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Abstract About a decade of dimethylsulphide
(DMS) measurements in the North East Pacific are
summarized and compared to model simulations.
Bottle samples at various depths have been taken
three times per year along Line P from the British
Columbia coast to Ocean Station Papa (145° W,
50° N). Despite the long timeseries, DMS measure-
ments are still sparse and the data show large
variabilities in concentrations both spatially and
temporally. DMS concentrations in late summer have
been consistently high, while spring measurements at
the offshore stations suggest a downward trend over
the past years. Low values in spring, however, have
also been recorded in the late 1990s, which might hint
to interannual variability in the onset of the spring
bloom and/or plankton assemblage rather than to a
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response to recent climate change. Some of the
variability, both short-term and interannual, can be
caused by regional or local preconditioning of the
physical environment. The model simulations provide
examples where periods of low winds, shallow mixed
layers and sometimes high irradiance follow a mixing
event and cause DMS peaks on various time scales as
well as consistently elevated DMS concentrations for
longer timeperiods. The model in its current config-
uration, which has been calibrated with measurements
in the late 1990s/early 2000s, is not able to capture the
low values in winter and spring observed in recent
years. We suggest that this is due to missing or
misrepresented links in the biogeochemical parame-
terizations of the model, e.g., an incomplete represen-
tation of variations in the phytoplankton assemblage.
Including a seasonally varying S:N ratio to account for
the absence of dinoflagellates in winter and spring
significantly improves the simulation. Variability in
DMS concentrations can also be induced by natural
iron fertilization, which the model reproduces when
timing is specified. For example, the model can
reproduce the effects of natural volcanic Fe fertiliza-
tion on surface water plankton dynamics and mixed
layer DMS accumulation. The model also shows that
the amplitude of the short term variability (days)
increases when DMSP producing phytoplankton are
less iron limited.

Keywords DMS measurements - DMS modelling -
Marine sulphur cycle - Ocean Station Papa (OSP)
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Introduction

Many questions are still open in terms of understand-
ing the processes leading to the production of the
biogenic gas dimethylsulphide (DMS) in the ocean
and the links between sea—air DMS fluxes, atmo-
spheric processes and global climate feedbacks. Even
though the spatial coverage of DMS measurements has
significantly improved over the last two decades (e.g.,
Lana et al. 2011), in depth studies and long term data
sets which are essential to address the above questions
(e.g., Halloran et al. 2010) are still sparse.

DMS is ubiquitous in the world’s oceans but also
highly variable (e.g., Belviso et al. 2004). Highest
concentrations occur in summer in the southern ocean
close to the Antarctic coast and in very localized areas
in the Northeast and Northwest Pacific and the
northern North Atlantic (Lana et al. 2011). Two of
these areas (the southern ocean and the North Pacific)
are also characterized by high-nutrient-low-chloro-
phyll (HNLC) water masses, where iron has been
shown to play a major role in controlling primary
production and phytoplankton community structure
(e.g., Martin et al. 1989; Boyd et al. 1998, 2004).

The North East Pacific is an area with exceptionally
high DMS production (which Wong et al. (2005)
suggest to be a characteristic of the subarctic HNLC
region), as well as high spatial variability on scales
down to about 10 km (Asher et al. 2011). The region is
home of one of the oldest timeseries stations in the
world ocean (Ocean Station Papa, OSP, located at
50° N, 145° W, since 1949) and also provides one of
the longest DMS measurement data sets (since 1996).
Publications presenting and discussing the DMS
timeseries at OSP and along Line P (Fig. 1) are still

Fig. 1 Line P location in
the Northeast Pacific from 54°
Vancouver Island to OSP
(P26) located at 50° N,
145° W, showing the five
main stations sampled along
Line P
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very limited, although research has been intensified
since the subarctic ecosystem response to iron enrich-
ment study (SERIES) in 2002 included an intense
DMS measurement component (Levasseur et al. 2006;
Merzouk et al. 2006) and model development (Le
Clainche et al. 2006; Steiner and Denman 2008).

Wong et al. (2005, 2006) have summarized the
measurements from 1996-2001. They find mean
surface DMS values of 2 nM in winter, 6 nM in
spring and 10 nM in summer, and respective average
mixed layer concentrations (DMS,,;p) of 2.4, 8 and
16 nM. High DMS,,;p concentrations at the open
ocean stations in spring and summer 1996-1998 were
correlated with low chl-a,,; 5. At OSP, Wong et al.
(2006) report observed DMS concentrations (inte-
grated over the mixed layer) in spring (summer) to be
about 60 (40)% higher during the El Nifio period
(1997-1998) compared to the La Nifa period
(1999-2001). The ENSO event was characterized by
warmer, more stratified waters with shallower mixed
layers and higher abundance of phytoplankton species
such as coccolithophores that are rich in dimethylsul-
foniopropionate (DMSP), suggesting an influence of
climate fluctuations on physical and chemical proper-
ties affecting phytoplankton assemblages and DMS
concentrations in the upper ocean.

DMS in surface waters is formed via a complex
network of processes (e.g., Stefels et al. 2007). The
dominant process is suggested to be the release of
dissolved DMSP (DMSP,) triggered by phytoplankton
cell lysis or leakage and zooplankton grazing. The
DMS precursor, DMSP, is produced within the cells of
certain species of phytoplankton. DMSP, is either
transformed into DMS via bacterial or algal lysis,
taken up by bacteria, or is transformed into dimethyl

140° 135° 130° 125°
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sulfoxide (DMSO) and other sulphur components
(through demethylation and demethiolation pathways,
e.g., see review in Schifer et al. 2010). The DMS
produced in the surface ocean is mostly consumed by
bacteria or oxidized by sunlight (e.g., Schifer et al.
2010) and some of it outgasses to the atmosphere.

