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[1] The potentially significant role of the biogenic trace gas dimethylsulfide (DMS) in
determining the Earth’s radiation budget makes it necessary to accurately reproduce
seawater DMS distribution and quantify its global flux across the sea/air interface.
Following a threefold increase of data (from 15,000 to over 47,000) in the global surface
ocean DMS database over the last decade, new global monthly climatologies of surface
ocean DMS concentration and sea‐to‐air emission flux are presented as updates of
those constructed 10 years ago. Interpolation/extrapolation techniques were applied to
project the discrete concentration data onto a first guess field based on Longhurst’s
biogeographic provinces. Further objective analysis allowed us to obtain the final monthly
maps. The new climatology projects DMS concentrations typically in the range of 1–7 nM,
with higher levels occurring in the high latitudes, and with a general trend toward
increasing concentration in summer. The increased size and distribution of the
observations in the DMS database have produced in the new climatology substantially
lower DMS concentrations in the polar latitudes and generally higher DMS concentrations
in regions that were severely undersampled 10 years ago, such as the southern Indian
Ocean. Using the new DMS concentration climatology in conjunction with state‐of‐the‐art
parameterizations for the sea/air gas transfer velocity and climatological wind fields, we
estimate that 28.1 (17.6–34.4) Tg of sulfur are transferred from the oceans into the
atmosphere annually in the form of DMS. This represents a global emission increase of
17% with respect to the equivalent calculation using the previous climatology. This new
DMS climatology represents a valuable tool for atmospheric chemistry, climate, and
Earth System models.

Citation: Lana, A., et al. (2011), An updated climatology of surface dimethlysulfide concentrations and emission fluxes in the
global ocean, Global Biogeochem. Cycles, 25, GB1004, doi:10.1029/2010GB003850.

1. Introduction

[2] The ocean surface plays an important role in the global
biogeochemical cycle of sulfur. Oceanic dimethylsulfide
(DMS) emission is the main natural source of atmospheric
sulfur [Bates et al., 1992; Simó, 2001]. Once in the atmo-

sphere, DMS is oxidized to form sulfuric and methane-
sulfonic acids, which contribute to new particle formation
and growth to maintain the pool of cloud condensation
nuclei (CCN) that is necessary for cloud formation [Andreae
and Crutzen, 1997]. The number of these small‐sized atmo-
spheric particles affects the radiation budget of the Earth,
directly by scattering solar radiation and indirectly by influ-
encing cloudmicrophysics and albedo [Andreae andRosenfeld,
2008]. The CLAW hypothesis, acronym based on the initials
of the authors surnames [Charlson et al., 1987], postulates
a climate feedback loop between phytoplankton, DMS
emissions, CCN, and cloudiness. The feasibility of such a
feedback loop at the local scale has been challenged by state‐
of‐the‐art atmospheric model outcomes showing limited new
particle formation in the marine boundary layer (MBL).
According to these models, DMS contribution to CCN
numbers would only occur at large supraregional scales after
long‐range transport in the free troposphere and reentrain-
ment into the MBL [e.g., Carslaw et al., 2010].
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[3] The main precursor of DMS is the microalgal metab-
olite dimethylsulfoniopropionate (DMSP). Intracellular DMSP
breakdown leads to the production of DMS by phytoplankton
[Stefels et al., 2007]. Microalgae also release untransformed
DMSP through exudation and mortality, and part of this
dissolved DMSP is converted to DMS by extracellular and
bacterial enzymes [Stefels and Dijkhuizen, 1996; Kiene et al.,
2000; Yoch, 2002; Stefels et al., 2007;Vila‐Costa et al., 2007;
Howard et al., 2008]. DMS, in turn, is oxidized by photo-
chemical reactions [Brimblecombe and Shooter, 1986; Toole
et al., 2003] and metabolized by heterotrophic bacteria.
Finally, only a small fraction of the DMS produced escapes
to the atmosphere [Simó, 2001; Vila‐Costa et al., 2006]. The
tight coupling between DMS production and loss makes it
challenging to study the driving factors and the dynamics of
DMS emission from the ocean surface. However, large‐scale
observations of ocean surface DMS reveal macroscale patterns
of variability such as a global proportionality between DMS
concentration and average daily solar radiation in the surface
mixed layer [Vallina and Simó, 2007]. This provides partial
support for the CLAW hypothesis.
[4] The potentially significant role of DMS in climate

regulation has encouraged the community to provide an
accurate representation of both DMS seawater concentration
and sea/air DMS flux distribution on a global scale. There
have been multiple efforts to accurately represent the global
DMS distribution. The main effort, initiated by A.J. Kettle
and M.O. Andreae, was to compile a now freely available
database using archived DMS measurements. The Global
Surface Seawater DMS Database (GSSDD), currently main-
tained at the NOAA‐PMEL, is constructed from data con-
tributions by individual scientists and made available to the
scientific community (http://saga.pmel.noaa.gov/dms/). The
data are sparsely distributed in both space and time, as is
shown in the DMS data footprint on the 1° × 1° annual global
map (Figure S1).1 The map shows that the coverage is not
enough to resolve the global distribution of DMS on a
monthly basis, whereas the importance of global emissions
maps for climate models necessitates the formulation of a
gridding procedure by the best means possible. Therefore,
extensive data treatment or modeling is required to produce
global DMS and emission fluxes climatologies from the
database.
[5] Several methods have been proposed to obtain realistic

global DMS distributions. Some of them rely on the rela-
tionship between the DMS concentration and other variables
for which global distributions exist or can be modeled:
Anderson et al. [2001] computed DMS from chlorophyll,
light and nutrients; Simó and Dachs [2002] used a two‐
equation algorithm to derive surface DMS from surface
chlorophyll a and the mixed layer depth; Aumont et al. [2002]
and Belviso et al. [2004a] developed nonlinear para-
meterizations to compute DMS from chlorophyll a and an
index representing the community structure of marine phy-
toplankton. Other approaches are totally or partially based on
numerical models: Chu et al. [2003], Six and Maier‐Reimer
[2006], Kloster et al. [2006], Elliott [2009], Bopp et al.

