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ABSTRACT

Dimethylsulphide (DMS) is an important sulphur-containing trace gas produced by enzymatic
cleavage of its precursor compound, dimethylsulphoniopropionate (DMSP), which is released
by marine phytoplankton in the upper ocean. After ventilation to the atmosphere, DMS is
oxidised to form sulphate aerosols which in the unpolluted marine atmosphere are a major
source of cloud condensation nuclei (CCN). Because the micro-physical properties of clouds
relevant to climate change are sensitive to CCN concentration in air, it has been postulated
that marine sulphur emissions may play a role in climate regulation. The Subantarctic Southern
Ocean (41-53°S) is relatively free of anthropogenic sulphur emissions, thus sulphate aerosols
will be mainly derived from the biogenic source of DMS, making it an ideal region in which
to evaluate the DMS-climate regulation hypothesis. We have extended a previous modelling
analysis of the DMS cycle in this region by employing a coupled general circulation model
(CGCM) which has been run in transient mode to provide a more realistic climate scenario.
The CGCM output provided meteorological data under the IPCC/IS92a radiative forcing
scenario. A DMS production model has been forced with the CGCM climate data to simulate
the trend in the sea-to-air DMS flux for the period 1960 to 2080, corresponding to equivalent
CO, tripling relative to pre-industrial levels. The results confirm a minor but non-negligible
increase in DMS flux in this region, in the range +1% to +6% predicted over the period
simulated. Uncertainty analysis of the DMS model predictions have confirmed the positive sign

for the change in DMS flux, that is a negative DMS feedback on warming.

1. Introduction

Dimethylsulphoniopropionate (DMSP) is an
organic sulphur compound produced by marine
phytoplankton, although only certain species are
significant producers (Keller et al., 1989). DMSP
is enzymatically cleaved to dimethylsulphide
(DMS), which is released to oceanic surface waters
in concentrations which are high enough to sustain
a net flux to the atmosphere, currently estimated
to be 0.5+ 0.3 Tmol S yr~! (Erikson et al., 1990;
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Bates et al, 1992). DMS concentration in the
upper ocean seems to be primarily controlled
by biological cycling in the marine pelagic food
web (Kiene and Bates, 1990; Leck et al., 1990;
Levasseur et al., 1996), although photo-oxidation
can also be an important sink in some regions
(Kieber et al., 1996).

Once ventilated to the atmosphere, DMS is
oxidised to form non-sea-salt sulphate (nss-SO3~
and methanesulphonate (MSA) aerosols. It has
been suggested that the major source of cloud
condensation nuclei (CCN) in unpolluted marine
atmospheres such as the Southern Ocean is the
biogenic production of. DMS (Ayers and Gras,
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1991). Because the micro-physical properties of
clouds are sensitive to CCN concentration in the
atmosphere, it has been postulated (Charlson et al.,
1987; Meszaros, 1988; Shaw, 1983) that biological
regulation of the Earth’s radiation budget is pos-
sible through a DMS-CCN-cloud albedo link.
Both Foley et al. (1991) and Lawrence (1993) have
shown that the magnitude of climate feedback
associated with the DMS cycle could be signific-
ant. Although regional analyses (Gabric et al.,
1998) suggest that the DMS-climate feedback is
indeed negative, there is still considerable uncer-
tainty as to the magnitude and sign of the global
feedback (Liss et al., 1994).

The sea-to-air flux of DMS depends on the
concentration of DMS in the upper ocean and the
magnitude of the DMS sea-to-air transfer velocity.
The sea-water concentration of DMS depends in
a complex way on both the planktonic food-web
structure, and external forcings such as sea temper-
ature and irradiance. The transfer velocity has
been parameterised as function of sea surface
temperature and wind speed, but is also thought
to depend on wind-waves and the presence of
surfactants (Jahne and Haussecker, 1998).

