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Abstract. Sea surface and atmospheric measurements of Introduction

dimethylsulphide (DMS) were performed during the Trans-

Brom cruise in the western Pacific Ocean between Japan and

Australia in October 2009. Air—sea DMS fluxes were com- Dimethylsulphide (DMS) is the most abundant naturally
puted between 0 and 30 umotRd—1, which are in agree- produced sulphur compound emitted from the sea surface.
ment with those computed by the current climatology, andPMS has been the focus of much research since Charlson
peak emissions of marine DMS into the atmosphere wereet al. (1987) proposed that DMS produced in the sea sur-
found during the occurrence of tropical storm systems. At-face by phytoplankton may affect the atmospheric radiative
mospheric variability in DMS, however, did not follow that budget via its role in aerosol and cloud formation. In addi-
of the computed fluxes and was more related to atmospheriton, because DMS is rapidly oxidised when emitted to the
transport processes. The computed emissions were used adnosphere (mainly by the hydroxyl radical, OH), studies
input fields for the Lagrangian dispersion model FLEX- have been conducted showing that certain DMS oxidation
PART, which was set up with actual meteorological fields Products can be transported above the tropopause and con-
from ERA-Interim data and different chemical lifetimes of tribute to the persistent stratospheric sulphur layer, or Junge
DMS. A comparison with aircraft in situ data from the ad- layer, e.g. carbonyl sulphide (Crutzen, 1976), sulphur diox-
jacent HIPPO2 Campaign revealed an overall good agreei.de (SQ) (Chatfleld and Crutzen, 1984), and SUlphUr SpeCieS
ment between modelled versus observed DMS profiles ovef? general (Gondwe et al., 2003; Lucas and Prinn, 2003).
the tropical western Pacific Ocean. Based on observed DM&ecent work has shown that an underestimation of the ra-
emissions and meteorological fields along the cruise trackdiative effect of the Junge layer can lead to an overestima-
the model projected that up to 30g S per month in the formtion of global warming (Solomon et al., 2011). Hofmann et
of DMS, emitted from an area of 6 10* m?, can be trans-  &l- (2009) reported that since 2000 there has been an increase
ported above 17 km. This surprisingly large DMS entrain- in the aerosol backscatter above the tropopause, and they pro-
ment into the stratosphere is disproportionate to the regionaP©S€ an increase in sulphur compounds in the atmosphere as
extent of the area of emissions and mainly due to the higﬁhe main cause. It has recently been shown that the influence
convective activity in this region as simulated by the trans-0f minor volcanic eruptions and anthropogenic loading to the
port model. Thus, if DMS can cross the tropical tropopauseatmosphere have a distinct global footprint with regard to the
layer (TTL), we suggest that the considerably larger area ofunge layer (Bihl et al., 2012, Bourassa et al., 2012; Vernier
the tropical western Pacific Ocean can be a source of sulphu@t al-, 2011b). However, it is most likely that a combination

to the stratosphere, which has not been considered as yet. of sulphur sources is responsible for the observed increase
in stratospheric aerosol, including a natural component that

also needs to be investigated. Myhre et al. (2004) have sug-
gested, based on model calculations, that the contribution of
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Kettle et al. (1999, 2000), have used the existing database to
compile a current surface ocean DMS climatology and com-
pute air—sea fluxes. However, the influence of DMS hotspots
and high-wind-speed events, such as typhoons and tropical
21.0ct storms, on the DMS flux is hard to determine from such a
climatology. Therefore, it is important to compare in situ cal-
culations to those in the climatology, not only to make the
I 19-Oct database more robust, but also to determine the importance
of such events relative to “normal” conditions.