Global modelling studies, mostly based on empir-
ical parameterizations for DMS emissions, do not
paint a clear picture in terms of DMS related feedbacks
to climate change. Halloran et al. (2010) point out low
skill levels for global models and advise caution in
implementing DMS parameterizations into earth sys-
tem models. Consequently, there remains a significant
need for longer term data coverage and for the
development of DMS parameterizations that realisti-
cally capture processes within the DMS cycle. Early
results with a more sophisticated global DMS model
(e.g., Six and Maier-Reimer 2006) hint to significant
difficulties due to the complexities of the processes
involved. A general issue is the high variability of
turnover rates within the DMS cycle (e.g., Vézina
2004; Stefels et al. 2007), as well as the large spatial
variability (e.g., Asher et al. 2011) which limits our
understanding of processes as well as the development
of parameterizations in DMS modelling efforts both
on global and local scales (e.g., Campolongo and
Gabric 1997; Cropp et al. 2004; Steiner and Denman
2008; Le Clainche et al. 2010).

The objectives of this paper are: (1) to summarize
the last decade of DMS measurements in the vicinity
of OSP and along Line P, (2) to compare more recent
observations with those in the late 1990s and discuss
both temporal and spatial changes in DMS concentra-
tion, (3) to test if the model which has been calibrated
with the 19962001 data (Steiner and Denman 2008)
can predict the more recent (2001-2010) observations
and help understand the marine DMS system. We are
aware that the data points are rather sparse, despite the
length of the timeseries and that the results have a
somewhat speculative character. However, we think it
is important to make the data available for use and
reference, to inspire discussion and thought processes,
as well as to point out limitations of this kind of
timeseries sampling.

In section “Background” we will outline physical
and biological conditions of the study area and the
measurement program along Line P and in section
“Materials and methods” discuss the different mea-
surements and methods as well as describe the model.

Results will be presented in section “Results” fol-
lowed by a summary (section “summary”).

Background
Biology and physics of the study area

The usually iron-limited ecosystem at OSP shows
chlorophyll values around 0.35-0.4 mg m ™ and small
seasonal changes in phytoplankton biomass (e.g., Har-
rison et al. 1999; Boyd and Harrison 1999; Pefia and
Varela 2007). Algal biomass is dominated by small
phytoplankton cells (<20 pm) mainly composed by
prymnesiophytes, prasinophytes, cryptophytes, dino-
flagellates and small pennate diatoms while most of the
cells >20 um are pennate and centric diatoms (Booth
et al. 1993; Varela and Harrison 1999). Some of the
common phytoplankton groups at OSP, such as dino-
flagellates (e.g., Ampidinium spp., Gymnodinium spp.
and Prorocentrum minimum) and prymnesiophytes
(e.g., Phaeocystis pouchetti and Emiliana huxleyi) are
recognized as significant producers of DMSP (Keller
et al. 1989). Occasional iron input from varied natural
sources can increase production significantly. Sug-
gested sources for episodes of high production are dust
inputs from Asia with a smaller contribution from
Alaska (e.g., Boyd et al. 1998; Harrison et al. 1999;
Moore et al. 2002) or volcanic eruptions (see section
“Natural iron fertilization in September 2008” and
Hamme et al. 2010). Additionally, nutrient-rich shelf
waters can be transported to OSP via mesoscale eddies
(e.g., Haida eddies forming off the Queen Charlotte
Islands) or recirculating waters from the Alaskan Shelf
(Whitney et al. 2005a, b; Johnson et al. 2005; Lam et al.
2006). Much of the water being carried into the open
ocean lies below the euphotic zone resulting in iron
enrichment in deeper layers (~ 1000 m) (Whitney et al.
2005b). With this mechanism of iron supply, the open
ocean may become iron enriched for several years.
Together with other nutrients, deep winter mixing can
entrain iron into the surface mixed layer (Whitney et al.
2005b; Nishioka et al. 2001, 2003).

From a physical oceanography perspective, OSP,
situated within the Alaska Gyre has been described as an
ideal location for 1-D model studies: Horizontal advec-
tion is low (e.g., Denman and Miyake 1973) and a long
timeseries of validation data is available. However
variability in the Northeast Pacific is closely coupled
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with events and conditions throughout the tropical and
North Pacific Ocean, experiencing frequent El Nifio and
La Nifa events particularly over the past decade (DFO
2009). Argo data from recent years illustrate processes
that increase advection at OSP, e.g., shifts in the North
Pacific Current (NPC) and the passage of eddies
(Freeland and Cummins 2005; Jackson et al. 2006).
The upper water column at OSP can be divided into two
regimes with different mixing processes (e.g., Archer
etal. 1993). The mixed layer immediately below the sea
surface is maintained by wind generated turbulence. An
annual cycle occurs due to the formation of a seasonal
thermocline in summer, and at OSP wind stress curl
causes a net upwelling of waters from below. Addition-
ally, wind driven currents in the mixed layer may
contribute fluxes of salt and nutrients. Below the depth
of the winter mixed layer (=~ 90 m), waters are stratified
by a salinity density gradient (halocline).

The Line P program
Originally a weather station (since 1949), OSP became

an oceanographic station in 1956. In 1959 12 stations
were added along the line, and since 1981 27 stations

(Fig. 1) are regularly sampled. Line P cruises are
organized by the Department of Fisheries and Oceans
(DFO) Canada three times per year, in winter (Feb-
ruary), late spring (June), and mid/late summer
(August). Before 1997, the spring cruise used to be
in May and the late summer cruise used to be in
September. The 2002 spring cruise was in July rather
than June. The late summer cruise usually falls into
late August or early September, depending on avail-
able ship time. Here the exception is in 2006 when the
cruise had to be shifted to late September because of a
ship refit. The regular June cruise in 2006 had to be
cancelled due to delays in the ship yard, hence there is
no DMS data for spring 2006. A summary of the
collection frequency is shown in Fig. 2.