[2008] and Vogt et al. [2010] used prognostic biogeochemi-
cal formulations for DMS production and removal processes
within global ocean circulation models.
[6] The most widely used global DMS climatology,

derived exclusively from the database, was published a
decade ago (Kettle et al. [1999] and Kettle and Andreae
[2000]; hereafter referred to as K99 and K00, respectively).
The number of data used was initially 15,617 (K99), to which
approximately 1,500 extra seawater DMS concentration
measurements from the period 1996–1998 were added to
produce an updated climatology (K00). Since then, the sci-
entific community has worked with SOLAS Integration
(Surface Ocean Lower Atmosphere Study, http://www.bodc.
ac.uk/solas_integration/) to update the database, increasing
the number of DMS measurements in the ocean surface three
fold (47,250 in April 2010). The aim of this work is to create
an updated monthly DMS concentration climatology for the
global ocean, and an associated DMS emission flux clima-
tology. Objective data analysis and interpolation schemes in
concert with current knowledge of ocean biogeochemistry
and DMS dynamics have enabled the construction of a new
climatology. Novel distribution patterns, differences with
the original climatology, and the resulting reestimate of the
global annual emission flux are discussed.

2. Data and Methodology

2.1. Data

[7] The data used (47,313 DMS seawater concentration
measurements) are entirely from the Global Surface Sea-
water DMS Database (http://saga.pmel.noaa.gov/dms/) plus
63 additional measurements in the South Pacific [Lee et al.,
2010], not included in the database. The data contributed by
individual researchers have been collected between March
1972 and February 2009 (mostly since April 1980); see
Table S1. The data consist of DMS measurements, reported
in nM, from depths of 0–10 meters.
[8] There is no quality control in the database. This is

worth stressing because there is no unification of the
DMS measurement protocol, and very few intercalibration
exercises have been conducted in the last 30 years. A number
of sampling and analytical issues have been reported or
communicated in recent years. For example, the use of HgCl2
as a sample preservative can result in anomalously high DMS
values by transformation of DMSP into DMS [Curran et al.,
1998]; or, in the presence of thick blooms of high DMSP
producers like Phaeocystis sp., a lack of sample prefiltration
may produce continuous and abundant DMS during purging
[del Valle et al., 2009]. Despite these recognized concerns,
information is still too sparse to provide robust criteria for the
selection or elimination of historical data. Hence, no data
from the database has been flagged. However, to avoid the
undesirable effects that potentially erroneous and very high
values might produce during the objective analysis, data that
were above the 99.9 percentile are removed. The 0.1%
eliminated were seawater DMS concentrations greater than
148 nM.
[9] To create the climatology we first stratified data ac-

cording to the sampling month, and averaged to 1° × 1° bins,
which are the input to the objective analysis. If there was only

1Auxiliary materials are available with the HTML. doi:10.1029/
2010GB003850.
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one DMS datum within the 1° × 1° square, the pixel value
would be the value of that datum. The objective analysis
scheme used is described by Barnes [1964], which is the
same employed by K99 for DMS. This method is used as
well by other authors for temperature, salinity, oxygen and
nutrients in the last version of the World Ocean Atlas
[Locarnini et al., 2010] and previous editions (WOA94,
WOA98, WOA01, WOA05). The purpose of this method is
to create a gridded field of a variable from sparse in situ
data. A key element of the objective analysis is the first‐
guess field, which is subsequently corrected with the help of
the available observations.

2.2. First‐Guess Fields: Provinces and Substitutions

[10] As described by Daley [1993], there are several
methods to obtain the continuous monthly background fields
that will be subsequently reshaped with in situ data: an
existing climatology, the short forecast of an assimilation
model, or some optimum blend of the two. In our case, using
the earlier K99 climatology was not appropriate because we
were using all of those same data in the updated climatol-
ogy, and also because we were aiming at improving the first
guess fields of K99. The authors of the World Ocean Atlas
[Locarnini et al., 2010] used a single annual analysis based
on zonal annual means as the first guess field for all of the
seasonal climatologies. In our case, however, data are so
spaced out in distance and time that direct interpolation
between local annual means without consideration of physi-
cal and biological regionalization of the oceans would pro-
duce anomalous geographical representation. Furthermore,
regional DMS concentrations vary so much among months
that it was considered more appropriate to construct monthly
first guess fields. For this purpose we adopted K99’s use of
the Longhurst’s division of the oceans into static biogeo-
graphic provinces [Longhurst, 1998], each representing an
oceanic region with coherent biogeochemical characteristics
(e.g., chlorophyll, nitrate, mixing, etc.) distinguishable from
those of its neighbor regions. These, in their author’s words,
offer the degree of formalism and partition in a constantly
changing system that helps us to comprehend changes in
such a vastly complex interacting whole [Longhurst, 2007].
[11] The province approach, which has been helpful to

partially overcome the problem of undersampling, also
carries its own limitations. Provinces have been defined as
static features in the sea, with well defined borders that do
not shift from month to month. Satellite imagery reveals that
provinces, as recurrent coherent features, do exist, but also
show that they are dynamic. In recent years there have been
multiple efforts to define dynamic ocean provinces based on
satellite measurements [e.g.,Devred et al., 2007;Alvain et al.,
2008; Hardman‐Mountford et al., 2008; Oliver and Irwin,
2008]. However, because of the impossibility to attribute
historical DMS data to their contemporary dynamic pro-
vinces, we decided to stay with the static provinces.
[12] Therefore, we divided the oceans into the 54 bio-

geographic provinces proposed by Longhurst [1998] (see
Table 1). The monthly mean DMS concentration was cal-
culated for each province (Figure 1). White regions indicate
provinces with not enough data (<3). However, in order to

create a complete climatology, these areas need to be given a
first‐guess concentration.
[13] As in K99, temporal interpolation and substitution

schemes were employed to fill the gaps and solve this
problem. Firstly, an annual cycle was generated using the
monthly means for each ocean province. Where a monthly
gap occurred, it was filled by interpolating from the adjacent
months. The interpolation method was a piecewise cubic
Hermite technique [Fritsch and Carlson, 1980]. If there were
three or fewer measurements per month per province, these
values were not taken into account to generate the temporal
evolution because they would have a disproportionate influ-
ence on the creation of the first‐guess field and, conse-
quently, in the objective analysis. In provinces that lacked
enough months with data to construct a robust annual mean,
the temporal evolution of a similar province was used and
scaled with the few data of the original province. Provinces
with enough data to complete the annual cycle solely by
interpolation were not substituted. We tried to ensure that as
many provinces as possible in the first guess field represented
the data from that province; substitution was applied to 10
provinces (18% of the total; see Table 1), whereas the pro-
vinces substituted in K99 were 52% of the total.
[14] The choice of each substitution province was a sub-