In this paper, we use in situ measurementsAaf and
wind speed ) with three differentt parameterisations to
= compute DMS emissions during the TransBrom cruise in
L 44500t October 2009 in the western Pacific Ocean (Fig. 1). This

oceanic region experiences several meteorological phenom-
ena, such as tropical storms and deep convection, which
13.0ct make it especially significant for transporting climate-active
trace gases emitted from the surface ocean to the upper tro-
posphere/lower stratosphere. The upper part of the tropi-

23.0ct

F q417.0ct

11.0ct

I cal tropopause layer (TTL), between 15 and 17 km altitude,
is of specific interest here. The western Pacific region acts

09.0ct as a main entrance region of trace gases into the strato-

120°E 132°E  144°%E 156°E  168°E  180°W sphere, termed the “stratospheric fountain” based on cold

. . . point temperatures at 100 mb (Newell and Gould-Stewart,
Fig. 1. TransBrom cruise track from Japan to Australia in Octo- . - .
ber 2009. Coloured lines indicate one-day back trajectories for eacﬂ'981)’ through"“t the year pgaklng during the bqreal win-
day shown in the colour bar. Dots on the cruise track indicate thel€r season with enhanced vertical transport (Fueglistaler and
three storm events that occurred during the cruise. Haynes, 2005; Kiger et al., 2008, 2009). Since the atmo-
spheric DMS lifetime is short, between 11 min and 46 h due
to reaction with hydroxyl and nitrate radicals (e.g. Osthoff
et al., 2009; Barnes et al., 2005), DMS transport to the TTL
sulphur to the stratosphere from marine DMS emissions mays more efficient in the western Pacific Ocean than in other
be important. oceanic regions. Recently, also in the western Pacific, an
Typically surface ocean DMS emissions, (flux) are cal-  OH “hole” was observed (Rex et al., 2011), which implies
culated usingF =kAC, wherek is a wind-speed-based an increase in the atmospheric lifetime and possible verti-
parameterisation of the gas transfer coefficient a@ is cal transport of DMS. Furthermore, cloud and aerosol scav-
the measured bulk air—sea concentration difference. Becausenging of DMS is less efficient than that of DMS oxidation
DMS is almost always supersaturated in the surface ocearproducts (e.g. S®and DMSO, Gray et al., 2011); thus con-
seawater concentrations are the main component of the corvective transport of DMS could provide an in situ source for
centration difference. Regardirigvalues, there is currently these compounds in the TTL. Computed DMS sea-to-air in
no consensus on the functionality of the wind speed depensitu fluxes from the TransBrom cruise to the western Pacific
dence of the gas transfer coefficient. Thus, several differenOcean were used to initiate the high-resolution Lagrangian
parameterisations have been proposed and used frequently fransport model FLEXPART to determine the importance of
the literature, which lead to considerable variability in com- surface DMS emissions for potential stratospheric sulphur
puted surface ocean trace gas fluxes (see Ho et al., 2007, fémading in this region.
an overview). Furthermore, although remotely sensed wind
speeds, with high spatial and temporal resolution, are readily
available for flux calculations, it is still difficult to parame- 2 Data and model
terise surface ocean DMS concentrations on similar scales.
Therefore, it is necessary to use archived in situ measure2.1 Ship measurements
ments to calculate DMS emissions. Unfortunately, there is
a considerable lack of high spatial and temporal resolutionUnderway surface water samples for DMS and air samples
data for oceanic DMS. It is important to build up the current for DMS were collected aboard the R/Sonnefrom 9 to
Global Surface Seawater DMS Datababk#p//saga.pmel. 24 October 2009 during a transit from Tomakomai (Japan) to
noaa.gov/dms in conjunction with ancillary data, in orderto Townsville (Australia). A detailed description of the Trans-
better understand the controls on oceanic DMS and predicBrom cruise including the meteorological background is
future air—sea fluxes. Lana et al. (2011), in the footsteps ofgiven by Kiiger and Quack (2012). Three tropical storms
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wua water pairs. The mean analytical errors were estimated to be
. o W92 +20 % for dissolved DMS (Zindler et al., 2013) and 0 %
k. e for atmospheric DMS.

