CFL 03-07-08 72.01 131.33 160 1050 33.66-1.5 0.11 12.1
1526 CFL 03-07-08 72.01 131.33 950 1050 34.87 0 0.09 122
BB 126 SOLAS  18-09-08 77.35 73.42 0-0.2 326 31.59 3.1 0.05 0.29
140 SOLAS 11-09-08 75.04 64.49 0-0.2 280 30.88 3.6 0.06 0.05
303 SOLAS 07-09-08 74.23 89.65 0-0.2 228 30.98 0.3 0.10 0.14

bottles mounted on a rosette sampler were employed. Salinreported by Zhang et al. (2006) for determining carbon
ity and water temperature were recorded using a SeaBirenonoxide photoproduction. Briefly, samples in the quartz
911+ CTD (conductivity, temperature, depth) profiler. All cells were irradiated in a temperature-controlled water bath
samples were gravity-filtered upon collection through a Pall(2—4°C) under polychromatic radiation emitted from a SUN-

AcroPak 1000 filtration capsule sequentially containing 0.8SET CPS solar simulator equipped with a 1.5kW xenon
and 0.2 um polyethersulfone membranes, which had beefamp. To retrieve DMS AQY spectra (see Sect. 2.4), eight
thoroughly rinsed with Nanopure and sample water. Filteredight treatments were applied by screening the incident light
water was transferred to acid-cleaned 4 L clear glass bottlethrough eight successive Schott long-band glass cutoff filters
and stored at 4C in darkness until further treatment in a with model numbers of WG280, WG295, WG305, WG320,

land-based laboratory in Rimouski, Québec. Detailed samWG345, GG395, GG435 and GG495. The numeric values in

pling information can be found in Table 1. the model numbers signify the nominal 50 % transmittance
cutoff wavelengths. Spectral irradiance under each cutoff fil-
2.2 |rradiation ter was measured at 1 nm increments from 250 to 700 nm

using an Optronics OL-754 spectroradiometer outfitted with
Prior to irradiation, water samples were re-filtered throughffj1 fiber op_tlc cable having a _term_lnal Teflon dlffuse_r and cal-
0.2 um polyethersulfone membranes (PALL) and amendedbrated with an OL752-10E irradiance standard. Light expo-
with an aqueous DMS stock solution to yield a final con- sure spanned 2.5 h for samples under shortwave cutoff filters
centration of~10nmol L~1. Samples were then siphoned (WG280, WG295, WG305, and WG320) and 4 h under long-

into pre-combusted quartz-windowed cells (inner diameterWave cutoff filters (WG345, GG395, GG435 and GGA95).
3.4cm:; length: 11.4cm) with clean Teflon tubing. The cell For each experiment, parallel dark controls were incubated

was overflowed by twice its volume before being closed ! accountfor any thermal loss of DMS.
without headspace. The irradiation procedure followed that

www.biogeosciences.net/10/6793/2013/ Biogeosciences, 10, GBI§-2013
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equipped with a 10 cm quartz cuvette. For highly colored
samples in the inner part of the Mackenzie estuary, a 5¢cm
quartz cuvette was used to ensure that the measured ab-
sorbances fell within the upper limit of the Lambert—Beer
law (i.e.,~ 1). The average absorbance over the 683—687 nm
interval was subtracted as a background correction from the
rest of the spectrum (Babin et al., 2003). Absorbance at
wavelengthh (nm), Acdoma, Was converted to absorption co-
efficient (base), acdom;. (M~1), according to Eq. (1):

dcdoma = 2-303Acdom)»”_l7 (1)

wherer is the path-length of the quartz cuvette (m). The
lower detection limit ofacgom, defined as 3 times the stan-
dard deviation of five replicate analyses of pure water, was
0.02+0.01 nt! across the 250-700 nm range.
Concentrations of nitrate in original samples, stored
frozen at—80°C, were determined using a Technicon I
(Bramt-Luebbe) Autoanalyzer with colorimetric methods

Fig. 1. Sampling map showing the Beaufort Sea (Mackenzie Shelfadapted from Grasshoff et al. (1999).

and Canadian Basin) in the western Canadian Arctic and Baffin Bay ) o

in the eastern Canadian Arctic. Filled circles denote CFL stations in2-4 ~ Retrieval of AQY of DMS photooxidation

June and July 2008, open circles signify Malina stations in August . . .