jective process based on a combination of criteria: similarity
of chlorophyll concentration patterns, latitude, geographical
proximity, as well as the choice made by K99. The whole
series of resulting annual cycles are shown in Figure 2. The
coastal Atlantic provinces GUIN and GUIA were substi-
tuted by the large provinces that are directly adjacent, ETRA
and WTRA, respectively. The Indian Ocean Coastal Biome
contains very little data despite its relative importance:
EAFR, REDS and INDE all do not have enough data and
were substituted by ARAB, with the exception of EAFR,
which was substituted by ISSG. In the Pacific Ocean, PSAW
was substituted by PSAE as both are part of the Pacific
Westerly Wind Biome and have more similarities than dif-
ferences in terms of the annual cycles of mixed layer and
euphotic depths, surface chlorophyll and primary produc-
tivity [Longhurst, 1998]. In equatorial regions, the coastal
province CAMR was substituted by CCAL following K99.
The provinces AUSE and SUNDwere merged together into a
single region, which was then used to substitute for AUSW
and NEWZ. TASM is substituted by SSTC. TASM is a very
small province that has it own particularities [Longhurst,
1998] but is expected to be largely affected by the pro-
cesses and characteristics of its neighbor SSTC.

2.3. Objective Analysis

[15] By filling the monthly gaps in the annual cycle for
each province as described above, twelve global first‐guess
maps with the monthly mean DMS were constructed in each
province. Transitions across province borders were smoothed
using an unweighted 11 point filter based on the work of
Shuman [1957].
[16] Cressman [1959] proposed an iterative application

of this distance‐weighted interpolation method, with suc-
cessive corrections. We tested several variants, based either
on single‐pass analysis [Barnes, 1964], or multiple‐pass
analysis for successive corrections [Cressman, 1959; Barnes,
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1994; Koch et al., 1983], and with different weight functions,
different filters, and different radius of influence. The
technique we found to be most appropriate was the one
applied by K99, with a radius of influence of 555 km and a
single‐pass correction.
[17] Finally, the uniform‐within‐province global monthly

maps (Figure S2) were updated with in situ data using the
distance‐weighted interpolation scheme of Barnes [1964].

This method determines the variable at grid points as the
sum of the weighted values of the departures of individual in
situ data to the first‐guess field. The closer a data point is to
a certain grid point, the greater the influence the datum
exerts to the grid point (inversely proportional to the
exponential of the square of the distance). The radius of
influence was chosen to be 555 km, so that data beyond that
distance from the grid point were not taken into account.

Table 1. The Biogeochemical Provinces Suggested by Longhurst [1998]a

Province Name Acronym Number Number of Data Number of Months Shape Substitute

S. Pacific Subtropical Gyre SPSG 37 3982 8 ‐
Subantarctic Water Ring SANT 52 4156 9 ‐
Antarctic ANTA 53 1035 8 ‐
South Atlantic Gyral SATL 10 1102 10 ‐
Indian S. Subtropical Gyre ISSG 23 367 6 ‐
S. Subtropical Convergence SSTC 51 820 12 ‐
Indian Monsoon Gyres MONS 22 266 9 ‐
N. Pacific Tropical Gyre (East) NPTE 38 933 10 ‐
Pacific Equatorial Divergence PEQD 40 2550 10 ‐
N. Pacific Tropical Gyre (West) NPTW 35 352 5 ‐
W. Pacific Warm Pool WARM 41 993 5 ‐
Boreal Polar BPLR 1 777 7 ‐
N. Pacific Equatorial Countercurrent PNEC 39 1114 9 ‐
Archipelagic Deep Basins ARCH 42 50 5 ‐
Austral Polar APLR 54 1310 8 ‐
N. Atlantic Tropical Gyral NATR 7 549 10 ‐
N. Pacific Transition Zone NPPF 34 331 7 ‐
Sunda‐Arafura Shelves SUND 48 16 2 b

N. Atlantic Subtropical Gyral (West) NASW 6 987 11 ‐
Western Tropical Atlantic WTRA 8 420 7 ‐
Eastern Tropical Atlantic ETRA 9 180 5 ‐
Caribbean CARB 17 599 7 ‐
N. Atlantic Subtropical Gyral (East) NASE 18 1226 9 ‐
N. Pacific Epicontinental Sea BERS 30 2708 7 ‐
E. Africa Coastal EAFR 24 195 2 ISSG
N. Atlantic Drift NADR 4 1304 9 ‐
NW Arabian Upwelling ARAB 26 149 7 ‐
Atlantic Arctic ARCT 2 858 8 ‐
Mediterranean Sea, Black Sea MEDI 16 623 11 ‐
Kuroshio Current KURO 33 1087 8 ‐
Pacific Subarctic Gyres (East) PSAE 31 745 9 ‐
California Current CALC 44 2118 9 ‐
Australia‐Indonesia Coastal AUSW 29 7 1 AUSE+SUND
Humboldt Current Coastal HUMB 46 544 6 ‐
Atlantic Subarctic SARC 3 1403 5 ‐
Pacific Subarctic Gyres (West) PSAW 32 54 2 PSAE
NW Atlantic Shelves NWCS 15 2522 11 ‐
Tasman Sea TASM 36 116 1 SSTC
NE Atlantic Shelves NECS 11 2191 11 ‐
Guinea Current Coastal GUIN 13 30 3 ETRA
SW Atlantic Shelves FKLD 20 166 4 ‐
Central American Coastal CAMR 45 97 2 CALC
Guianas Coastal GUIA 14 20 1 WTRA
Brazil Current Coastal BRAZ 19 100 4 ‐
New Zealand Coastal NEWZ 50 6 1 AUSE+SUND
Benguela Current Coastal BENG 21 182 5 ‐
East Australian Coastal AUSE 49 26 2 b

Gulf Stream GFST 5 231 7 ‐
China Sea Coastal CHIN 47 141 5 ‐
E. India Coastal INDE 27 88 2 ARAB
W. India Coastal INDW 28 93 9 ‐
Alaska Downwelling Coastal ALSK 43 4582 6 ‐
Eastern Canary Coastal CNRY 12 681 8 ‐
Red Sea. Persian Gulf REDS 25 11 1 ARAB

aIn order of decreasing areal extent with their name, abbreviation, reference number in Figure 2, number of DMS data, number of months with DMS
data, and, where appropriate, the province used as a substitute (see section 2.2 for details).

bThe annual pattern in these provinces was constructed by combining DMS data from AUSE and SUND provinces.
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[18] The resulting global map was once again smoothed
by a 5 point median filter, and by a 11 point unweighted
smoothing filter, with both filters applied following the
methodology used in the World Ocean Atlas [Locarnini
et al., 2010].