The DMS oceanic and atmospheric data were used for
the flux calculation. Sea surface temperature and wind speed
data from ship sensors at one-minute resolution were selected
dependent on time and latitude of the DMS samples (Fig. 2).
Flux calculations were performed by applying three different
gas transfer coefficient parameterisations at a Schmidt num-
ber of 720, that of DMS in seawater at 25 according to
Saltzman et al. (1993): Marandino et al. (2007) — UCI; Wan-
ninkhof (1992) — W92; Liss and Merlivat (1986) — LM. The
parameterisations were chosen to reflect the different theo-
ries of wind speed dependence and measurement techniques
for k, where UCl is linear and derived from eddy covariance
measurements, W92 is quadratic and derived from!fize
ocean inventory, and LM contains three different linear pa-
rameterisations based on tracer studies and wind/wave tank
measurements.
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g into the upper troposphere and the TTL is simulated with

. Y the Lagrangian particle dispersion model FLEXPART (Stohl

Pl - — . et al., 2005). This model has been widely applied to simu-
LR N late long-range and mesoscale transport (e.g. Spichtinger et

_ _ ~al, 2001; Stohl et al., 2003; Forster et al., 2004) and ex-
Fig. 2. Shipboard measurements and subsequent flux calculationfensively validated based on measurement data from three
over the TransBrom cruise track (by latitude, positive denotes ”Orth1arge-scale tracer experiments (Stohl et al., 1998) and on in-
em lafitudes and negative southern), from top: panel 1 computedg,coninental air pollution transport studies (e.g. Stohl and
DMS fluxes using the UCk parameterisation (UCI — solid cir- 0\ 1999 Forster et al., 2001). FLEXPART is an off-line
cle), the Wanninkhof (1992) parameterisation (W92 — open square)mod(_}I drive'n by meteoroloaical fields from the European
and the Liss and Merlivat (1986) parameterisation (LM — asterix); pentre for Medi)L/Jm Range Vg\J/eather Forecast (ECMWFF; U

panel 2 measured seawater DMS concentrations from Zindler e ) o ] X .
al. (2013); panel 3 measured atmospheric DMS mixing ratios; Merical weather prediction model. It includes the simulation

panel 4 measured horizontal wind speed (solid circle) and sea suof chemical decay based on a prescribed atmospheric life-
face temperature (solid square). time, parameterisations for moist convection (Forster et al.,
2007), turbulence in the boundary layer and free troposphere
(Stohl and Thompson, 1999), dry deposition and in-cloud, as
(Melor, 9 October; Nepartak, 12 October; Lupit, 14 October) well as below-cloud, scavenging.
passed the transit and were responsible for wind speeds up In order to quantify the amount of DMS transported into
to 18 ms! (see also Figs. 1 and 2). The circulation of the the upper TTL for the observations during the TransBrom
Pacific Ocean and atmosphere were affected by a strengthemampaign, we simulate the transport pathways (trajecto-
ing El Nino event, inducing an increase in sea surface temries) of a multitude of air parcels starting at the ship mea-
perature towards the east, which triggered an elevated atmasurement time and location. For each computed DMS in
spheric convection towards the east and reduced the convesitu sea-to-air flux a separate FLEXPART run is launched
tion towards the west (Kiger and Quack, 2012). The anal- where 10000 air parcels were released over one hour from
yses of water samples, taken every three hours, from thigs 0.0002 x 0.0002 grid box (~ 500 n?) distributed along
cruise using gas chromatography coupled to flame photomethe cruise track at the ocean surface centred at the measure-
ric detection are described in detail by Zindler et al. (2013). ment location. Based on the computed DMS in situ flux,
Atmospheric measurements of DMS were performed accordthe total amount of DMS emitted from this grid box over
ing to Schauffler et al. (1999), also with samples taken atone hour is calculated and uniformly distributed over all air
three hour intervals. Air and water samples were not alwayarcels. The amount of DMS carried by each air parcel is re-
taken simultaneously. When this occurred, the distance beduced at a rate corresponding to its chemical lifetime, which
tween the sample locations was used to determine the air and set to 12 h and 24 h to represent typical gas phase values
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found in the literature (Sect. 1), without accounting for diur- 3 Results and discussion

nal effects (conservative approach as the lifetime is longer

at night), for two model scenarios. The FLEXPART runs 3.1 Atmospheric concentrations and computed DMS
are driven by the ECMWF reanalysis product ERA-Interim air-sea fluxes