Here we investigate the effect of simulated cli-
mate change on the sea-to-air flux of DMS in a
study region in the Subantarctic Southern Ocean.
We have chosen the Subantarctic Southern Ocean
for this numerical experiment as it is relatively
unaffected by anthropogenic sources and thus the
production of sulphate aerosols will be mainly
due to the biogenic source of DMS. Furthermore,
analysis of a long time series of atmospheric
measurements at Cape Grim, Tasmania (40°41'S,
144°41’E) has confirmed the connection between
atmospheric DMS and aerosol sulphur species in
this region (Ayers et al., 1991; Boers et al., 1994).

Although there is little data on dissolved DMS
concentration in the Southern Ocean (Kettle et al.,
1999), excellent agreement between the oceanic
and atmospheric model estimates of the DMS flux
has been obtained for the study region (Gabric
et al, 1995). Recently, a “slab-ocean” (constant
mixed layer depth) general circulation model
(GCM) was used to provide meteorological for-
cings under two climate scenarios: present CO,
concentration and an instantaneous doubling of
CO, (Gabric et al., 1998, hereafter G98) relative
to pre-industrial levels. The GCM simulation
under doubled CO, conditions predicted a warm-
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ing of around 4°C for our study region, together
with a small decrease (3%-5%) in monthly mean
wind speeds throughout the year. The impact on
the annual integrated DMS flux (an increase in
the range 2% to 8%) provided evidence that the
sign of the DMS-climate feedback is indeed nega-
tive, as hypothesised by Charlson et al. (1987),
but relatively small.

The present study seeks to better quantify the
size of the feedback. As opposed to a slab ocean
model used in G98, here we employ a full ocean—
atmosphere GCM which has been run in transient
mode. This provides a detailed representation of
the changes in the upper ocean in our study region
under enhanced green-house conditions. To gauge
the impact on biogenic sulphate emissions, the
DMS production model has been run using the
GCM predicted forcings for the period 1961-2080,
up to the time of approximate CO, tripling relative
to pre-industrial levels.

2. Characteristics of study area

The study region was defined as the area of the
ocean where in situ DMS production may affect
atmospheric DMS concentrations measured at the
Cape Grim station, where sampling is carried out
during baseline conditions—periods during which
the 10 m wind direction is from the southwest
quadrant (190°-280°). The extent of the study
region upwind of the Cape Grim baseline is deter-
mined by the mean wind speeds, and the lifetime
of gaseous DMS in the marine boundary layer.
As monthly mean wind speeds at Cape Grim
range between 11 ms~ ! in January to 7ms ! in
June, an air parcel can travel up to 1000 km per
day (Wilson and Ayers, 1990). Since the lifetime
of gaseous DMS varies from approximately half
a day in summer to about a week in winter (Koga
and Tanaka, 1993), the atmospheric DMS concen-
trations observed at Cape Grim may be influenced
by oceanic production in a quadrant over 2000 km
upwind of Cape Grim as shown in Fig. 1.

Analysis of archival satellite imagery of the
Southern Ocean between 38—51°S (Gabric et al.,
1996) showed that a well-defined spring bloom
event is not typical of these waters; however,
phytoplankton biomass is enhanced in the spring-
summer period and depressed during winter. This
is confirmed by field data (Clementson et al., 1998)
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Fig. 1. The Southern Ocean study region used for the
model simulations.

that report mixed-layer nitrate levels are typically
very high in late winter and early spring.

The field measurements of dissolved DMS made
in the study region between 1991-1995 have been
summarised by Curran et al. (1998). Maximum
DMS concentrations in the Subantarctic zone
were high (range: not detectable — 6 nM) but
variable in spring and summer. McTaggart and
Burton (1992) recorded mean January DMS sur-
face concentrations of 20.5 nM, in the study area
during the 1988—89 austral summer, a high value
compared to the global mean concentration
of 53nM (Kettle et al, 1999). Jones et al.
(1998) recorded lower DMS levels along a north—
south transect during ACE-1 (First Aerosol
Characterisation Experiment) during November—
December 1995, with values in the range not
detectable — 5.6 nM. However, high nitrate levels
(mean >10puM) and low chlorophyll readings
(0.04-0.6 pg L™') suggest that during the ACE-1
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experiment, biological activity was still depressed,
and that the peak algal growth period may have
come later in the summer.