2009, and open triangles represent SOLAS stations in Septembefhe spectral AQY of DMS photolysisbams., is defined as
2008. the moles of DMS degraded per mole of photons absorbed

by CDOM at wavelengthi. As a secondary photochemical
reaction, DMS photolysis obeys pseudo-first-order kinetics
(Brimblecombe and Shooter, 1986). Following the practice
of Bouillon and Miller (2004) and Bouillon et al. (2006), we
efine a pseudo-first-order AQY of DMS photolysisy .,
ejjm3 (mol photonsy?], which is ®gms,. divided by DMS con-
centration ([DMS], moles m?). D ms;. Is derived according
o the protocol reported by Bouillon and Miller (2004) and
ouillon et al. (2006). Briefly, the rate of DMS photolysis in
an irradiation cell can be expressed by Eq. (2):

H
2
S
i
T
(a]
€
s
3
9
d O

2.3 Analysis

DMS in pre- and post-irradiation samples was concentrat
with a purge-and-trap device and then quantified using
gas chromatograph (GC) (Varian 3400 or 3800) fitted with
a pulsed flame photometric detector (GC-PFPD) (Scarrat
et al., 2000). Briefly, samples were bubbled for 3 min with
gaseous helium (60 mLmir) in a heated purging vessel

(ca. 70°C). The upper part of the vessel (15cm long) was 500

kept at 5°C to reduce water vapor in the gas stream with- d[DMS] DMSIR-1

out condensation of DMS. A Pyrex drying tube contain- ~ dr =1 1 /QO*A

ing calcium chloride removed residual water vapor in the 280

gas stream exiting the purging vessel before a Teflon loop  [1— exp(—acdomiw,x R) | ®jms o2 2

submerged in liquid nitrogen cryotrapped the DMS. The
Teflon loop was then heated+070°C, releasing the trapped WhereR is the path length of the irradiation cello ;. the
volatiles onto the GC column. The system was calibrated usincident spectral photon flux (mol photonsfs~*nm-1),
ing a certified permeation tube source (Kin-Tek Laborato-and acdomyw.» the sum of the absorption coefficients of
ries) delivering DMS at 500 ngmirt. The helium-diluted ~CDOM and water dw,,) (Pope and Fry, 1997; Buiteveld et
DMS stream from the permeation tube was passed througRl-» 1994). Integrating the left-hand side of Eq. (2) from time
the purging apparatus and subjected to subsequent proces&er0 ([DMSp) to 7 ([DMS]y) arrives at Eq. (3):
ing in the same manner as the samples. The quantification 500
limit was 0.03 nmol 1 based on 3 times the background [DMSlo\ _; 1
noise. The precision of the method was better than 10 % (coln (m) =R f Q0.1 [1— exp(—acdomiw.: R)]
efficient of variation). 280

CDOM absorbance in pre- and post-irradiation samples g O €)
was measured at room temperature from 250 to 800 nm at
1nmincrements using a Perkin-Elmer Lambda 35 dual beanAll terms in Eq. (3) are known excepby. ;. allowing

UV-visible spectrometer referenced to Nanopure water and1>§mS , to be derived using a statistical optimization approach

Biogeosciences, 10, 6798806 2013 www.biogeosciences.net/10/6793/2013/
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originally proposed by Rundel (1983) and adapted later byNote that Eq. (6) neglects backscattering of solar radia-
Xie et al. (1998) and Johannessen and Miller (2001). Thistion to the atmosphere and assumes vertical homogeneity of

approach assumes an exponential decayypf; : [DMS], @F,,c and absorption coefficients of various optical
constituents in the upper mixed layer. The daily averaged
cbémsx = q’gms/\refeXp[_S%ms(’\ —/\ref)]. (4) Qd.0—.» value on each station's sampling date was used to

calculatékgms
Dims e 1S Pims;. at the reference wavelength (290 nm) and
Sox denotes the spectral slope coefficient representing the
spectral shape oby.,;. The pseudo-first-order DMS pho- 3 Results and discussion
tolysis rate in an irradiation cell can then be predicted from

Eq (4) using the assumed funCtion(ngs)\ with initial es- 3.1 General physica| and chemical properties

timates of®g..., —~andSe: . The optimumdg, .. —and
Say,. values were identified with a MATLAB-coded, itera- The 2008 CFL survey in the SE Beaufort Sea covered the
tive fit method by varyi”befimsxref andqué until the mini- most extensive ranges of salinity (0—34.87) and water tem-

mum residuals reached between the measured and predicte@rature £ 1.5 to 14.9C) and represented the overall ranges
pseudo-first-order DMS photolysis rates for all samples fromof the entire data sets of the two parameters (Table 1). The
a single irradiation. The predicted rates agreed well with thetemperature and salinity profiles of Sta. 1562 (not shown)
measured ones witR? ranging from 0.943 to 0.996 (mean: indicate that the 5m sample was within the upper polar
0.989,n =22, Table 2). mixed layer characterized by relatively low salinities caused
by ice melting and runoff, the 160 m sample was located in
the upper halocline formed by Pacific winter water, and the
950 m sample originated from the North Atlantic (Matsuoka
et al., 2012). The 2009 Malina cruise in the SE Beaufort Sea
€ .
éncountered surface water temperatures ranging fr@n8
(Sta. 320) to 10.3C (Sta. 697) and salinity spanning from

2.5 Modeling photochemical turnover of DMS

The photochemical decay of [DMS] in the upper mixed layer,
which was generally deeper than the photoactive layer (se
Sect. 3.3), can be expressed by

[DMS]col,; = [DMS]col0 0.15 (Sta. 697) to 27.82 (Sta. 391) (Table 1). Evidently, wa-
500 ter temperature during both CFL and Malina declined from