(Dee et al., 2011) using 6-hourly meteorological data. The . .
Marine boundary layer atmospheric mixing ratios of DMS

input fields of horizontal and vertical wind, temperature, >
specific humidity, convective and large-scale precipitation,’2nged between 2 and 200 ppt (76:32.2 ppt), which are

among other parameters, are given at a horizontal resolutioff! the low to average range for open ocean background mix-
of 1° x 1° on 60 model levels. The vertical wind input data ing ratios of DMS (Fig. 2). Previous measurements of atmo-

retrieved from ECMWEF is calculated in hybrid coordinates sphgnc DMS around the area of the TransBrom cruise track
mass-consistently from spectral data using a pre-processor2'€ in general agreement, 26:4.6.1ppt, 19.3 14.7 ppt,

For the validation of the FLEXPART runs, we compare 42-4=26.9ppt, and 59.3 16.8 ppt, but were measured dur-
simulated DMS abundances with available aircraft observaiNd May—June (Kato et al., 2007; Marandino et al, 2007).
tions from the HIAPER Pole to Pole Observations (HIPPO) PMS values measured in the marine boundary layer, dur-
2 campaign, which were collected during several flight mis-iN9 the adjacent HIPPOZ aircraft campaign (discussed in

sions over the Pacific Ocean during October/November 200$€Ct: 3-2), were between 0 and 100 ppt during November
(http://hippo.ornl.gow/ Wofsy et al., 2012). For this inter- 2009. One-day back trajectory analysis shows that the first

comparison, additional FLEXPART runs were launched ap_5 days of the ship cruise were influenced by continental air
plying the actual meteorological fields for the time of the MasSes from Asia, the next 6 days experienced back trajecto-
HIPPO2 campaign during November 2009, but using the'l€S from the open ocean (the 11th day, just south of the Equa-
DMS emissions from the TransBrom cruise during Octo- ©F: had air masses originating over the Soloman Islands), and

ber 2009 since we do not have observed DMS emissions fofl'€ & in the last 4 days originated from eastern Australia

November 2009. For these runs an average DMS emissiofi’ the Tasman Sea (Fig. 1). The largest atmospheric DMS
of 1.54x 10~"molm~2h~1 was distributed uniformly over abundances were observed at approximatehNL,&vhen the
the tropical oceans (within 36-30 N, see Sect. 3.1 for a cruise encountered the tropical storm Nepartak. However, the

discussion of the computed fluxes and comparison to currerffighest values that were notinfluenced by major storm events
climatologies) and the atmospheric DMS transport was cal\Vere found towards the end of the cruise track, in the air
culated for November 2009. Additionally, the same global "€dime influenced by the Tasman Sea.
runs were carried out for October and December 2009 to es- PMS fluxes were computed using the shipboard measure-
timate temporal (month-to month) variations of the DMS en- ments of atmospheric and surface ocean concentrations (dis-
trainment into the stratosphere. cussed by Zindler et al., 2013), sea surface temperature, and
The level above which no significant washout is expected®rizontal wind speed (Fig. 2). Three different parameteri-
is of special importance for the transport of DMS to the sations were applied to compute the gas transfer coefficient:

stratosphere. DMS and its oxidation products reaching thiglarandino et al. (2007) — UCI; Wanninkhof (1992) — W92;
altitude can be assumed to contribute to the stratospheric suiSS and Merlivat (1986) — L'\Q' The computed fluxes vary
phur loading irrespective of their remaining chemical life- P€tween 3 and 30 umolTd~*. The range of the fluxes
time. While the exact vertical extent of the region where sig-"€flects the range in the computedvalues, e.g. W92 em-

nificant washout is expected is still under debate (FueglistaleP!0Ys @ quadratic and UCI a linear wind speed dependence.

et al., 2009), we have chosen the cold point temperature afhe diversity of gas exchange parameterisations causes ap-

around 17 km as the upper estimate of this level. The coldProximately a factor of three differences in the computed

point tropopause altitude was confirmed during TransBrom{!UX€s. In this study, the highest values were computed dur-

with regular 6-hourly radiosonde measurements (Quack andd the tropical storm Nepartak, during which the highest
Kriiger, IFM-GEOMAR Cruise Report No. 37, 2010). Addi- wind speeds (up' to 18 nT8$) were experlenced.'The fluxes
tionally, we evaluate DMS entrainment above 15 km, which shown here are in the general range reported in the Lana et

is well above the main convective outflow regions and close?! (2011) DMS climatology for October in this region. How-

to the level of zero radiative heating ever, there are some spatial distribution differences. Lana et
: 1
For the surface air mass origin, one-day backward trajec®!- (2011) compute values between 0 and 15 umdidr?,