2.4. Uncertainty

[19] An estimate of the uncertainty in DMS concentration
for each 1° × 1° bin was made using the standard deviation
(SD) of the log‐transformed monthly observations for each
biogeographic province that contained data. The mean value
plus/minus the SD of the log‐transformed data is hereafter
referred to as the upper/lower “bounds,” respectively. These

DMS concentration bounds for each month in each province
thus capture approximately 68% of the available data and
are asymmetric about the mean, which accurately reflects
the positive skew in the data set distribution. For each
month, in each province, the upper and lower bounds were
normalized to the monthly average concentration and the
mean of all of these taken to represent global average upper
and lower bounds. The normalized average bounds were
then applied to all provinces with months that contained
≤3 data points and where a mean value had been interpo-
lated or substituted. The interpolated or substituted mean
value and the average normalized bounds were then used to

Figure 1. Monthly maps of average DMS concentrations (nM) for each biogeochemical province. Note
that provinces that are white contain zero data for that calendar month.
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Figure 2. Time series of sea surface DMS concentration (nM) for each biogeochemical province. Cal-
culated average values (open diamonds) plus one standard deviation are overlain with the seasonal cycle
(dots and solid line) used to construct the L10 climatology. See text for details of interpolation and sub-
stitution methods.
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convert back to an appropriately scaled upper and lower
bound for that specific month and province.
[20] In the substituted provinces, certain months still

contained some data. Whenever processing these, the log‐
transformed SD was always applied to the substituted mean
in preference to applying the global average bound values.
After having produced bounds for all months in all pro-
vinces including all those that had been interpolated or
substituted, the relative confidence in the mean values was
assessed using the number of data points contained within
each province in each month. Each upper and lower bound
value was divided by the square‐root of the number of data
points (n). Provinces with months containing ≤3 data points
not used in the first‐guess used n = 3. We used these new
climatologies of upper and lower bounds as a data‐based
estimate of uncertainty in the climatology. The monthly
maps and related data will be available along with the
concentration climatology itself on the SOLAS Project Inte-
gration Web site (http://www.bodc.ac.uk/solas_integration/
implementation_products/group1/#dms).

2.5. Other Ocean Variables

[21] For the sake of statistical comparison with DMS
distributions, state‐of‐the‐art global climatologies of ocean
variables were extracted and converted into 1° × 1° monthly
fields. The chlorophyll a concentration climatology for the
years 1997–2009 was obtained from the SeaWiFS Project
(GSFC, NASA). Cumulative climatologies of phosphate and
nitrate concentrations were obtained from the World Ocean
Atlas 2009 [Garcia et al., 2010]. The SST climatology
(1978–2008) was taken from the NCEP/NCAR reanalysis
project, as above. The solar radiation dose (SRD) clima-
tology was that computed by Vallina and Simó [2007]. The
mixed layer depth (MLD) climatology was the same used
by Vallina and Simó [2007] after modification of that by
de Boyer‐Montégut et al. [2004]. All data, including DMS,
were log transformed before correlation to overcome non-
normal distribution.

3. Results and Discussion

3.1. Data Distribution

[22] The original data available to construct our revised
DMS climatology (hereafter referred to as L10) were 47,313
surface seawater DMS concentration values, which were
reduced to 47,266 after the data removal procedure described
earlier. Although the time span of data collection is greater
than three decades, more than half of the data are from the
last 8 years. This is due to an obvious increase in the
sampling effort, but also to the development of automatic
and semiautomatic DMS analysis systems [e.g., Marandino
et al., 2009; Saltzman et al., 2009; Archer et al., 2009]. The
data are plotted in monthly 1° × 1° fields. Even though
the overall data is distributed fairly well throughout most of
the global oceans, monthly distribution shows a remarkable
lack of data in some regions and months: see Figure 1 and
Table 1. As much as 64% of the data have been collected in
the Northern Hemisphere, half of them during the boreal late
spring and summer months (May–August). The Southern
Hemisphere, despite its larger contribution to the global

ocean surface area, contains only one third of the total data,
with almost half of them collected during austral spring/
summer (November through February).

3.2. DMS Correlation to Other Variables

[23] An attempt was made to compare climatological
DMS concentrations with other oceanic variables by means
of Pearson’s correlations of log transformed data. Due to the
enormous number of data, all correlations were significant
with probabilities >99.99%. Low negative correlations were
found with surface nitrate and phosphate (r = −0.09 and
−0.109, respectively, n = 491,460). Low positive correla-
tions were obtained with SST (r = 0.181, n = 420,127) and
chlorophyll a (r = 0.147, n = 397,751), while much higher
correlations were found with MLD (r = −0.47, n = 471,419)
and SRD (r = 0.58, n = 452,269). Kettle et al. [1999] also
attempted correlation analyses with global climatologies,
and found a similar result with chlorophyll a. They also
found a negative correlation, yet lower, with the MLD, and a
positive correlation with light, although they used surface
irradiance rather than radiation dose. A remarkable differ-
ence between K99 and our study was the correlations to
nitrate and phosphate, which were positive. It has to be
stressed, however, that the data used by Kettle et al. [1999]
were not log transformed despite the lack of normal distri-
bution. The results of our correlation analysis support the
suggestion (challenged by some authors [e.g., Derevianko
et al., 2009]) that the MLD and the SRD play prominent
roles in driving monthly surface DMS concentrations [Simó
and Pedrós‐Alió, 1999; Simó and Dachs, 2002; Vallina and
Simó, 2007; Miles et al., 2009].