As DMS concentrations are affected by the
phytoplankton community’s taxonomy, it is
important to have data on the species present in
the study region. Jones et al. (1998) reported that
the phytoplankton community during late spring
was dominated by diatoms (Thalassiosira and
Tropidoneis) and dinoflagellates (Gymnodinium,
Exuviaella and Protoperidinium). The earlier study
of McTaggart and Burton (1992) reported that
coccolithophores were common north of the
Antarctic Convergence (53°S) during January. A
summary of the DMS and oceanographic field
data for the study region is given in Table 1.

3. Methods

3.1. The general circulation model

The transient climate data were obtained from
simulations with the Commonwealth Scientific
and Industrial Research Organisation (CSIRO)
coupled climate model (Gordon and O’Farrell,
1997) which includes ocean, atmosphere and sea-
ice components. The horizontal resolution of the
atmospheric model is 5.6° of longitude by 3.2° of
latitude (strictly it is a spectral model of R21
resolution) and it has nine vertical levels. The sea-
ice model was described in O’Farrell (1997). The
ocean model is based on the Bryan—Cox code
(Cox, 1984) with 21 vertical levels. Previous experi-
ments with coupled ocean—atmosphere models
yielded unrealistically large (1-2 km) late winter
mixing in the sub-polar Southern Ocean. This
deficiency has been partly remedied by use of the
Gent and McWilliams (1990) scheme for para-
meterising the effect of sub-grid scale mixing.
Further details of the ocean component are given

Table 1. Summary of field data in the study region (nd: not detectable)

Nitrate DMS Chl-a MLD Ze
Ref. (uM) (nM) (mgm~3) (m) (m) DOY
Curran et al. (1998) nd-6.0 spring/summer
De Bruyn et al. (1998) 0.4-6.8 spring/summer
Griffiths et al. (1999) 10-30 0.2-1.2 8-61 60-78 322-340
Jones et al. (1998) 3-28 nd-5.6 0.04-0.66 8-89 60-75 321-342
McTaggart and Burton (1992) 0.8-28 1-30
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in Gordon and O’Farrell (1997) and Hirst et al.
(2000).

The coupled GCM was initialised using the
final spin-up state of the atmosphere—ocean system
which resulted from several thousand years of
integration. The control integration used a con-
stant equivalent CO, concentration of 330 ppm.
The transient integration is subject to changing
equivalent CO, concentration as specified in the
IPCC/ISP92a radiative forcing scenario following
the prescription of Kattenberg et al. (1996) for the
period from 1880 to 2080 (for details, see Hirst
et al. (2000)).

A subset of the output from GCM simulations
for the period 1961-2080 were obtained for the
study area indicated in Fig. 1, which includes 16
(4 x 4) GCM horizontal grid points. The GCM
simulation results were spatially averaged over the
16 grid-points and also temporally averaged to
derive monthly means of surface wind speed,
surface sea temperature, mixed layer depth and
cloud cover. Although light limitation of phyto-
plankton growth is included in the DMS produc-
tion model (see eq. (6) below), the GCM-simulated
radiation data could not be used because short-
wave radiation was not computed in the relevant
band for phytoplankton growth, namely, the
photosynthetically active range (PAR).