1 dcdom 4 the Mackenzie River estuary to the Mackenzie Shelf to the

exp| — | Zp / Qd.0-.» ©dmskd)‘)t () Canada Basin and salinity climbed from the estuary to the
290 shelf. However, Sta. 320, 640 and 1526 in the basin exhibited

[DMS]cor0 and [DMSkoi, are the depth-integrated DMs lower salinities than did certain stations on the shelf (e.g.,
concentrations (i.e., column burden, Hmoﬁ')\ at time Sta. 320 vs. Sta. 391; Sta. 640 vs. Sta. 670 and 691; Sta.
zero andr(d), respectively.Zm denotes the upper mixed- 1526 vs. Sta. 434), probably due to a stronger presence of
layer depth (UMLD, m), which was calculated using the i€® meItwgter |n_t_he basm in summer (Xie et al., 2012). The
0.05kg nT3 density difference criterion (Table 3240 ;. threg stgtlons V|s!ted durllng SQLAS in the eastern Canadian
is the downwelling solar photon flux just below the sea sur-Arctic displayed little variation in surface water temperature

face (mol photons M2 d-2nm1), anday ; is the total ab- (0.3-3.6°C) and salinity (30.88—31.59). These thermohaline
sorption coefficient (mb), i.e.,ar; = acdo}m +apy+ aw, properties reflected the influence of the Pacific water flowing

where ap,,, is the absorption coefficient of total particu- from the western Canadian Arctic to Baffin Bay through the

late matter.Qq40_., was derived from model simulations Canadian Archlpelagq (Me"'n9 et al., 2001). _

at 3h intervals using the Santa Barbara DISORT Atmo- |N"€ CDOM absorption coefficient along the Malina’s two
spheric Radiative Transfer (SBDART) software (Ricchiazzi Slinity-gradient transects showed linear anti-correlations
etal., 1998), accounting for the cloud cover and ozone condiWith salinity (Fig. 2); CDOM in the Mackenzie estuary was
tions. Values of simulation parameters such as cloud fractiontus mainly controlled by conservative mixing. Station 697
cloud optical thickness, and 0zone abundance were obtainef@S @n exception havingegom412 0f 20 % lower than ex-
from the International Satellite Cloud Climatology Project trapolated from th@cdoma12-salinity regression line for the
website http://isccp.giss.nasa.gov/products/browsed2)atml West salinity-gradient transect, implying CDOM input near
Readers are referred to the study by Song et al. (2013) for thée head of the west channel of the estuary. CDOM in the
methodology of particle absorption measurement and for th€@St channel was consistently higher than in the west chan-

Malinaap,;, data. The term within the parentheses in Eq. (5) nel, suggesting either a higher riverine CDOM end member
is the phétolysis rate constaktms (d-1), i.e., in the east channel or a larger CDOM addition at the start of

estuarine mixing in the east. The zero salinity sample from

500 4 CFL (Sta. S0) was only slightly higher iggoma412 than the
kdms = Z;ﬂl/ Qg0 —cdomi D 02 (6)  near-zero sample from Malina (Sta. 697) in spite of different
590 . sampling season (late June 2008 vs. mid-August 2009) and

www.biogeosciences.net/10/6793/2013/ Biogeosciences, 10, GBI§-2013
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Table 2. Fitted q>dm5)\ref and Sq’éms values for Eq. (4) in the text. Also shown are irradiation temperatured:aﬁ;l'q5330 calculated from

Eq. (4).R2 is the coefficient of determination for regression of the predicted DMS photodegradation rate against the measured rate in an
irradiation cell (see Sect. 2.4). Keys for the “Region” column are the same as in Table 1.

Region Station Irr. T DS hrer S, R? D 16330
(°C)  (m3(mole photons)l) (nm—f) (m3 (mole photons)1)

MRE-E SO0 20 0.30 0.037 0.987 0.07
3 20 0.58 0.039 0.995 0.12
391 4.0 0.66 0.020 0.982 0.30
394 4.0 0.37 0.030 0.974 0.11
396 4.0 0.18 0.021 0.989 0.08
398 4.0 0.16 0.022 0.970 0.07
434 2.0 1.19 0.044  0.992 0.20
MER-W 691 4.0 0.36 0.025 0.943 0.14
693 4.0 0.18 0.014 0.971 0.11
694 4.0 0.37 0.038 0.980 0.08
695 4.0 0.10 0.011 0.981 0.06
697 4.0 0.26 0.034 0.994 0.07
MS 170 4.0 0.96 0.039 0.995 0.20
670 4.0 0.51 0.019 0.985 0.24
CB 320 4.0 1.27 0.034 0.952 0.33
640 4.0 0.94 0.032 0.990 0.26
1526 (5 m) 2.0 2.42 0.063 0.996 0.19
1526 (160 m) 2.0 6.10 0.051 0.984 0.81
1526 (950 m) 2.0 18.0 0.061 0.992 1.54
BB 303 2.0 1.57 0.024  0.967 0.60
140 2.0 0.79 0.010 0.994 0.53
126 2.0 2.15 0.022 0.993 0.91