3.3. Seasonal Cycles by Province

[24] The high‐latitude provinces in the North Atlantic and
North Pacific Oceans (e.g., SARC, NADR, BERS, PSAE)
show a common pattern of high average DMS concentra-
tions (>5 nM) during the boreal summer, with either un-
imodal or bimodal maxima between May and September
(Figure 2). The Arctic Ocean (BPLR) exhibits a similar
seasonal cycle, but with lower average maxima in spring/
summer (<4 nM). Moving South toward northern temperate
and subtropical provinces (e.g., NASW, NASE, NPPF,
NPTW, NPTE), the seasonal pattern becomes less pro-
nounced and the average spring/summer maximum con-
centrations are lower (generally <5 nM). The seasonal cycle
is almost lost in most of the tropical provinces around the
equator in both hemispheres (e.g., NATR, WTRA, ETRA,
MONS, NPTE, PNEC, PEQD, WARM), where average
DMS concentrations are from moderate to low (1–4 nM)
throughout the year. The southern subtropical provinces of
the Atlantic, Pacific and Indian Oceans (SATL, ISSG, SPSG)
recover a slight seasonality with austral summer maxima at
concentrations generally below 5 nM. The same seasonal
pattern is much more pronounced in the four provinces of the
Southern Ocean (SSTC, SANT, ANTA, APLR), with sum-
mer maxima occurring at concentrations of 5 nM that peak
most sharply in Antarctic waters (Figure 2).
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3.4. Monthly Global Distributions

[25] The annual patterns shown in Figure 2 are used to
create the monthly first‐guess fields (see Figure S2). These
are adjusted with real data at the local scale to obtain more
realistic distributions. After 5 point median and 11 point
unweighted filter smoothing, the monthly global maps of the
climatology were produced (Figure 3). The remarkable
spottiness of the maps is due to the differences between the
first‐guess background (which is the province monthly
mean concentration) and the measurements made at the

local scale. Spottiness must be regarded, hence, as a sign of
fidelity to the measurements in the database.
[26] The monthly climatology maps (Figure 3) show the

temporal (seasonal) and spatial variability of DMS con-
centrations. The salient features are (1) concentrations are in
the range 1–7 nM for the global oceans most of the time;
only 1% of the climatology’s values are >10 nM whereas
50% are <2 nM, paralleling data distribution in the original
database; (2) higher concentrations are found at high lati-
tudes (polar and subpolar) and in some regions close to
continents; (3) existence of a general trend toward increasing

Figure 3. Monthly climatology (L10) of DMS concentrations (nM). Note that the scale is capped
at 15 nM to ensure readability of the plots, although only a few specific regions exceed 15 nM DMS
concentration.
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concentrations in summer in both hemispheres. The global
map of annually averaged concentrations (Figure 4) is fairly
homogeneous, with few regions with values below 1 nM or
above 5 nM.

3.5. Regional Features

[27] In the high‐latitude Northern Hemisphere, DMS con-
centrations follow a strong seasonal pattern. They increase
in the warmer and more illuminated months from late spring
through late summer, although the timing of the concen-
tration peak varies among regions (Figures 2 and 3). In the
northern Gulf of Alaska and the Bering and Barents Seas,
observed DMS is high in May, coinciding with documented
blooms of strong DMS producers, Phaeocystis pouchetii
and coccolithophores [Barnard et al., 1984; Iida et al.,
2002; Matrai et al., 2007], and the summer maxima in June
and July also accompanies the persistence of coccolitho-
phores [Iida et al., 2002]. In the NW Atlantic and around the
Iceland Basin, DMS concentrations are moderate in April–
May and September and peak in June–July, at the time of
maximum development of recurrent coccolithophore and
flagellate blooms, which cooccur with dinoflagellates to yield
high DMS concentrations [e.g., Matrai and Keller, 1993;
Scarratt et al., 2007; Lizotte et al., 2008; Yang et al., 2009].
In the open ocean waters of the central Gulf of Alaska, con-
centrations are high throughout the summer and well into
September for reasons not fully ascertained [Wong et al.,
2005]. Much of the data from this latter region have been
collected recently and thus summer DMS levels for the

PSAE province in our new climatology are remarkably
higher than those in the original climatology, K99.
[28] Temperate low latitudes and northern subtropical

regions typically follow a seasonal pattern with higher DMS
concentrations in summer despite low chlorophyll a con-
centrations, a feature that has been coined the “summer
DMS paradox” [Simó and Pedrós‐Alió, 1999]. In the large
subtropical Pacific (NPTW, NPTE) the summer maximum
occurs, yet very subtly. In the subtropical Atlantic there is a
remarkable difference between the seasonality of the west-
ern side (NASW) and that of the eastern side (NASE). While
in the NASW the summer maximum is clear [Dacey et al.,
1998], in the NASEDMS concentrations are higher, yet more
variable, in spring (April–May) than in late summer [Belviso
and Caniaux, 2009].
[29] The eastern equatorial Pacific between 10°N and 10°S

is one of the most visited regions over three decades. DMS
concentrations in the region are relatively constant through-
out the year [Bates and Quinn, 1997], which is clearly
apparent in our climatological monthly maps. In the western
equatorial Pacific, increased DMS concentrations in the
period November–February have been observed, although
it should be noted that the number of observations is low and
the equatorial province (WARM) extends as far south as
18°S. As in the Pacific, the main equatorial province of the
Atlantic (WTRA) also does not show a marked seasonality.
The neighboring eastern province, ETRA, has fewer data.
There, higher DMS levels have been observed to occur
between April and September, coinciding with climatological

Figure 4. Annual global mean climatology (L10) of DMS concentrations (nM).
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satellite observations of increased chlorophyll a concen-
trations between June and September due to a strength-
ening of the zonal winds and associated upwelling [Pérez
et al., 2005].
[30] The equatorial Indian Ocean (MONS) shows a slight

trend toward higher DMS levels during the boreal summer.
Concentrations are always above 2–3 nM throughout the
year. This is a remarkable difference with respect to the
concentration given by K99, which was constructed almost
without any data in this region and which predicted very low
DMS levels over long periods of the year. The lack of data
prompted K99 to attribute to MONS the patterns observed
in the Arabian Sea (ARAB) and the coastal Indian provinces
(INDE and INDW). The amount of data collected in MONS,
ARAB and INDE has increased considerably in recent
years. The new data demonstrates that DMS concentrations
are typically elevated during the southwest monsoon (June
to September), particularly on the West Indian shelf [Shenoy
and Kumar, 2007]. On the eastern side of India, the few
existing measurements in the Bay of Bengal point to more
moderate concentrations all year round.
[31] The Indian subtropical gyre (ISSG) shows a marked