. . . —1 :
tories have been calculated online with the HySplit modelWith @ maximum of approximately 30 umo'rrﬁld in the
using the meteorological fields from National Centers for 1asman Sea. Our maximum values are similar to those of
Environmental Prediction - Global Data Assimilation Sys- Lana etal. (2011) but were observed northward of the Equa-

tem (NCEP-GDAS). Detailed technical information about {0 Petween 20 and 4W, directly related to storm events.
the trajectory model version 4 can be found in Draxler and I'he Tasman Sea values reported here did not reach the values

Hess (2004). g1 J:fo lL:;\;lde;tlal. (2011) climatology and are approximately

Atmos. Chem. Phys., 13, 8428437, 2013 www.atmos-chem-phys.net/13/8427/2013/
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14 - Interestingly, atmospheric values of DMS do not follow the
same pattern as the computed fluxes or seawater DMS con-
centrations over the cruise track (Fig. 2). It is evident that the
seawater concentrations of DMS do not have the same level
of variability as the air values. It is very likely that the at-
mospheric values measured over the cruise track were more
influenced by horizontal advection than by in situ fluxes.
The highest fluxes were computed for the Nepartak storm
event, at which time there is only a secondary maximum in
the atmospheric mixing ratio. This may indicate that DMS
was rapidly transported away and replaced with continental
DMS,, [n.mo\ 1] ' air, since back trajectories indicate a continental influence in
this region. Conversely, there was a maximum peak in atmo-
spheric values during the next tropical storm, Lupit, which
was at the secondary flux maximum. During this time, back
14 - trajectory analysis indicates that air masses originated from
1 4 . Py the open ocean. There may have been a larger source region
° upwind, which resulted in more DMS in the atmosphere that
was rapidly transported by the storm toward the cruise track.
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3.2 Implications for atmospheric sulphur loading

Flux [umol m2 d-1]

The measured levels of surface ocean DMS in the western

Pacific Ocean are not above the mean level of the global

open ocean (Zindler et al., 2013). Considering that the pat-
20 terns of atmospheric DMS mixing ratios do not follow the

surface ocean concentration patterns, nor do the flux val-

ues, transport processes seem to have an important influ-

Fig. 3. Top: computed flux regressed against seawater concentratioance on DMS-derived sulphur loading to the atmosphere.
of DMS (y = 3.20x +0.84,r% = 0.24). Bottom: Compuzted fluxre- 1y order to investigate the role of transport in more detail,
gressed again horizontal wind spegd{0.47x~0.00,r°=052). ¢ high-resolution transport model FLEXPART was used
to track the fate of DMS after its emission from the ocean.

The computed fluxes in all cases correlate more with WindAS a test, the t-rop|ca| DMS distribution based on average

TransBrom emissions was calculated for November 2009,

speed than with the seawater concentrations of DMS, eSpev-\/here in situ aircraft measurements of the HIPPO2 campaign
cially for fluxes computed wittk values more strongly de- paig

pendent on wind speed (Fig. 3). This may point to the factVere available above the tropical western Pacific Ocean (see

that the gas transfer coefficient parameterisation dispropor-SECt' 2.2 for details). FLEXPART simulations use an atmo-

tionately influences the computed fluxes. Eddy correlationSpherIC DMS lifetime of 12-day and the output is given on

measurements of DMS flux have indicated that the surfac I1H>I<P1P ngnd. Figure 4 sthowsl the Iodcaéuz)ns dOf tge .tm%" N
seawater DMS concentrations explain more of the variabilityCa Mmeasurements colour coded by day. L-oinciden

in the directly measured fluxes than horizontal wind speeddata points between the tropical HIPPO2 measurements and

by a factor of approximately 2 (Marandino et al., 2007). An- the_: FLEXPA.RT output were identified if their _distqnce in
other complication surrounding the use of Wind—speed—baseéla.t':ude/lqn%'tUdihSpa;%C')s IesAs than OO".B]d th?rlﬁl_gtuc{{_ef_ d
parameterisations and measured concentrations was deteq"—S ance 1S less than m. A comparison of afl identitie