During a regular program, sampling at the five major
stations (Fig. 1) includes DMS at0, 5, 10, 15, 20, 25, 30,
40, 50, 75, 100, 175, 200 dbar. Sampled with the DMS
are nutrients, chlorophyll (to 100 m), DMSP-t and
DMSP-d (5, 10, 20, 100, 175, 200 dbar). Since 2006,
high performance liquid chromatography (HPLC) sam-
ples have been regularly collected at 5, 10, 25 dbar for
the measurement of phytoplankton pigments, which are
used to estimate the contribution of each phytoplankton

O DMS data available
Two casts at Station Papa
B Three casts at Station Papa
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Fig. 2 DMS data availability at OSP from 1996 to 2010
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group to chl-a biomass as described in Royer et al.
(2010). Additionally, the CTD provides temperature,
salinity, transmissivity, fluorescence, dissolved oxygen
and photosynthetically active radiation (PAR).

Materials and methods
DMS measurements

DMS bottle casts have been regularly performed once
per day, but occasionally samples have been collected
more frequently to examine diurnal variability. (e.g.,
three casts per day in the upper ocean, if possible at local
sunrise, noon and sunset, Fig. 2). Subsurface sea water
samples were drawn from the Niskin samplers directly
into 250 mL glass bottles which were then stored in the
dark until analyzed. Analysis via a purge and trap system
in the ship’s laboratory began immediately after sam-
pling. The method described in Wong et al. (2005) has
been slightly updated. For the purge and trap system a
20 ml water sample is loaded into a stripping vessel and
purged with UHP nitrogen for 10 min at 100 ml min ™.
The purge flow goes through a 4°C condenser that
effectively removes all moisture from the sample stream.
The DMS is extracted and absorbed onto a Tenax TA
trap kept at —80°C. The trap is subsequently desorbed at
100°C onto a chromasorb 330 column, located in a gas
chromatograph held at 40°C, and then eluted into a flame
photometric detector (FPD). The primary standard was
prepared once a week from a stock solution of DMS
(Aldrich 471577) in isopropanol. The intermediate and
working standards were made up fresh daily in double
Milli-Q water and run immediately before analyzing
each station profile. The system has been running since
the late 1990s. In 2002 and 2003 the system was rebuilt
and underwent a mid-life refit in June 2006.

Since 2007 additional measurements of surface
water DMS concentrations have been made using
membrane inlet mass spectrometry (MIMS) for high
spatial resolution. The method has been developed at
the University of British Columbia and is described in
detail in Tortell (2005) and Asher et al. (2011).

Model description

The 1-D coupled model consists of atmospheric
(ASCM) and oceanic (OSCM) single column models,

where the latter includes a seven-component marine
ecosystem model (Denman et al. 2006), with inor-
ganic carbon, nitrogen, oxygen, and silica sub-models
as described in Steiner et al. (2006, 2007). More
recently sulphur cycling has been added (Steiner and
Denman 2008, denoted as SDO8 in the following).
The ASCM is a single column model based on the
atmospheric general circulation model referred to as
AGCM4 (von Salzen et al. 2005). Temperature and
humidity are nudged to National Center of Environ-
mental Prediction (NCEP) reanalysis data (Kalnay
et al. 1996) with a 3-day restoring time scale. Vector
winds at all levels are specified from the same data
set. The ocean component is the 1-D marine bound-
ary layer model GOTM 3.0, (Burchard et al. 1999,
see http://www.gotm.net) with configurations and
modifications as described in Steiner et al. (2006,
2007). The vertical domain is 120 m with 1 m reso-
lution. Temperatures and salinities over the whole
domain are restored to observations from nearby
Argo floats with a 30 day restoring time scale. For the
bottom 10 m, the restoring time scale is set to 1 day.

The ecosystem model includes small (<20 pm, P;)
and large (>20 pm, P,) size classes of phytoplankton,
microzooplankton (Z;), detritus (D), nitrate (;) and
ammonium (N,). Mesozooplankton (Z,) are preset to
an annually repeating daily climatology based on long
term observations at OSP. Ecosystem variables are
expressed in terms of the equivalent concentration of
nitrogen with fixed ratios connecting the carbon and
oxygen modules. The specific growth rate of phyto-
plankton is limited by light, nitrogen, iron, and for P,
silicate. Iron limitation is represented by a constant
parameter except for fertilization simulations (Steiner
et al. 2006, SDO0S8). This parameter represents the
maximum growth rate under iron limitation as a
fraction of the maximum specific growth rate
(Lpe, = 0.4 for P, and Lp,, = 0.2 for P,). In Monahan
and Denman (2004) growth rates for small and large
phytoplankton are the same with Lp, = 0.26. In
Denman et al. (2006) Lg,, = 0.6 and L, = 0.2. We
will be testing the sensitivity to the iron limitation in
this study. All growth, grazing and lysis rates are
temperature-dependent. Nitrate and silicate are
relaxed to a constant profile in the bottom 30 m on a
daily time scale. Attenuation of incoming solar
radiation depends on the concentration of phytoplank-
ton (P; 4+ P5), detritus (D) and a 40% contribution of
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microzooplankton (Z;) as described in SD0S. Ecosys-
tem parameter values are listed in Steiner et al. (2006)
(their Table 3) with phytoplankton lysis rate as in
SDOS. Following observations at OSP, we can make
the simplifying assumption that DMSP, is only
produced by small phytoplankton P;. The processes
represented in the sulphur model are: the release of
DMSP, via algal lysis, leakage and microzooplankton
grazing as well as direct release of DMS during these
processes (during grazing some DMSPp is allowed to
be lost, forming DMSO and other sulphur components
(Sp) which are not represented explicitly); bacterial
consumption of DMSP,; bacterial and enzymatic
cleavage to DMS; air-sea exchange; photolysis and
bacterial consumption of DMS. The model parameters
which represent individual conversion and turnover
rates in the marine sulphur system are usually
determined via measurements. Unfortunately, mea-
sured turnover rates vary significantly (see section
“Introduction”). While the chosen model parameters
lay within the observed range a reasonable value
within this range needs to be chosen. This is usually
done by slightly adjusting the parameters to match the
model variables with an available measurement data
set (model tuning). In this case the observations
described in Wong et al. 2005 have been used to tune
the model parameters. (See SDOS8 for a more detailed
description, model equations and parameter values).
SDO8 show in their sensitivity study that DMS
production is most sensitive to variations of the
intracellular S(DMSP,):N ratio (in mg-S per mg-N)
within phytoplankton (g = 0.45) and the bacterial
consumption rate of DMS, which will be discussed
further in section “Simulated annual cycle at OSP”.
The model also uses the variable DMS yield (ratio of
bacterial DMS production to bacterial uptake of
DMSPA) introduced in SDO08.