25 location (east vs. west channel). The ice meltwater-diluted

surface water at Sta. 640 and 1526 showed lowg$ma12
2.0 - @ | than expected from salinity, congruent with a previous find-
68 ing that meltwater is deprived of CDOM (Matsuoka et al.,
1.5 1 = 2012). The subsurface samples at Sta. 1526, regardless of

Pacific or Atlantic origin, were enriched with CDOM rela-
tive to their salinities. The CDOM absorption values of the

-1
acdom,412 (M)
o

O Malina-SGT-E 1526 (160m) three Baffin Bay stations conformed to #gioma12-salinity
059 O Malina-SGT-W trend for the SE Beaufort Sea, which is in line with the east-
oo - <A> “CAE'L'?:'EM;S&CB 6%0 ward transport of the surface water in the western Canadian
' Y SOLASES Arctic, as mentioned earlier.
. . . . 1526 (5m) 1526 (950m) . o
8 & 48 T 20 2= =9 35 a0 3.2 AQY and action spectra of DMS photooxidation
Salinity

Fitted parameters of Eq. (4) for derivingy;,c are shown in

Fig. 2. Scatter plot of CDOM absorption coefficient at 412 nm ver- Table 2 and examples dfémsspectra are displayed in Fig. 3.
sus salinity. SGT-E: salinity gradient transect east channel; SGT-Pgms SPeCtra representative of the Mackenzie River estuary
W: salinity gradient transect west channel; MS: Mackenzie Shelf;(Sta. 697), the Mackenzie Shelf (Sta. 691), and the Canada
CB: Canada Basin; SE BS: southeastern Beaufort Sea, includinggasin (Sta. 640) indicate that . increased from inshore
the Mackenzie River estuary, Mackenzie Shelf, and Canada Basinto offshore with the difference climbing toward the short
BB: Baffin Bay. wavelengths (Fig. 3d). The surface action spectra were cal-
culated as the products & ., Osurt . (Fig. 3a) andicdom.

(Fig. 3b), whereQsyit; (mol photonsm?s tnm1) de-
notes the surface spectral solar photon flux &N,0133 W
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and 14:00LT on 1 July, simulated using the SMARTS model » _ o,
(Gueymard, 2001) under mid-summer Arctic atmospheric % .|
and cloudless conditions with an ozone column burden of - .., |
330 Dobson units. The spectra show a non-Gaussian shape
peaking at~330nm and slightly tailing into the visible

(Fig. 3e). Despited’  _being higher at the offshore Sta. 640,

Sta. 697

08 ——— Sta. 691
....... Sta. 640

m

D s

Qgyyrf (Mol photons
o
N

its surface action cérsséctrum was well below that for the in- A 20 550
shore Sta. 697 due to the highly elevated CDOM abundance ® — ® o7
in the estuarine water (Fig. 3b). The depth-integrated ac- Toosew T ol —— s
tion spectra were computed as product®gf ., Osurfs and < ] CO Y | B Sta. 640
acdoma ! ar. Their shapes resembled those of the surface ac- & | g
tion spectra but were further shifted toward the visible be- * | % 27
cause of the deeper penetration into the water column by vis- || ™sem . ,
ible wavelengths as compared with UV. Contrasting with the 2 w0 W a0 40 0 s % %0 %o 0 4@ 0 50
surface action spectra, the depth-integrated action spectra o ' —==zaz f;””
Sta. 640 and 691 lay far above that of Sta. 697, where par- o R N —y
ticles contributed a lot more to the total absorption than at  os seer | S &7 e

. ) he ——— Sta.691 t
the other two stations (Song et al., 2013), hence leadingto e & o ~_ = sta. 640 & 157 B
much loweracdom/ at ratio (Fig. 3c). The relative contribu- o \ A 'H'“‘}*ﬁ%;.;,,
tions of UV-B (290-320 nm), UV-A (320—400 nm), and visi- ol S 0 o N v
ble (400-500 nm) to the full-spectrum DMS photolysis were 200 30 40 40 S0 550 w00 0 A0 A s

Wavelength (nm) Wavelength (nm)

assessed by integrating the spectral curves in Fig. 3e and 1

over the relevant wavelength ranges. Estimates indicate thatig. 3. Surface solar irradiance spectrura, (see definition in
UV-B, UV-A, and visible, respectively, contributed10-20,  Sect. 3.2), examples of CDOM absorption spe(itjeand their cor-

~ 75, and~ 4-15 % at the surface and5-15,~ 60-75, and  responding CDOM to total absorption rati¢s), DMS photolysis
~10-35% on a depth-integrated basis. UV-A thus domi-AQY spectra(d), and surface and water-column DMS photolyis ac-
nated DMS photolysis both at the surface and in the entirdion spectrae, f).