seasonality with average DMS concentrations in the austral
summer 6 times as high as the winter ones (6 and 1 nM,
respectively). Such a seasonal pattern is coincident with that
of the shoaling of the mixed layer and opposite to that of
chlorophyll a concentrations [Longhurst, 1998], thus setting
the conditions for the so‐called “summer DMS paradox”
[Simó and Pedrós‐Alió, 1999]. A noticeable increase in data
coverage now provides a reasonably good description of
DMS distribution in this large region. In K99, there were
data only in two months and ISSG had to be substituted by
its neighboring province to the South (SSTC), a region with
completely different biogeochemistry. The semiempirical
models of Aumont et al. [2002] and Simó and Dachs [2002]
already predicted higher DMS concentrations in the south-
ern Indian Ocean than K99. These predictions are borne out
by the new climatology.
[32] The large ultraoligotrophic subtropical gyre provinces

of the South Atlantic and South Pacific (SATL and SPSG)
show a similar seasonality to ISSG, with higher DMS levels
coincident with the shoaling of the mixed layer [Longhurst,
1998], yet with lower maximum concentrations [e.g., Bell
et al., 2006]. It is worth mentioning that, in K99, both pro-
vinces had very little data and were adjusted to the seasonal
pattern of the circumglobal province SSTC. Although in the
last 10 years the number of measurements in these regions
has increased considerably, SPSG is still one of the more
poorly sampled open ocean regions (Table 1).
[33] DMS seasonality in the coastal Pacific upwelling

region, Humboldt Current coastal province (HUMB),
appears very marked but is highly uncertain because of the
lack of data during half of the year. High, but variable,
concentrations are found in June–July along the Peruvian
coastal upwelling [Andreae et al., 1995], and low concen-
tration levels are observed all along the province in October–
November (J. Johnson, unpublished data, 2006, 2007) and in
the southernmost part in February [Lee et al., 2010]. A very
strong “hotspot” of DMS is apparent off the southern coast of
Chile in January (Figure 3). Concentrations as high as 22 nM

were measured in a few samples through the transition
between the HUMB and the South Subtropical Convergence
province (SSTC). Since there was no associated signal in
chlorophyll a, hydrography or atmospheric DMS con-
centrations, these observations may have corresponded to a
highly localized patch [Marandino et al., 2009]. Further visits
should help decipher if this hotspot is a recurrent feature.
[34] The Southern Ocean, as a whole, has enough data

coverage to construct reliable monthly DMS maps. The
seasonalities of the four provinces (SSTC, SANT, ANTA
and APLR) are in phase, with concentrations increasing in
the austral summer. High DMS levels (around 10 nM) are
found southwest of Australia in January, coinciding with
minimal mixed layer depths and maximal chlorophyll a
concentrations [Longhurst, 1998]. Moving southward, DMS
levels decrease across the subantarctic current and increase
again in Antarctic waters [McTaggart and Burton, 1992]. A
similar pattern is found along transects from the subtropical
convergence off South Africa or on either side of South
America toward Antarctic waters [Liss et al., 2004]. The
highest concentrations of the Southern Hemisphere (>20 nM)
are found in Antarctic coastal seas (APLR) in the period
November–February. Those high DMS values are driven by
the strong phytoplankton blooms in the sea‐ice breakout
season [Trevena and Jones, 2006]. Throughout the rest of
the year DMS concentrations are low, reflecting the low
levels of biological activity due to increased ice cover and
reduced light levels.
[35] Average summer DMS concentrations in Antarctic

waters (APLR) have been reduced significantly with respect
to those in K99. Ten years ago, average concentrations in
December and January were larger than 40 nM throughout
most of the province, reaching regional maxima of up to
160 nM (K99). With the recent increase in measurements,
the new climatology contains a monthly average concen-
tration of ca. 20 nM in December, with a regional maximum
of ca. 50 nM.

3.6. Ocean‐Atmosphere DMS Emission Fluxes

[36] Ocean‐atmosphere DMS fluxes are computed as the
product of the air/sea concentration difference and gas
transfer velocity, as follows: F = kT(Cw − Cga), where the
gas transfer coefficient, kT, is the reciprocal of the total
resistance to gas transfer on both sides of the air/sea interface
[Liss and Slater, 1974]. DMS fluxes are generally parame-
terized assuming water side resistance only, but as demon-
strated by McGillis et al. [2000], air side resistance can also
be significant at cold temperatures and high wind speeds.
Atmospheric DMS levels are typically orders of magnitude
lower than those in the surface ocean, and are assumed to be
zero for these calculations.
[37] Thewater side DMS gas transfer velocity was based on

the 10 m wind‐speed‐based parameterization of Nightingale
et al. [2000] (hereafter N00), for a Schmidt number of
600 (k600 = 0.222U10

2 + 0.333U10). These were normalized to
the Schmidt number of DMS as follows: kw = k600 (ScDMS/
600)−1/2, where ScDMS is a function of SST according to
Saltzman et al. [1993].
[38] Total gas transfer velocities for DMS were computed

using the atmospheric gradient fraction (ga): kT = kw (1 − ga),
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where ga is defined by ga = 1/(1 + ka/akw), using the
approach of McGillis et al. [2000]. In this expression ka is
the airside transfer coefficient, which was based on neutral
stability water vapor bulk transfer coefficients from Kondo
[1975] and a is the DMS solubility, fromDacey et al. [1984].
[39] The DMS flux is calculated with the DMS concen-

tration values obtained from this study and the total transfer
velocity. This approach is slightly different than that of K00,
who assumed only water side resistance to the air/sea flux
under conditions of high wind speeds and cold SST. On an
annual basis, the flux computed including air side resistance
was 7.4% less than computed assuming water side resis-
tance only.
[40] SST and wind speed climatologies were obtained

from the NCEP/NCAR reanalysis project (http://www.esrl.
noaa.gov/) for the period 1978–2008. Most of the DMS data
used to generate the climatology were measured during that
period. We applied a monthly sea‐ice mask to set DMS
emission fluxes to zero in ice‐covered waters. Data on ice
extent and concentration (percentage of the local ocean
surface covered by sea ice) were provided by IFREMER/
CERSAT (http://cersat.ifremer.fr/) upon analyses of the
12.5 km resolution data from the US SSM/I sensor since
1992. We assumed negligible DMS emission fluxes where
the sea ice concentration is higher than 75%. All SST, wind
speed and sea ice coverage data are converted to a 1° × 1°
resolution using a cubic spline interpolation that avoids the
problem of distortions near the edges of the global map.
[41] Because kw has a nonlinear dependence on wind

speed, the use of monthly averaged wind speeds introduces
a bias into the flux calculation. The flux was corrected for
this effect assuming that instantaneous winds follow a
Rayleigh distribution, using the approach of Simó and Dachs
[2002]. To compare with K00, monthly global fields of DMS
emission fluxes were also computed using the parameteriza-
tions of Liss and Merlivat [1986] and Wanninkhof [1992].