The model has been integrated from March 2002 to
September 2010 where acceptable coverage of Argo
data in the vicinity of OSP allows restoring to realistic
values.

Results
Spatial and temporal variability along Line P

Figure 3 shows the DMS concentration at the surface
along Line P for spring and summer as obtained via
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bottle measurements from 1996 to 2010. These
measurements show high temporal and spatial vari-
ability. Averages presented in Wong et al. (2005) are
likely influenced by high values during the strong El
Nifio in 1997-1998 (Wong et al. 2006). Subsequently,
a link to the El Nifio Southern Oscillation (ENSO) or
Pacific decadal oscillation (PDO) is much less obvi-
ous. In spring a general decrease in concentrations can
be seen since 1997/1998 with more recent data
showing low values similar to what has been measured
in 1996 before the El Nifio. In summer the picture
looks somewhat different. While the concentrations
after the 1997/98 El Niiio (in 2000, 2005 and 2006)
were exceptionally low, they have returned to much
higher values in recent years, again more consistent
with the 1996 measurements. The exceptionally high
values at some stations in 2008 are likely caused by an
anomalous plankton bloom fuelled by volcanic ash
(Hamme et al. 2010) (see section “Natural iron
fertilization in September 2008”).

Spatial variability along Line P can partially be
attributed to the presence of two distinct and contrast-
ing environments (Royer et al. 2010; Asher et al.
2011): The nutrient-rich diatom dominated inshore
waters and the Fe-poor prymnesiophyte-dominated
offshore waters. Royer et al. (2010) find that the
offshore HNLC stations were characterized by higher
DMSPp:chl-a ratios as well as higher DMS yields and
lower DMSP-S assimilation efficiencies. This sug-
gests that bacteria have a greater proportional use of
DMSP as carbon source rather than a sulphur source
under HNLC conditions, which has also been found
during the SERIES experiment (Merzouk et al. 20006).

The data indicate that regional spatial variability at
the surface (1-13 nM in June and 1-17 nM (Bottle)
and 1-69 nM (MIMS) in August 2008) along Line P
can exceed interannual variability, obscuring long-
term trends. In 2007 and 2008 the open ocean surface
DMS concentrations remained low in June, whereas
high DMS fronts could be observed in August. While
Wong et al. (2005) find an increase in DMS concen-
trations from coastal stations to the open ocean
regime, June measurements by Royer et al. (2010)
show lower values at the offshore stations and Asher
et al. (2011) find that the longitudinal concentration
gradient reverses seasonally, with highest values
accumulating in offshore waters during summer. Data
plotted in Fig. 3 confirm this reversal for most years
both before and after 1997/1998. We suggest that the
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P26 P20 P16 P12 P4
Station
(a) Spring

Fig. 3 Spatial and temporal variability of observed surface
DMS (nM) along Line P in: a spring (May/June), and b late
summer (August/September). Line P cruises are three times per
year, in winter (February), spring, and late summer. Before
1997, the spring cruise used to be in May and the summer cruise

increase from coastal to offshore stations is generally a
trademark of the summer condition and occurs in
spring only under a strong El Nifio influence.

Variability at OSP

Observed interannual variability at OSP in spring and
summer can be seen in the variety of vertical profiles
from 1996 to 2010 (Fig. 4). Generally, elevated DMS
concentrations are limited to the euphotic zone, where
phytoplankton produce the precursor DMSP and most
of the DMS production and degradation takes place.
Concentrations significantly decrease below 40-50 m
and reach values close to the detection limit below
70 m. One characteristic of DMS profiles during
periods of high production is the subsurface maxi-
mum, located between ~ 15 and 40 m depth.

Figure 4a shows measurements in spring (May/
June) at OSP. While exceptionally high DMS con-
centrations have been measured during the El Nifio
years 1997 and 1998 (15-25 nM in the top 10 m), the
somewhat higher concentrations ( ~4—8 nM) observed
in 2000, 2002 and 2005 seem rather an exception (note
that 2002 measurements are from the July 2002 cruise
before the SERIES experiment commenced). The low
concentrations (<4 nM) seen in the last 4 years are
consistent with measurements in 1996, 1999, 2001,

P26 P20 P16 P12 F'I4
Station
(b) Late summer

in September. The spring cruise is now in June (July for 2002),
and the late summer cruise usually falls into late August or early
September, depending on available ship time (An exception is
2006 when the cruise had to be shifted to late September)