water column, which is consistent with the results reported

for warmer waters in the Pacific and Atlantic oceans (Kieber

et al., 1996; Toole et al., 2003, 2004; Bouillon et al., 2006) Pgms— acdom relationship roughly mirrored that oby

and polar waters in the Bearing Sea (Deal et al., 2005). salinity but with relatively loweR? (data not shown).
Scatter plots of®} . against salinity, pooling data from Although increasing ionic strength (hence salinity) has
all three cruises, indicatéy . in the UV regime remained been alluded to favor DMS photolysis (Yang et al., 2007),

rather constant below salinity 25 but increased rapidly abovehe dominant factor controlling this photoprocess in natural
salinity 30, which can be described by a 3-parameter exwaters is thought to be CDOM, which indirectly oxidizes
ponential form having a constant intercept (Fig. 4a, b). It DMS via photoproduction of reactive oxygen species, such
is interesting to note that data from other marine environ-as singlet oxygen, hydroxyl radicals, and superoxide radi-
ments, including the Sargasso Sea, the NE Pacific, the Beringals (Brimblecombe and Shooter, 1986; Toole et al., 2004).
Sea, and the lower St. Lawrence estuary, also nicely fit thisAs offshore waters are less impacted by terrestrial runoff
trend. This characteristic pattern, nevertheless, became olin which CDOM is usually enriched with aromatic moi-
scure across the visible wavelengths (Fig. 4c). Note that thesties relative to marine CDOM (Benner, 1998 and references
DMS AQYs for the Sargasso Sea, NE Pacific, and Beringtherein), the striking difference i} . between low- and
Sea were all determined at 20—Z1, which were 16-19C high-salinity samples (Fig. 4) might result from differing
higher than the irradiation temperatures employed in thephotosensitizing capacities of terrestrial and marine CDOM
present study. Correction for the temperature-dependence afith respect to DMS photooxidation. To further confirm this
DMS photolysis based on the result of Toole et al. (2003)proposition, @}, is plotted against the spectral slope co-
for the Sargasso Sea somewhat decreases the coefficients efficient of CDOM over the wavelength range from 275 to
determination, but the correlation betweefy and salinity ~ 295nm §275_295). S275-295 has been proven to be a tracer
still remains highly significant{ <0.0001) at the UV wave- of terrigenous dissolved organic matter with low#rs_295
lengths (Fig. 4d, e). Salinity can thus be used potentially as avalues indicating higher contents of land-derived materials
cross-system indicator dfy,, within the UV spectral range, (Fichot and Benner, 2012). Figure 5 manifests tif,
which, if confirmed in the future, lays a basis for modeling increased with risings275_29s, linearly in the UV domain
DMS photolysis rates on large spatial scales. SingRm and exponentially across the visible span. Notwithstanding
was approximately anti-correlated with salinity (Fig. 2), the photobleaching can rais&7s_295 (Helms et al., 2008; Fi-

chot and Benner, 2012), the generally conservative behavior
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Fig. 4. Scatter plots of DMS photolysis AQY versus salinity for | F <08 oo 0001

AQY at 300(a, d), 330(b, e), and 400 nn(c, f). Open circles de-
note data from this study, filled blue circles from the Bering Sea
(Deal et al., 2005), filled red circles from the NE subarctic Pacific
(Bouillon and Miller 2004, their out-patch values), filled black cir-

@ 45,100 (M° (Mol photons) ')

cles from the Sargasso Sea (Toole et al., 2003). The solid green @ 320
circles signify data obtained from a sample freshly collected from 0001 =2 . Q .
the lower St. Lawrence estuary off Mont-Joli, Québec (48.5883 0008001000012 50,014 0010

68.1833 W). DMS AQYs in panelga—c) were not corrected for Syrs205 (")
temperature dependence; in parfelsf), DMS AQYs for the Sar- Fig. 5. Scatter plots of DMS photolysis AQY versus CDOM’s

acion emperatire n he prosent atdy) baced on the rest GIPECel SIope coeffiient (275-295 ) for AQY at 360, 330
b), and 400 nm(c). Solid lines are best fits to the data excluding

Tool I (2 . Solid lines ar fi h . T ) . .
oole etal. (2003). Solid lines are best fits to the data outliers indicated by filled symbols with station numbers. Spec-
tral slope coefficients were non-linearly computed from the model
of acdom). = acdom0 X €XP[Sx (Ao-1)], whererg is a reference

i length.
of CDOM (Sect. 3.1; also see Xie et al., 2012) suggestswave end

that photobleaching should not be an important factor con-

trolling S275-295 in the study area. Therefore, it appears

that marine CDOM, which is rich in alkyl carbons (Ben- can be retrieved from satellite-based ocean color data (Fichot
ner, 1998), photosensitized the oxidation of DMS more effi-et al., 2013).