mined by Marandino et al. (2008). They found that directly CO'?C'd?TﬁeS 'St.Sh?Vg:vg (tjhet .rggrt].t pant()al of Fdlgd 42 Latrrg];e
measured emissions were up to 5 times higher than thos ars of the vertica Istrioution observed auring the

computed using the flux equation alone, possibly reflecting a .IPPOZ campaign can be reproduced by the FLEXPART

disparity between the concentration of DMS at the interfaces'mU|at'0n' DMS values are high in the boundary layer and

and that of the bulk water. However, Marandino et al. (2008)
hypothesise that this finding may be specific to regions with
high biological activity and, therefore, may not be not appli-
cable here.

low above, reaching mixing ratios between 0 and 2 ppt in the
lower TTL (12-14 km). Some fragment of the HIPPO2 ob-
servations shows very large values (around 200 ppt) at around
8 km altitude that are not reproduced by the FLEXPART sim-
ulations. It is very likely that these large DMS mixing ratios
resulted from local convective events lifting DMS-rich air
from the boundary layer into the upper troposphere. These

www.atmos-chem-phys.net/13/8427/2013/ Atmos. Chem. Phys., 13, 848287, 2013
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Fig. 4. Comparison between HIPPO2 atmospheric DMS observa-ig. 5. Atmospheric vertical DMS distribution computed along the

tions and FLEXPART DMS simulations (2-day atmospheric life-  TransBrom cruise track given s) amount relative to DMS emis-

time). Measurement locations for HIPPO?2 (left panel) and compar-gign from the sea surface (%) aiol) total amount [kg]. Atmo-

ison between HIPPO2 and FLEXPART coincidences (right panel)spheric DMS distribution is based on FLEXPART simulations with

are shown. Note: DMS (ppt) of right panel is logarithmic. a 1/2-day atmospheric lifetime. DMS emission at the ocean surface
over 500 n% and one hour is given as the black line corresponding
to the righty axis.

large DMS values seem to be due to an atmospheric fea-
ture that is narrow in horizontal extent. It is very likely that
such small-scale features can only be reproduced using th& to 9 km altitude, where peak mixing ratios of 50 to 180 ppt
true emission fields, which are not available for the presentwere detected by the HIPPO?2 aircraft campaign (Fig. 4). It
FLEXPART runs. The overall good agreement provides con-is noteworthy, however, that the pattern in emissions, namely
fidence in the simulated oceanic DMS contribution to the up-the peak emissions, does not entirely follow the pattern of
per atmosphere using the in situ emissions from the Transentrainment to the TTL. On the first half of the cruise, un-
Brom cruise. til around 10 S, we can surmise that the storm events that
In the next step, the amount of DMS transported into thetriggered the large emissions do not always coincide with the
TTL and to the top of the TTL was calculated using the emis-high entrainment events. South of°1®), the pattern of sea-
sions computed with the UCI air-sea gas flux approach aso-air fluxes is more closely linked to the pattern of entrain-
input for the FLEXPART simulations (Sect. 2.2). Figure 5 ment. Similar results were observed for CHBansport dur-
shows the vertical DMS distribution given as a relative quan-ing the TransBrom cruise (Tegtmeier et al., 2012). Figure 6
tity (%) with respect to the amount of originally emitted shows tropical estimates of the amount of DMS transported
DMS and as a total quantity (kg) for theZ-day lifetime  above the level of 17 km for two different atmospheric DMS
case. This vertical DMS distribution was determined for eachlifetimes (1 day and A2 day). As expected, the amount of
emission event as the accumulated amount of DMS reachin@MS reaching 17 km is considerably smaller for the shorter
the respective altitudes given on theaxis. This computa- lifetime.
tion does not represent a flux over a specific area with units Tost et al. (2010), using different convective parameter-
of gm=2h~1, but rather the accumulation of DMS at the isation schemes in a global CTM, showed that the choice
tropopause layer at any location the parcel may reach over thef the convection parameterisation has an influence on trace
time of the cruise. Figure 5a illustrates that in most cases lesgas distributions. It is shown that the Emanuel parame-
than 30 % of the originally emitted DMS leaves the bound- terisation, used by FLEXPART, injects more mass across
ary layer. With increasing altitude less DMS is found in the the 250 mb surface~{11 km altitude) in the tropics than
atmosphere, and above 12 km more than 10 % of the origiother convection schemes used. Therefore, it is possible that
nally emitted DMS can only be detected for a few isolated FLEXPART may show increased injected mass across the
cases. Less than 1% DMS in nearly all cases reaches th&7 km altitude surface in the tropics. However, the repre-
level of 17 km. The total amount of DMS transported from sentation of convection in FLEXPART has been validated
the ocean surface along the TransBrom cruise track is givemith tracer experiments arid?Rn measurements in Forster
in kg in Fig. 5b. Between 20N and 15 N, as well as around et al. (2007). While observational evidence for direct con-
5° S, enhanced vertical transport, which is connected with in-vective injections into the lower stratosphere exists (e.g.
tense tropical convection (Kiger and Quack, 2012), is visi- Ricaud et al., 2007; Corti et al., 2008), it is not clear
ble in Fig. 5b (regions with yellow and red colours extending yet how frequent such convective overshooting events are
above 12km). These events coincide with medium to largeand what their relative impact on the stratospheric com-
DMS emissions (right side axis of panels in Fig. 5, black position is. The importance of convective overshooting for
line) resulting in 5x 10~'—1 x 10-%kg of DMS (equivalent  troposphere—stratosphere exchange has been highlighted re-
to 3to 10 %) reaching the upper TTL. These same events alsoently by Vernier et al. (2011a), and with regard to re-
demonstrate that more than 30 % of emitted DMS can reaclyional importance by Sassen et al. (2008) and Nazaryan et