2003 and 2004 and possibly more representative for
spring conditions. In summer (Fig. 4b), we generally
observe the highest DMS concentrations. 1997 and
1998 are still the highest, however the difference in
concentrations with other years is much less pro-
nounced than in spring. With some consistency the
highest values in summer occur in the same years as
the low values in spring, e.g., 1996, 2007, 2009 and
2010, which likely indicates a late bloom of DMSP
producing phytoplankton species. Unfortunately there
are no summer profiles for 1999, 2001, 2003 and 2004.
2008 values are comparatively low. However in view
of the volcano triggered anomalous plankton bloom
initiated just a week before the ship measurements (see
section “Natural iron fertilization in September
2008”) the small phytoplankton bloom has likely
been triggered earlier and more intensely, causing high
zooplankton grazing. While zooplankton grazing
causes release of DMSPd it eventually leads to the
crash of the bloom leading to a reduction in the DMS
production. These characteristics have been modelled
and observed for the SERIES experiment as a response
to iron enrichment (Levasseur et al. 2006, SD08). The
lowest summer concentrations have been measured in
2005 and 2006. 2005 is in fact a year where higher
values in spring have been encountered. The latter can
likely be related to increased stratification and shallow
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Fig. 4 Vertical profiles of DMS (nM) at OSP from 1996 to 2010 in: a spring (May/June), and b late summer (August/September).

Cruise timing as in Fig. 3

mixed layers linked to a particularly high PDO signal
that year (see model discussion, section “Simulated
annual cycle at OSP”). No measurements are available
for spring 2006, but the summer cruise was in late
September that year and is not representative for
summer conditions. The year 2000 shows neither very
low values in spring nor very high values in summer.

Asher et al. (2011) found significant correlations of
surface DMS concentrations with some variables
(calcite, chl-a/MLD ratios and irradiance), but they
were unable to produce a single consistent empirical
relationship predicting surface DMS. In the current
data set, we could not find any significant relationships
to variables such as temperature, salinity, oxygen or
nutrients other than the obvious depth related trends.
(Links to wind speed, irradiance and MLD are
discussed in section “Simulated annual cycle at
OSP”). Connections to phytoplankton assemblages
can be studied using HPLC measurements of pigment
analysis of marine phytoplankton which are now
available for some of the recent years. Figure 5 shows
the contribution of main phytoplankton groups to chl-
a biomass as estimated from the concentration of bio-
marker pigments from June 2006 onward. Relative
contributions of diatoms, prasinophytes, cryptophytes
and high DMSP producing prymnesiophytes and
dinoflagellates are shown. It can be seen that in late
summer, when high DMS production is frequently
observed, prymnesiophytes and dinoflagellates are the
dominant phytoplankton groups representing on aver-
age, 47 and 30% of the total chl-a, respectively. The
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relative contribution of diatoms is usually very low
(<5%). An exception is 2008 where diatoms are
present following natural iron input (see section
“Natural iron fertilization in September 2008”). In
winter, the contribution of other phytoplankton groups
increases. Prymnesiophytes still dominate phyto-
plankton biomass, but dinoflagellates are notoriously
less abundant. Hence, the ratio of DMSP producers to
non-DMSP producers within the small phytoplankton
group is higher in summer (DMS producers are about
90% of P,) than in winter and spring (DMS producers
are <50% of P,). In general primary production is low
in winter and DMS concentrations are close to zero.
During the spring, the contribution of diatoms
increases, becoming also dominant while other phy-
toplankton groups continue with relative contributions
at winter levels; primary production increases and
DMS production starts to pick up. An exception is
2008, where diatom contributions remain relatively
low and prymnesiophytes significantly increase. How-
ever, dinoflagellate contributions remain insignificant
and DMS concentrations are only slightly higher than
in other years. In summary, it can be suggested that
DMSP producing phytoplankton species are low in
spring (May/June) and only bloom later in the year
linked to highest DMS production rates in late August/
early September. Later in September the DMS peak is
either reduced to a subsurface signal or generally
declined. In occasional years, possibly linked to PDO
or ENSO, a phytoplankton bloom might be triggered
earlier in the year causing increased DMS
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concentrations already in spring. In those years DMS
concentrations are lower in August, which is more
characteristic for fall.

The results are still quite speculative. While a
10-15 year timeseries seems long, inconsistencies in
cruise timing make it hard to track down interannual
signals. Moreover, horizontal variability in surface
DMS is quite large. Asher et al. (2011) calculate a
length scale of less than 10 km for DMS variability,
which suggests that extremely high values which are
occasionally detected at OSP are spatially limited and
might not necessary be captured in every year.

Simulated annual cycle at OSP

The simulated annual cycle of DMS from 2002 to
2010 is shown in Fig. 6a. Model parameters have been
tuned to fit observations from 19962001, published in
Wong et al. (2005) (see section “Model description™).
For reference, monthly averaged observations by
Wong et al. (2005) for the available months are
plotted as triangles in years 2002 and 2003. The large
error bars, specifically in summer, are indicative of a
large variability which we also see in the newer data.
The modelled annual cycle fits the 1996-2001 obser-
vations well (see also SD08). However, observations
in recent years don’t confirm the modelled
annual cycle. Figure 6b shows the simulated mean
(2002-2010) annual cycle (solid black line) with
observations (symbols, see figure caption). Fig. 6¢
shows correlations between the simulated mean
monthly DMS concentrations and the respective
observations. Again, the averages presented by Wong
et al. (2005) are reasonably close to the observations

(triangles), as are the averaged MIMS data in August
(diamonds). However, bottle measurements (asterisks:
1996-2001, crosses: 2002-2010) show large variabil-
ities and significantly lower values in June, more
obviously in recent years. The model data correlation
is generally unsatisfactory. Winter (February) obser-
vations are significantly lower for recent years, which
is not captured in the model. While the concentrations
varied between 1 and 3 nM in the late 1990s and early
2000, they are close to the detection limit (below 1
nM) in recent years. No changes affecting the
detection limit or which could otherwise explain these
changes have been made to the instruments. Hence,
the reason for these low numbers is still unclear and
will need further investigation over the coming years.