ciently than aromatic carbon-dominated terrigenous CDOM  Note that thedy . values at the UV wavelengths for the
on an absorbed-photon basis. This is somewhat counterintideep samples (160 and 950 m) in the Canada Basin (Sta.
itive, since aromatic-rich CDOM is considered to be more 1526) strayed far upward from thig} . —S75 29strend lines
photoreactive in general (Zepp, 2003). An alternative expla<(Fig. 5a, b). These elevatebfj . values are consistent with
nation is that there are more substrates in coastal waters conthe much higher concentrations of nitrate observed at the
peting for DMS-oxidizing radical intermediates. The most deeper depths{ 12 umol L~1, Table 1). Photolysis of nitrate
probable candidates of such substrates are dissolved organi@s been identified as an alternative route for DMS photoox-
matter and redox metals (e.g., Fe, Cu, Mn), which are moradation in nitrate-rich natural waters (Bouillon and Miller,
abundant in coastal waters than in open oceans and whicB004; Toole et al., 2004). The enhancement of DMS pho-
effectively react with radical intermediates such as hydroxyltooxidation in the presence of nitrate is ascribed to the pro-
radicals (e.g., Miller et al., 1995; Westerhoff et al., 2007). duction of DMS-oxidizing HO (directly) andBr, * (indi-
Further investigations are needed to elucidate the mechaectly) radicals from nitrate photolysis (Bouillon and Miller,
nisms behind thej  —salinity relationship observed in the 2005). The relationship betweeby .33, and nitrate con-
present study. The quantitative relationship betweep, centration reported by Bouillon and Miller (2004) indicates
and S275_295 identified here points to the possibility of us- that nitrate photolysis can account for 81 % of the DMS pho-
ing remote sensing to study DMS photolysis, sifegs_295 tooxidation at a nitrate concentration of 12 pmofiL The
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P ims330 Values for the deep samples at Sta. 1526 are 72-+followed by the Baffin Bay (0.02%0.004 d?1) and

81 % higher than those expected from %5330—&75_295 the Canada Basin (0.01#80.010d1). Clearly, de-
regression line (Fig. 5b), broadly agreeing with the predic-spite the lower AQYs @f (330 0.13+ 0.07 n¥ (mol

tion of Bouillon and Miller (2004). The absence of the ni- photons)?) and acqom/a; ratios (0.76:0.19 at 330nm)
trate enhancement effect in the visible (Fig. 5c) conformspn the Mackenzie Shelf as compared to those in the

to the fact that nitrate only absorbs short UV radiation canada Basin &30 0-26% 0.07 n? (mol photons)?;
(Mack and Bolton, 1999). The nitrate concentrations in sur-g.q, 330/ at. 330: o_gs4i 0.12) and Baffin Bay ®} ¢330

face samples havingl salinity 15 were very Iow (unde- 0.68 0.20 n? (mol photonsy?; acdomazo/ at 330 0.93), the
tectable to 0.7 ymol L ,'Table 1), Ieadl'n'g to negligible ef- far shallower mixed layer depth on the Mackenzie Shelf
fects on DMS photolysis. The low-salinity (0-9.43) estuar- (4.64+2.9m) led tokgms SUrpassing those in the Canada

ine samples, though having moderate nitrate levels (1.79g54in and Baffin Bay where the UMLD both averaged

3.62umol -1, Table 1), showed no perceptible nitrate in- ~14m.

fluence, either. This could be attributed to the low concentra- 1,4 photochemical DMS turnover rate constants available

tions of the bromide anion in freshwater, since the bromide;, 4 |iterature vary by more than two orders of magnitude

anion likely plays a key role in the nitrate-induced photoox- (0.02-2.5d1). The rate constants from the present study are

idation of DMS, particularly in solutions of low dissolved |, .ihin the lower bounds of those previously reported (Ta-

inorganic carbon concentrations (Bouillon and Miller, 2005). ble 4). In comparison with other high-latitude seas, our val-

, ues are close to those observed in the Bering Sea (0.02—

3.3 Photochemical turnover of DMS 0.11d%, Deal et al., 2005) and Ross Sea (0.037-0:17d

Del Valle et al., 2009) but much lower than the ones found in

The photochemical turnover rate constamtgm@) in the  yho Greenland Sea (0.23-1.054Gali and Simé, 2010) and
surface mixed layer can be estimated from Eq. (6). Note thahorthern Ross Sea (0.5-0.711d Toole et al., 2004). Many

this equation requires that the depth of the photoactive layerg, .15 could cause such large discrepancies, the most promi-

defined herein as the 1% penetration depth for the radiatiorp]ent ones being solar irradiance, DMS AQY, UMLD, and

at 330nm (Z,330, M), was shallower than the UMLD SO \4ter tyrbidity. For example, the waters surveyed by Toole
that the most photochemically active radiation was absorbecét al. (2004) were highly enriched in nitrate (28.5 umotl,

within th(_e upper mixed Iayer. We estlmfited_ogsgo from _ giving rise to a®§m5330 of 4.7 (mol photonsl) accord-
ar,330, Which is an underestimate of the diffusive attenuation; 5 the ®%,__,s-Nitrate relationship proposed by Bouil-

i

coefficient at 330 nm due to the exclusion of the scatteringbg and Miller (2004). Thisb’, .. is 20 times the average
. ms