3.7. Ocean‐Atmosphere DMS Emission Fluxes

[42] Ocean‐atmosphere DMS fluxes are computed as the
product of the air/sea concentration difference and gas
transfer velocity, as follows: F = kT (Cw −Cga), where the gas
transfer coefficient, kT, is the reciprocal of the total resistance
to gas transfer on both sides of the air/sea interface [Liss and
Slater, 1974]. DMS fluxes are generally parameterized
assuming water side resistance only, but as demonstrated by
McGillis et al. [2000], air side resistance can also be sig-
nificant at cold temperatures and high wind speeds. Atmo-
spheric DMS levels are typically orders of magnitude lower
than those in the surface ocean, and are assumed to be zero
for these calculations.
[43] Thewater side DMS gas transfer velocitywas based on

the 10 m wind‐speed‐based parameterization of Nightingale
et al. [2000] (hereafter N00), for a Schmidt number of
600 (k600 = 0.222 U10

2 + 0.333 U10). These were normalized
to the Schmidt number of DMS as follows: kw = k600 (ScDMS/
600)−1/2, where ScDMS is a function of SST according to
Saltzman et al. [1993].
[44] Total gas transfer velocities for DMS were computed

using the atmospheric gradient fraction (ga): kT = kw (1 − ga),
where ga is defined by ga = 1/(1 + ka/akw), using the approach

of McGillis et al. [2000]. In this expression ka is the airside
transfer coefficient, which was based on neutral stability
water vapor bulk transfer coefficients from Kondo [1975]
and a is the DMS solubility, from Dacey et al. [1984].
[45] The DMS flux is calculated with the DMS concen-

tration values obtained from this study and the total transfer
velocity. This approach is slightly different than that of K00,
who assumed only water side resistance to the air/sea flux
under conditions of high wind speeds and cold SST. On an
annual basis, the flux computed including air side resistance
was 7.4% less than computed assuming water side resis-
tance only.
[46] SST and wind speed climatologies were obtained

from the NCEP/NCAR reanalysis project (http://www.esrl.
noaa.gov/) for the period 1978–2008. Most of the DMS data
used to generate the climatology were measured during that
period. We applied a monthly sea‐ice mask to set DMS
emission fluxes to zero in ice‐covered waters. Data on ice
extent and concentration (percentage of the local ocean
surface covered by sea ice) were provided by IFREMER/
CERSAT (http://cersat.ifremer.fr/) upon analyses of the
12.5 km resolution data from the US SSM/I sensor since
1992. We assumed negligible DMS emission fluxes where
the sea ice concentration is higher than 75%. All SST, wind
speed and sea ice coverage data are converted to a 1° × 1°
resolution using a cubic spline interpolation that avoids the
problem of distortions near the edges of the global map.
[47] Because kw has a nonlinear dependence on wind

speed, the use of monthly averaged wind speeds introduces a
bias into the flux calculation. The flux was corrected for this
effect assuming that instantaneous winds follow a Rayleigh
distribution, using the approach of Simó and Dachs [2002].
To compare with K00, monthly global fields of DMS emis-
sion fluxes were also computed using the parameterizations
of Liss and Merlivat [1986] and Wanninkhof [1992].

3.8. L10 Versus K00

[48] In order to evaluate the influence of a 3‐fold increase
in measurements to the predicted monthly global distribu-
tions of DMS, we now compare the updated climatology
(L10) with the reference climatology that is widely used at
present (K00). The differences are summarized with graphi-
cal representations of the latitudinal annual means (Figure 5a)
and the latitudinal means for the periods December–February
(DJF) and June–August (JJA) (Figure 5b). Note that the
concentration difference between K00 and L10 versus lati-
tude can also be plotted for every individual month (see
Figure S3). Large differences in the annual average distri-
bution are found in the high latitudes (≥65°) of both summer
hemispheres, where K00 predicted much higher DMS con-
centrations than L10. Clearly, the inclusion of new data has
led to a substantial decrease of the high‐latitude average DMS
concentration, partly because data in K00 were dominated by
coastal and ice‐edge measurements.
[49] There are two latitudinal bands where L10 predicts

higher annual mean concentrations than K00. One is around
50°–60°N, where the incorporation of a great number of
measurements in the DMS‐rich Alaska coastal province
ALSK (J. Johnson et al., unpublished data, 2002, 2003) has
increased the regional mean (Figure 2). The other band
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Figure 5. Comparison between K00 (dashed line) and L10 (solid line) climatological DMS concen-
tration data (nM) in terms of (a) annual latitudinal mean concentrations; and (b) summer and winter (i.e.,
DJF, December–January–February; JJA, June–July–August) latitudinal mean concentrations.
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occurs between the equator and 40°S, where new data in the
Indian Ocean (MONS and ISSG) and Pacific Warm Pool
(WARM) provinces raise the annual mean.
[50] The plot of the latitudinal seasonal means (Figure 5b)

shows how DMS concentrations oscillate seasonally
between lower values in the hemispheric winters and higher
values in the hemispheric summers. The two climatologies
predict almost identical concentrations in both seasons
within the region comprised between 10°N and 50°N.
Figure 5b clearly illustrates the substantial reduction in
summer values and increase in winter values at both poles
(i.e., greater than 60°N and S), as well as the year‐round
increase between 10°N–50°S, particularly in the Southern
Hemisphere.