Changes in the annual cycle and/or differences
between model results and observations can be caused
by: (1) Changes in the physical environment (forcing,
see section “DMS response to physical forcing™); (2)
Changes or misrepresentations in turnover rates (pro-
duction, loss) within the marine sulphur cycle. (3)
Changes or misrepresentations in the plankton com-
munity structure; both of the latter will be discussed in
section “Model sensitivity studies”.

DMS response to physical forcing

The model is restored to observations which represent
interannual changes in physical variables (tempera-
ture, salinity, wind, humidity). Hence, significant
changes in the physical environment will be repre-
sented in the model forcing and respective DMS
responses should be seen in the model. However,
monthly averaged model output (Fig. 6b) indicates
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Fig. 6 a Simulated annual cycle of DMS (nmol 1~'—averaged
over the top 20 m), from 2002 to 2010. Model parameters
(SDO08) have been calibrated based on observations published in
Wong et al. (2005). Latter are plotted in years 2002 and 2003
(triangles) for comparison. Recent observations are overplotted
at the appropriate time (crosses bottle casts, diamonds MIMS
data averaged for the vicinity of OSP). b Simulated mean annual
cycle of DMS (nmol 1~'—averaged over the top 20 m) for the

only very limited interannual variability in the DMS
concentration (e.g., 2005, 2006, see below) and does
not show a significant change in the annual pattern
which could cause the observed decline in spring DMS
concentrations. On shorter timescales, however, a link
between the physical conditions (wind, temperature,
stratification) and DMS response becomes apparent.
Incoming shortwave radiation and wind speed as seen
by the model and simulated mixed layer depth, (both
as determined via a turbulent kinetic energy (tke)-
criterion and a temperature criterion, see figure
captions) are shown for 2005-2006 in Fig. 7c—e. For
example in 2005, a combination of early high irradi-
ances (highest in the 2002-2008 timeseries), low
winds and shallow mixed layers leads to fairly
continuous higher than usual DMS concentrations
during May and June that year (Fig. 7b), which is also
seen in the observations (see above). On the other
hand, spring 2006 is characterized by a series of strong
wind and deep mixing events. After each mixing
event, a short episode of calm winds and shallow
mixed layers leads up to a peak in DMS concentration
(indicated by vertical lines in Fig. 7b—e).
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Mod. DMS (nmol L™

years 2002-2010 (solid black line, grey lines show individual
years). Observations are plotted as symbols in the month they
have been measured (diamonds MIMS, triangles bottle casts
19962001, crosses bottle casts 2002-2010, asterisks averaged
monthly values as provided by Wong et al. (2005)). ¢ Scatter
plot of modelled DMS versus observed DMS: each observed
value is assigned to the simulated monthly mean value as shown
in a (black solid line)

A correlation with PDO and ENSO indices (not
shown) relates high observed DMS concentrations in
1997/1998 to the strong El Nifio signal in 1997/1998
and La Nifia in 1999 as discussed in Wong et al.
(2006). After that, observed DMS concentrations are
lower and PDO/ENSO indices enter a negative phase.
Short term increases in the decadal climate signals
occur in winter 2002 and spring 2005. As discussed
before, spring 2005 did in fact show stronger strati-
fication and shallower mixed layers in spring, causing
higher phytoplankton and DMS production. We
conclude that DMS concentrations show a response
to decadal climate signals like the PDO or ENSO only
in years with exceptionally high indices, but a more
general correlation cannot be found. In summary, the
results suggest that the observed lower winter and
spring values are not caused by changes in the physical
forcing.

Model sensitivity studies

Rather than based on the physical forcing, the winter
and spring overestimation in recent years might be of
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Fig. 7 a Simulated DMS (nmol I~'—averaged over the top
20 m) from March 2007 to September 2008 for the standard run
(black line, parameterization as in SD0OS8 and for simulations with
reduced iron limitation (blue line, Lg,, = 0.6 for P;), with
reduced S:N ratio (q = 0.4, yellow line), and with seasonally
varying S:N ratio based on dinoflagellate abundance (q =
0.2-0.5, red line), see text. b Black and blue line as in a but for
2005-2006. Averages of earlier measurements by Wong et al.
(2005) (triangles) and recent observations are overplotted at the
appropriate time (crosses bottle casts, diamonds MIMS data

biological nature. To further discuss possible inade-
quacies in the current model configuration, we
performed several sensitivity studies. The yellow line

300
Day of Year

400 500 600

averaged for the vicinity of OSP—2007/2008 only). Physical
variables are presented for 2005-2006. ¢ Shortwave radiation
from NCEP reanalyses as seen by the model (W m?),
d simulated wind speed (m s~') and e simulated mixed layer
depth using a temperature criterion (Tpzp — Ty > 0.1°C,
solid line) and a turbulent kinetic energy criterion (tke >
107°m? s~ dotted line). Vertical lines indicate the beginning of
a peak in DMS concentration in correlation with low winds and
shallow mixed layers (and high irradiance) following a recent
mixing event (days 166, 451, 476, 496, 510 and 547)

in Fig. 7a indicates a run with reduced cellular S:N
ratio for small phytoplankton (¢ = 0.4, see section
“Model description”). While this leads to a reduction
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of DMS concentration, more pronounced in spring and
summer, it is not sufficient to explain the observed
spring decline. A similar result is obtained when
increasing the bacterial DMS consumption rates (not
shown). Differences between the model and observa-
tions might also be caused by a misrepresentation or
possibly shift in the phytoplankton assemblage. HPLC
analyses show a lower ratio of DMSP producing to
non-DMSP producing phytoplankton species within
the small phytoplankton group in winter and spring
compared to summer due to the absence of dinoflag-
ellates. This suggests that the S:N ratio (g) within the
modelled small phytoplankton group is not constant
over the year. Based on the HPLC results (section
“Variability at OSP”) a test run has been performed
where g has been set to a wintertime value of
q,» = 0.2. In August and September, ¢ is set to 2.5
q,, and in July and October ¢ is set to 1.5 g,, as an
intermediate value (red line in Fig. 7a).