s 330 OF OUr surface water samples (023.22 e (mol

coefficients of particles and water. The obtaingd,43o was

always shallower than the UMLD except for three offshore ) . -

stations (126, 320, 391) at which thasZaso was slightly ~ Photons)™), which alone could explain the majority of the
deeper than the UMLD (Table 3). Tlems values estimated vgnablhty _betwee_n the two studies. Moreover, while pre-
from Eq. (6) for each sampling station are displayed inVious studies mainly surveyed clear, open-ocean waters in
Table 3, along with other relevant variables. Eq. (6) indicatesVhich CDOM dominates the absorption of UV radiation, the
thatkgmsis positively related tab, . theacdom/ a; ratio and present study_ sam_pled waters within thg Mackenzie River
solar irradiance but is inversely proportional to the surfaceP/Ume containing sizable amounts of partl'cles that accounted
mixed layer depth. Data okgms pooled from all three for up to 30-65% of the total light absorption at 330 nm (Ta-

field surveys ranged from 0.01 to 0.11'dand averaged ble 3). The strong competition for light by particles led to

0.034d! with a standard deviation of 0.0228 The  lOWerkdams(EQ.6).

highestkqms (0.11 d"1) occurred at Sta. 391 with relatively Previous investigations have demonstrated that the photo-

large DMS AQYS (b} asy 0.30 nm? (mol photonsy?) chemical route accounts for between 7 and 75 % of the total
ms330- O ,

moderately highacqom/a; ratios (0.87 at 330nm), and a DPMS loss in the surface ocean (Kieber et al., 1996; Toole et
shallow mixed layer (4.0m) while one of the two lowest &l 2003, 2004; Bouillon et al., 2006; Gali and Simo, 2010),
rate constants (0.01d) was observed at Sta. 170 having thereby making an important contribution to the spatiotem-
smaller AQYS (<330 0.2m? (mol photons)?), lower porgl variability of DMS concentrations in various oceanic
dcdom/ a ratios (0.66 at 330 nm), and a much deeper mixedénvironments. Under shallow stratification or nitrate-replete
layer (11.5m). The other lowestyms appeared at Sta. conditions, photolysis may even exceed bacterial uptake in
1526, at which the positive effect of strong solar radiation PMS removal (Toole et al.,, 2004; Gali and Sim6, 2010).
(Qg.0-: 19.3 mol photons m? d1) and highacgom/ a; ratios 1 nere is currently a dearth of bacterial DMS consumption
(0_9’3 at 330nm) was overtaken by the negative effect off€asurements in the Arctic Ocean. Limited data available
deep mixing (19.0m) and a sharply tilted AQY spectrum indicate a large variability of bacterial DMS consumption
(Sez_:0.063nnT1). Per subdivision, the Mackenzie Shelf, turnover times in the upper mixed layer, ranging froni d
including the two estuarine transects, on average exhibited? the Greenland Sea (Gali and Simo, 2010)-8d in the

the most elevatedims (meants.d.. 0.038:0.025d 1) Barents Sea (Matrai and Vernet, 1997)td3d in the central

www.biogeosciences.net/10/6793/2013/ Biogeosciences, 10, GBI§-2013
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Table 3. Photochemical DMS turnover rate constanitgn{s) and the corresponding.dom330/ at,330 ratios, upper mixed layer depths
(UMLD), 1% penetration depths for radiation at 330 nm ¢£330), integrated photon fluxes of PAR (400-700 nm), UV (290-400 nm) and
downwelling solar radiation (290-500 nm) just below the sea surf@ge (). Absorption coefficients for CFL stations (Sta. SO, 3, and 434)

were not measured. Theqom330/ at,330 ratios for Sta. SO and 3 were estimated from the best fit ofithem 330/ at, 330 ratio to salinity

covering data with salinity 23.5 (v = 0.025X + 0.42, R2 =0.922,n = 10). Theacdom330/ at,330 ratio for Sta. 434 was assumed equal to

that for Sta. 391 based on their similar salinities (see Table 1). Absorption data for Baffin Bay (Sta. 126, 140, and 303) were obtained from
Bélanger et al. (2008). Station 1526 refers to surface water (5 m) only. Keys for the “Region” column are the same as in Table 1.

Region Station Acdom330 acd0m330/ UMLD Z 19%,330 Qd,O— PAR uv kdms
(m=1 at.330 (m) (m) (mol photonsm2d~1) (d-1)
MRE-E SO 9.76 0.42 1.0 0.2 18.7 50.77 4.14 0.039
3 6.87 0.7 3.0 0.5 14.3 38.8 3.17 0.043
391 0.58 0.87 4.0 6.9 7.03 18.36 1.61 0.11
394 3.50 0.92 4.0 1.2 5.47 13.97 1.28 0.026
396 4.97 0.90 4.0 0.8 5.47 13.97 1.28 0.026
398 5.44 0.83 3.1 0.7 547 13.97 1.28 0.032
434 1.29 0.87 4.5 3.1 194 5280 4.25 0.059
MER-W 691 1.77 0.95 4.0 2.5 10.6 28.7 2.37 0.045
693 5.26 0.78 4.5 0.7 10.6 28.7 2.37 0.048
694 7.42 0.77 4.5 0.5 10.6 28.7 2.37 0.012
695 8.39 0.60 4.0 0.3 10.6 28.7 2.37 0.030
697 9.32 0.35 1.7 0.2 10.6 28.7 2.37 0.014
MS 170 0.93 0.66 11.5 3.3 10.7 2845 242 0.010
670 1.32 0.96 10.5 3.4 7.60 19.64 1.77 0.042
CB 320 0.29 0.93 12.5 14.7 11.2 3053 2.42 0.015
640 1.18 0.96 9.5 3.7 8.07 21.12 1.86 0.030
1526 0.57 0.93 19.0 7.5 19.3 52.77 4.21 0.010
BB 126 0.28 0.92 12.5 15.1 2.00 5.02 0.44 0.028
140 0.29 0.92 17.5 14.6 3.53 9.22 0.78 0.030
303 0.40 0.92 115 10.5 3.56 9.11 0.80 0.023