3.9. DMS Flux

[51] Local ocean‐to‐atmosphere DMS fluxes were com-
puted from surface ocean concentrations using the parame-
terization suggested byNightingale et al. [2000]; see section 2.
A climatological monthly sea ice mask was applied with the
assumption that fluxes across the sea ice cover are greatly
reduced or completely blocked, even though DMS con-
centrations measurements exist from the waters underneath.
Emissions from the sea ice itself would also increase the
amount of DMS fluxes to the atmosphere. Recent laboratory
and in situ experiments [Zemmelink et al., 2008; Loose et al.,
2009] indicate that gas emission can occur through or from
complete or partial ice cover and this should be taken into
account. However, this poses an obvious difficulty when we
are to apply a general parameterization of the gas transfer
coefficient. Computed fluxes with and without the ice cover
mask, and the resulting global annual emissions, are not
substantially different at the global scale (9.8% higher
without ice mask). The difference at high latitudes (60°–90°N
and 60°–90°S) is significant, 47.5% higher without the ice
mask. The fluxes calculated here are capped by the use of an
ice cover mask, but further work is required to better quantify
the effect of sea ice on the sea‐to‐air flux of DMS.
[52] In northern latitudes, emission fluxes follow the sea-

sonality of surface concentrations (see Figure 6). This is also
true of the high latitudes in each hemispheric summer. The
Southern Ocean emissions stand out because high summer
concentrations coincide with strong winds all year round. In
the subtropical Indian Ocean, the combination of moderate
DMS concentrations and persistent high wind speeds
throughout most of the year leads to a strong flux. The Pacific
Warm Pool (WARM) fluxes are characterized by the coin-
cidence of large concentrations and wind speeds between
November and February, which renders high seasonal fluxes.
In contrast, the waters East of Somalia, despite having quite
constant predicted DMS concentrations throughout the year,
become an important region of sulfur emissions during the
boreal summer due to the strengthening winds caused by the
southwest monsoon.
[53] Integrated DMS emission fluxes were computed using

N00 and the classical parameterizations of Liss and Merlivat
[1986] and Wanninkhof [1992], hereafter LM86 and W92,
respectively. For the sake of comparison, and to provide a
range of DMS flux estimates, we recalculated emissions for
K00 with the three gas transfer parameterizations. Table 2

reports the results of annually integrated emissions by 10°
latitudinal bands resulting from applying the different
parameterizations to K00 and L10.
[54] Annually integrated latitudinal emissions depend on

the magnitude and persistence of local fluxes but also on the
ocean area occupied by each latitudinal band. In K00, the
tropics and Southern Ocean contribute the largest share of
the global DMS emission. In L10, the southern subtropical
latitudes also contribute substantially. Together, the South-
ern Hemisphere oceans contribute 61%–62% (depending on
the parameterization) of the global annual DMS emissions
in L10 whereas their contribution was around 56%–57% in
K00. As a result of the differences in DMS concentration
distribution discussed above, the global annual DMS emis-
sion in L10 is 15%–17% higher than that of K00. Taking
N00 as an intermediate and probably more realistic param-
eterization of the transfer coefficient [Marandino et al.,
2009], the updated revision of the global oceanic DMS
emission is estimated at 28.1 TgS/yr. Following the classi-
fication of Longhurst [1998] we computed the oceanic DMS
emission fluxes from the coastal and upwelling areas.
Nearly 11% of the global annual emissions occur in coastal
provinces, which occupy nearly 10% of the global ocean
area.
[55] Analysis of the variability in the underlying data used

to construct the climatology shows that the range in total
global flux estimates due to data variability is, at least,
as large as the range due to uncertainty in the air/sea gas
transfer velocity parameterization. DMS emission fluxes
calculated by applying the N00 parameterization to the
upper and lower bounds of the climatology uncertainty span
a range of 24.1 to 40.4 TgS/yr.

4. Conclusions

[56] The aim of this study was to construct a more accu-
rate climatology of global monthly distributions of surface‐
ocean DMS concentration based on state‐of‐the‐art data,
and to calculate associated sea‐to‐air emission fluxes. The
new L10 climatology has been constructed using data con-
tributed by researchers from all over the world and archived
in the Global Surface DMS Database (see Table S1), and
can be regarded as an updated and refined version of the
former climatology (K00) assembled by A.J. Kettle and
others (K99 and K00).
[57] Climatological DMS concentrations increased in

regions andmonths that were severely undersampled 10 years
ago, as for example in the subtropical Indian Gyre. Con-
versely, data additions have substantially decreased clima-
tological concentrations in regions where K99 showed
extremely high values, namely polar waters. In this sense, a
climatology constructed exclusively from available DMS
measurements is very sensitive to the number of data, as
pointed out by Belviso et al. [2004b]. Although the number of
new DMS measurements in the Northern Hemisphere was
around 50% higher than that in the Southern Hemisphere, the
largest differences between L10 and K00 are found in the
South.
[58] Assessing the data coverage in oceanic provinces

with the greatest areal extent (and consequently the largest
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influence on DMS flux) has led to the realization that they
are not always the most comprehensively sampled. In many
cases, the measurements are poorly distributed in space and
time (see Table 1). For example, the South Pacific Sub-
tropical Gyre (SPSG) is undersampled despite containing
data from eight calendar months. The data is sufficient to
make a first‐guess construction but only with a large asso-
ciated uncertainty. Another example is the Indian Subtrop-
ical Gyre (ISSG), which still lacks data for half of the year
despite a significant effort to increase the number of mea-
surements in the last decade. Also the western North Pacific
provinces, from the subarctic (PSAW) to the Tropical Gyre

(NPTW) through the Transition Zone (NPPF), show a serious
lack of data relative to the surface area they represent. This
means that the obtained climatological patterns have been
constructed using interpolated data and should be used with
caution and urgently revised as more measurements are
made.
[59] The L10 climatology offers more reliable representa-

tion of sea surface DMS concentrations in the global oceans
than the widely used former climatology (K00) mainly
because of an increased number of measurements and im-
provements in their spatial and temporal coverage. It is
expected to be used as an input field for global atmospheric

Figure 6. Monthly climatology of DMS fluxes (mmol S/m2d). Note that the scale is capped at 30 mmol
S/m2d to ensure readability of the plots, although only a few specific regions exceed this value.
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models and as a reference for global comparisons with
oceanic and atmospheric variables. K00 has also been used
to validate the output of oceanic DMS models [Le Clainche
et al., 2010] despite the uncertainty associated with the data
analysis. As a parallel product to the L10 climatology, we
have created a 1° × 1° binned monthly climatology of the
original data which can be used for model validation (see
http://www.bodc.ac.uk/solas_integration/). This work con-
firms the central role of DMS in the transport of sulfur from
the biosphere into the atmosphere. The updated estimates
given here indicate that the annual global DMS emissions
are even larger than previously thought, with our best esti-
mate suggesting 28.1 TgS/yr (17 % higher than estimated
with K00). Owing to the potentially important influence of
ocean‐atmosphere DMS emissions for global sulfur cycling,
aerosol formation, cloud microphysics, and radiative bal-
ance, the L10 will be useful for assessing the environmental
factors controlling the DMS distribution and for validation
of ocean biogeochemical models.
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