The results clearly show a reduction in simulated
winter and especially spring concentrations while
summer values remain at former high values. Figure 8a,
b show a revision of Fig. 6b, c, using the discussed
model run with seasonally varying ¢. The simulated
winter and spring values are significantly lower and the
interannual variability of the summer maximum is
slightly increased, leading to an improved model-data
correlation. These results identify the lacking separa-
tion of prymnesiophytes and dinoflagellates in the
model as a likely cause for the overestimation of
simulated DMS concentrations in winter and spring.

The fixed large zooplankton representation in the
model might be another issue. Observations show
significant changes in copepod abundance with climatic
shifts in the Northeast Pacific, with smaller copepods

(a)
14 F
= 1k
— L
E 10:
£ %
o 4:
2F
0,

being more important in warmer years (especially 2005)
and higher abundances of large copepods in cooler
years (e.g., DFO 2009; Mackas et al. 2006). A simple
test simulation with a shifted cycle in large zooplankton
(not shown) confirms a response of the planktonic
system and DMS production: With maximum zoo-
plankton production later in the year, DMS production
in spring is somewhat reduced and slightly higher in late
summer. While the magnitude of the change is not
sufficient to explain the difference between model and
observations, changes in zooplankton assemblages
might contribute to interannual variabilities, which are
not represented in the model.

Blue lines in Fig. 7a and b show simulations with a
weaker iron limitation (from Lg,, = 0.4 to Lg,, = 0.6).
It can be seen that releasing the iron limitation leads to
an increased amplitude of the DMS variability. The
simulated DMS concentration becomes much spikier.
The largest spikes occur during calm periods with
shallow mixed layers and—often, but not always—
increased shortwave radiation, following a mixing
event. This is most prominent in spring, when waters
are enriched in nutrients following deep winter mixing
(e.g., beginning at day 166, 451, 476, 496, 510 and
547—uvertical lines in Fig. 7). This combination of
physical precursors can be very localized and short
term and could explain some of the high temporal and
spatial variability observed in the region. For example,
Asher et al. (2011) show in their Fig. 10a, a
pronounced DMS peak in correlation with low winds
and increased shortwave radiation on a timescale of
several hours.

At OSP, presumably winter mixing also enriches
surface waters to a certain extend with iron. Hence, as
soon as the conditions are favourable for DMSP
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Fig. 8 a and b as Fig. 6b and ¢ with model results from a test run with seasonally varying S:N ratio to represent the absence of

dinoflagellates in winter and spring
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producing phytoplankton, we would expect the DMS
concentration to increase with increased phytoplank-
ton production and increased zooplankton grazing.
The phytoplankton would eventually be grazed down
(as observed for example during SERIES Levasseur
et al. 2006; as observed for example during SERIES
Steiner and Denman 2008) or dispersed by a new
mixing event. Such a cycle would be repeated as soon
as the winds calm down and the surface warms up
again. The model does not represent the iron enrich-
ment, but the weaker iron limitation allows for
intensified growth during favourable conditions. The
simulation shows later in summer with decreasing
mixing depths, the spikes become less pronounced and
subside in fall when temperatures and general pro-
duction decrease.

While low winds and shallow mixed layers are
generally correlated, high irradiances and shallow
mixed layers are not necessarily so. Hence, on some
occasions high irradiances occur with higher winds
and deeper mixed layers, in which cases no pro-
nounced DMS peak is present. In case of shallow
mixed layers and fairly normal irradiances, a DMS
peak still occurs, however less pronounced than if
accompanied by a strong irradiance signal as well
(e.g., as after day 166 in Fig. 7). This might explain
why empirical formulations of DMS as function of
mixed layer (e.g., Simé and Dachs 2002) or irradiance
(e.g., Vallina and Simo 2007) work in some occasions
and not in others (e.g., Asher et al. 2011).

Sporadic natural iron fertilization at OSP, which
can also be short term and regionally limited, is not
infrequent (see section “Biology and physics of the
study area”) and can cause interannual variability,
however is not likely responsible for a long term trend.

Natural iron fertilization in September 2008

An anomalous widespread phytoplankton bloom
fuelled by volcanic ash was detected in the subarctic
northeast Pacific in August 2008 (Hamme et al. 2010)
and intense CO, drawdown was noted by moored
instruments at OSP from August 13—17 (http://www.
pmel.noaa.gov/co2/moorings/papa). Within the regu-
lar Line P fall cruise the DFO ship reached OSP about
8 days after the onset of the CO, drawdown. However,
measurements from August 21 show fairly regular
DMS concentration despite higher phytoplankton
biomass, and low but higher than normal relative

contributions of diatoms as determined from HPLC
pigment analysis (Fig. 5). Results of the SERIES
experiment in 2002 have shown that iron fertilization
stimulated a bloom of all phytoplankton groups,
starting with an increase in biomass of all pico- and
nanophytoplankton followed by a bloom of large
diatoms (e.g., Harrison 2006, and references therein).
The small phytoplankton bloom during the first 8 days,
coincided with an increase in surface particulate
DMSP. In the week after the small phytoplankton
bloom DMS concentrations decreased until they were
less than outside the patch (Levasseur et al. 2006;
Merzouk et al. 2006). A similar response can be
expected for natural iron fertilization. Hence, we
applied the model, which has been tested for the
SERIES experiment (Steiner et al. 2007), for the
respective time period and fertilized (via a lift of the
iron limitation in the phytoplankton growth function)
on August 13. In correspondence with the SERIES
observations DMSP production is highest during the
small phytoplankton bloom and DMS production
increases during the phase of intense zooplankton
grazing. Hence, the DMS peak occurs shortly after the
peak in small phytoplankton biomass. With the
decrease of the bloom and decreased zooplankton
grazing, DMS concentrations reduce until they reach
values below regular. The model results suggest that
the ship arrived at OSP (August 21) at a time when the
initially triggered small phytoplankton bloom has died
down due to zooplankton grazing and the following
diatom bloom has not yet fully developed (Fig. 9b—d).
By that time, DMS concentrations have been reaching
fairly regular values again (Fig. 9a).