Arctic (Leck and Persson, 1996). Most of our photochemi-and seasons (Luce et al., 2011; Motard-Cété et al., 2012;

cal DMS turnover times (i.e., &§ms range: 9—-100d; mean: Rempillo et al., 2011).

29d) are longer than even the slowest bacterial DMS uptake Lastly, all samples in the present study were taken in the

so far observed in the Arctic. Hence, photolysis of DMS is summer and fall seasons when surface waters were depleted

generally not expected to be the dominant loss term of thisn nitrate except those within the Mackenzie River plume

compound in Arctic seawater. There are no published bac{Table 1). According to Tremblay et al. (2008), surface water

terial DMS consumption data for the areas surveyed by thenitrate concentrations in the coastal and offshore SE Beau-

present study. However, the DMS turnover times with respecfort Sea reach a maximum of 4 pmol L1 in late April and

to microbial DMS production in these areas are known toearly May when sea ice usually starts to break up. This level

range from 1 to 19d and average 6d (Luce et al., 2011)0f nitrate would increase the DMS AQY by 50 %, translat-

which are equivalent to the DMS gross loss turnover timesing to a 50 % reduction in the photochemical DMS turnover

(Kiene and Linn, 2000). Photooxidation thus on average actime. Under otherwise similar conditions, the photochemical

counts for 21 % of the DMS gross loss term. Yet, the pho-DMS turnover is thus expected to be faster in spring, i.e., on

tochemical turnover times are similar in magnitude to thethe order of~ 14 d, which is comparable to the lower end of

air—sea ventilation turnover times (Beaufort Sea: 2.2-57 dthe biological DMS turnover estimates for the Arctic Ocean.

Baffin Bay: 15-162d); the latter were estimated using an

UMLD of ~ 15 m (Table 3, excluding the two estuarine tran-

sects) and mixed-layer DMS concentrations (Beaufort Sea4 Summary

0.38 nmol L-1; Baffin Bay: 1.3nmol 1) and air-sea ex-

change fluxes (Beaufort Sea: 0.1-2.6 pmofrd—1; Baffin Salinity was identified as a good indicator of the DMS AQY's

Bay: 0.2—-1.3pumolm2d-1) collected from the same areas determined from estuarine, shelf, and open ocean waters in
the Canadian Arctic. Surface water DMS AQY in the UV

Biogeosciences, 10, 6798806 2013 www.biogeosciences.net/10/6793/2013/
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Table 4. Photochemical DMS turnover rate constants in the surface layer (SL) from this study and the literature. Mackenzie Shelf includes
MER-E and MER-W as defined in Table 1.

Area Season kdms SL depth  Reference

@%b (m)
Mackenzie Shelf Jun—Aug 0.01-0.11 1-#%.5 This study
Canada Basin Jul-Aug  0.010-0.030 9.532-19This study
Baffin Bay Sep 0.023-0.030 11.5-17.5 This study
Equatorial Pacific ~ Feb—Mar 0.1-0.3 B0 Kieber et al. (1996)
Equatorial Pacific Feb—Mar 0.05-0.15 %0 Kieber et al. (1996)
North Adriatic Sea  Aug—Sep 0.4 B0 Brugger et al. (1998)
North Adriatic Sea  Aug-Sep 0.14 5o Brugger et al. (1998)
North Atlantic Jun 0.04-2.5 2-89 Simo6 and Pedros—Alié (1999)
North Sea Jun 0.10-0.37 B0 Hatton (2002)
Sargasso Sea Jul 0.05-0.22 152-20Toole et al. (2003)
Ross Sea Nov 0.5-0.71 1D0 Toole et al. (2004)
Bering Sea Aug 0.02-0.11 20-210 Deal et al. (2005)
Northeast Pacific Jul 0.03-0.25 10230 Bouillon et al. (2006)
Sargasso Sea Jul-Aug 0.48-0.6 b20Gabric et al. (2008)
Ross Sea Jan 0.037-0.17 bgg del Valle et al. (2009)
Greenland Sea Jul 0.23-1.05 1.5811Gali and Sim6 (2010)

2 S| depth matches the upper mixed-layer deBIﬁL depth does not match the upper mixed-layer depth.
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