Atmos. Chem. Phys., 13, 8428437, 2013 www.atmos-chem-phys.net/13/8427/2013/



C. A. Marandino et al.: Dimethylsulphide (DMS) emissions from the western Pacific Ocean 8433

Table 1. Calculation of sulphur loading above the TTL relative to the 0.015 Tg‘érﬂquired globally to maintain Junge layer after 2002
(Hofmann et al., 2009). The last column indicates the amount of sulphur reaching the TTL from the cruise track source region relative to the
required amount of sulphur source to explain the observed change in the Junge layer, scaled by the size of the cruise track source region.

DMS lifetime DMS above 17 km Area of Areaof global required TgS Marine
(TgSmontirl)  emissions (rf) ocean (M) monti 11 contribution
(multiplying
factor@
12h 1.43x 10711 5.75x 10% 3.60x 10%  2.00x 10713 71.5
24h 2.37x 10711 119

1 Scaled to the area of emissioRDMS above 17 km (column 2) divided by Required Tg S mortiicolumn 5).

al. (2008). Additionally, Romps and Kuang (2009) discusstransported above the TTL. Myhre et al. (2004) projected that
the enhanced likelihood of deep convection during tropicalnatural sulphur emissions on a global scale contribute sig-
storms, three of which were encountered on the TransBromnificantly to the Junge layer source; however they also con-
cruise (Kiiger and Quack, 2012). On the other hand stud-clude that anthropogenic emissions are the dominant factor.
ies based on satellite data from Gettelman et al. (2002), LilVhile their conclusions are obvious for the global scale, the
and Zipser (2005), and Rossow and Pearl (2007) argue foregional importance of marine sulphur has been overlooked.
only little impact of deep convective overshooting with less The value computed here from the TransBrom cruise high-
than 1 % of storms penetrating the stratosphere. Note that odights that oceanic emissions of DMS in regions of fast ver-
model results suggest that 0.48 % of the DMS emitted intotical uplift play a disproportionately (when evaluated by re-
the marine boundary layer will reach the stratosphere, corregional size) important role in the radiative budget of the at-
sponding to a delivery of 30g S per month. Such a scenarianosphere. Modest increases in marine emissions coupled to
suggests a mechanism where deep convection, although nenhancements of vertical transport or tropical cyclone activ-
important for the overall mass flux, could surprisingly enableity in the tropics may easily be a main factor, on a regional
DMS to act as a regional source for stratospheric sulphur. scale, contributing to the higher source of sulphur discussed
These estimates of DMS entrained above 17 km, summetby Hofmann et al. (2009) to the Junge layer.
over the whole TransBrom campaign, are compared to the Additionally, the entrainment rates modelled by FLEX-
required global annual sulphur source computed by Hof-PART for the month of October are not constant over the
mann et al. (2009) to maintain the Junge layer during vol-entire year. Figure 7 illustrates the change in tropicat &0
canically quiescent periods (Table 1). For DMS with a one-20° N) DMS entrainment above 15 and 17 km over time,
day lifetime, the average quantity transported above 17 knrfrom October to December 2009, based on the conserva-
over the cruise track is approximately 6.8320-° kg DMS tive lifetime projection of ¥2 day. The FLEXPART runs
h=1 or 2.37x 1011 TgS monttr!. The value changes to use the same emission fields over the entire period, but vari-
3.84x 108 kg DMS when FLEXPART is run with the more  ability in entrainment is clearly evident. This variability is