Summary

About a decade of DMS observations along Line P and
at OSP have been summarized and analyzed in terms
of seasonal and interannual patterns and compared
with model simulations for 2002-2010. The data
indicate high spatial and temporal variability which
makes it difficult to draw a conclusive picture.
Earlier measurements show an increase in DMS
concentrations from coastal stations to the open ocean
regime, while more recent measurements suggest this to
be indicative of the summer situation; and that the
longitudinal concentration gradient reverses seasonally,
with highest values occurring offshore in summer.
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Fig. 9 Model simulations for the natural iron fertilization in the
eastern North Pacific in August 2008. Solid line shows a model
run fertilized with iron (via a lift of the iron limitation in the
phytoplankton growth function (Steiner et al. 2006)) on August
13 (first vertical line), dotted line shows the standard run without
fertilization. The model results suggest that when the ship
arrived at OSP (August 21st, second vertical line) the initially

In spring, offshore values are typically much lower and
the gradient less steep. During the late 1990s El Nifio,
the spring observations were much higher and the
longitudinal concentration gradient more representative
of a summer condition. DMS profiles at OSP confirm
that the low spring DMS concentrations seen in recent
years are comparable to some earlier measurements,
e.g., in 1996, and that higher spring values are likely
caused by unusual forcing conditions (e.g., ENSO).
Following an analysis of the HPLC data, we suggest
that in usual years the contribution of DMSP producing
phytoplankton species to the small phytoplankton group
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triggered small phytoplankton bloom has died down and the
following diatom bloom has not yet fully developed. a Simulated
DMS (nmol 1_1) and measurements on August 21 (top 20 m
average and surface data from bottle casts, cross and triangle,
and averaged MIMS data, diamond). b Simulated small
phytoplankton (P;), ¢ diatoms (P,) and d small zooplankton
(Z,). Latter all in mmol-N m™3

islower in spring (May/June), mainly due to the absence
of dinoflagellates, which causes lower DMS concentra-
tions. Concentrations increase later in summer, when
prymnesiophytes and dinoflagellates dominate the small
phytoplankton size class and DMS production rates are
highest (late August early September). In occasional
years, a phytoplankton bloom might be triggered earlier
in the year causing increased DMS concentrations
already in spring (e.g., in 2005). In those years DMS
concentrations tend to be lower in summer. DMS
concentrations decline in late September due to reduced
production and are at a minimum in winter.
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The modelled annual cycle which has been calibrated
to simulate earlier DMS measurements (1996-2001) is
inits current configuration not able to represent the more
recent lower values in spring, nor the reduced concen-
trations observed in winter (February, now below 1 nM
compared to 1-3 nM in the late 1990s and early 2000).
Simulated summer concentrations are still in good
correspondence with the observations. The model
suggests, that physical forcing alone cannot be respon-
sible for the observed change. We find that a large part of
the differences between model and data are related to
biological factors, most likely the representation of the
phytoplankton assemblage. The model currently simu-
lates two phytoplankton size classes. This does not
account for changes within size classes, e.g., observed
differences in the seasonal cycle of the DMS producing
species prymnesiophytes and dinoflagellates. To
account for this, the S:N ratio within small phytoplank-
ton needs to vary seasonally. Representing the lower
ratio of DMSP producing species to non-DMS produc-
ing species in winter and spring compared to summer
requires either to explicitly resolve dinoflagellates as an
individual phytoplankton class or to impose a seasonal
cycle in DMS models.

Model simulations link interannual changes in DMS
maxima and short term variability to wind mixing,
stratification and irradiance, especially in spring and
early summer. An example is given for 2005 and 2006,
with 2005 showing an early and consistent DMS
increase in spring following consistent low winds,
shallow mixed layers and high irradiances; and 2006
showing sporadic peaks of high DMS concentrations
following episodes of strong and deep mixing all
through spring and early summer. Changes like this
might be influenced by decadal climate signals like the
PDO or ENSO in years with exceptionally high
indices. However, at this point a consistent correlation
can not be detected. The model simulates a larger
amplitude of the short term variability when DMSP
producing phytoplankton species are less iron limited.

Natural iron fertilization can cause anomalies as
well, however, those are usually short term (<1
month) and regionally limited and can only be
represented in the model when specified in advance.
For example, a simulation of the volcano triggered
bloom in August 2008 shows that the initiated DMS
increase subsides after ~8 days, before the diatom
bloom reaches its full expansion (and the satellite
observed chlorophyll signal reaches its maximum).

This overview of DMS data in the NE Pacific
emphasizes the variability at every scale. While the
timeseries spans over 15 years, the limitations of these
kind of measurements are apparent, adding layers of
complexity and challenges to the development of
DMS ecosystem models. The data shows large spatial
and temporal variability and measurements are fairly
localized (although MIMS measurements now allow
for better averaging at the surface). Annual variations
in cruise timing make it difficult to differentiate
between seasonal and interannual signals.

Models are helpful tools, which allow us to study
seasonal and interannual cycles as well as interactions
between physics and biology. However, model cali-
bration with limited data and lacking rate measure-
ments is challenging. While we continue to learn both
from the models ability to represent observations as
well as from its limitations, the study points out the
necessity of regular model validation, reevaluation of
model components and parameter optimization. The
continuation of DMS measurements as part of the
standard Line P and OSP monitoring program, as well
as improvements and new developments in measure-
ment techniques (e.g., MIMS, HPLC) will help to
decrease the error margins in model and data inter-
comparisons and allow for the model to shed light into
the gaps caused by limited observations.
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