conservative assumption of a DMS lifetime of 12h. The only due to changes in the meteorology and hence in verti-
monthly mean calculation for DMS transport above 17 km cal transport processes (i.e. deep tropical convection) over
assumes that the DMS emission field and convective protime. On average, October shows lower DMS abundances
cesses are constant for the entire month, which is reasorat 15 and 17 km altitude than November and December, as
able given that the cruise and FLEXPART runs extendedwould be expected from the pronounced and fast TTL trans-
over a 2-week period. Hoffman et al. (2009) calculate thatport during the boreal winter season over the western Pa-
0.01-0.02 Tg Syr! is required globally, from all the differ-  cific Ocean (Fueglistaler and Haynes, 2005{i¢fer et al.,
ent sulphur sources, including anthropogenic sulphur and mi2009). These runs are of course only representative for 2009
nor volcanic eruptions, to maintain the increase in the Jungend interannual variability may be even more pronounced.
layer after 2000. A value of 2.0 10 13TgS month?® is However, during the TransBrom period from 9 to 24 Oc-
obtained when this value is scaled down by surface area téober 2009, the DMS model values can be as high as dur-
the region of emission, i.e. 115 emission events each oveing other short-term periods for the months of November
500 nt (5.75x 10* m?) divided by the surface area of world and December. Thus, we conclude that given the very short
ocean (3.6< 101m?). The amount of DMS projected to lifetime of DMS the TTL entrainment is mainly determined
be transported to the TTL is approximately 75-119 timesby synoptic-scale processes such as tropical deep convec-
higher than the required amount of sulphur from Hoffman tive events rather than large-scale seasonal effects. The Lana
et al. (2009). This computed sulphur loading does not takeet al. (2011) flux climatology shows increased DMS emis-
into account the oxidation products of DMS that may also besions in the tropics seasonally, especially from December
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Fig. 6. Observed emissions of DMS at the ocean surface (black Ortorer = December206®

line), and total amount of DMS entrained above 17 km based onFig. 7. Time series of tropical (Z0S-20 N) mean DMS volume

FLEXPART simulations with 1-day (red line) ang2-day (green  mixing ratios at 17 km and 15 km for October to December 2009.

line) atmospheric lifetimes shown. The time series is based on FLEXPART model simulations using
TransBrom average emissions for the tropical oceans #pdlay
atmospheric lifetime for DMS.

to February. The emissions increase approximately 5 times

over that time period, while entrainment above 17 km stays

in the same order of magnitude and can be large for shortsphere/lower stratosphere aerosols; Froyd et al., 2009). Addi-

term periods (F|g 7) Scenarios in which several factors re_tional focused studies on DMS seawater concentrations and

lated to both emissions and meteorology background condi€missions are required in regions such as the western tropi-

tions (e.g. wind speed and direction, sea surface temperatur&pl Pacific Ocean in order to better quantify the full impact

change need to be investigated in order to understand how iref marine DMS emissions on the radiative budget of the at-

creased marine emissions coupled with increased transport t#osphere, now and in a future climate.

the stratosphere may impact sulphur loading to the free tro-

posphere as well as to the Junge layer.
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