3.2. DMS marine production model

The DMS production model has been described
previously in Gabric et al. (1993) and calibrated
for the study area by comparison with atmospheric
data on DMS collected at Cape Grim (Gabric
et al., 1995, 1996). The model is time-dependent
with state variables vertically averaged over the
oceanic mixed layer. The mixed layer can vary
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throughout the year as prescribed by the output
from the GCM simulation. Model equations are
given in Tables 2 and 3, with parameter values or
ranges given in Table 4. In order to conserve mass
in the multi-annual simulations, settling of partic-
ulate matter below the thermocline (parameters
k7, k22) is turned off.

The model food web includes 5 biotic variables:
a generic autotroph (phytoplankton), hetero-
trophic bacteria, and three grazers, flagellates (bac-
terivores), large protozoa and zooplankton. In our
previous work (Gabric et al., 1998) and in the
present analysis it was assumed that climate
change does not significantly modify the structure
of the marine food web in this region.

In the following discussion, we focus on those
parts of the DMS model formulation that are
sensitive to changes in either sea-surface temper-
ature (SST), wind speed (w), cloud cover (CC) or
mixed layer depth (MLD). From a climate feed-
back perspective, the important variable is the
sea-to-air flux of DMS, given by the product of
the sea-to-air DMS transfer velocity and the
change in concentration in DMS across the sea-
air interface. Since the sea-water DMS concentra-
tion, [DMS],,, is typically much greater than the
atmospheric concentration (Berresheim et al.,
1991), this flux may be approximated by,

Fpns = ky [DMS 4. (1)

The transfer velocity k,, has been parameterised
in terms of wind speed, w, and ocean temperature
according to the formulation of Liss and Merlivat
(1986) as adapted for DMS by Gabric et al. (1995),
ky = 0017w for w<3.6

(2a)

Table 2. DMS model equations given in terms of fluxes defined in Table 3

State variable (units)

Model equation

P: generic autotroph (mg N m~2)

B: planktonic bacteria (mg N m~?)

F: bacterivorous nanoflagellates (mg N m~2)
LP: large protozoa (mg N m~?2)

Z: micro/mesozooplankton (mg N m~2)

N: dissolved inorganic nitrogen (mg N m~?2)
DMSP: dissolved DMSP (mg S(DMSP) m ~2)
DMS: dissolved DMS (mg S(DMS) m ™~ 2)

dP/dt)=fe1 — fr2— fra—Jf1s— fiw
dP/dt)=f12+ fe2— 23— J26

dP/dt) = fr3— f36— [f3a

dLP/dt) = f3s4 + f1a— fas — fas

dZ/dt) :f45 +f15 *fse *fsw

dAN/dt) = fr6+ f36 + fas + [s6 — for — fs2
dDMSP/dt) = f17 + far + fs7—frs — [22
dDMS/dt) = fig + f78 = fs2 = faw— fsa

PRy
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Table 3. Model flux definitions
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Flux Formulation Description

f12 ky*B*P/[P +k,] bacterial decomposition of detrital phytoplankton (P)
fia ky*P*LP grazing of P by large protozoa (LP)

fis ks *P*Z grazing of P by zooplankton (Z)

fir ks*y*P release of DMSP by P

fig y*ke* P release of DMS by P, g is the DMSP

fiw k,*P respiration and sedimentation of P below thermocline
fa3 kg*F*B/[B + ko] grazing on bacteria (B) by zooflagellates (F)
fae kio*B+ ki *[ for + f12] regeneration of dissolved nitrogen by B

faa ky*F*LP grazing on F by LP

f6 kis*F + kg% f5s regeneration of dissolved N by F

fas kis*LP*Z grazing on LP by Z

fae kig*LP + ki7%[ fas+ f14] excretion of dissolved N by LP

far p*kg*LP excretion of DMSP by LP

fs6 kio*Z + kyo*[ f15+ fas] excretion of dissolved N by Z

fs7 ik, *Z excretion of DMSP by Z

fsw kyy* fse + k3 *Z sedimentation and export of Z

fo1 Ry *Ry*ky3* P N/[N + koy] uptake of dissolved N by P (see eqns 4-5)

fe2 kys*B*N/[N + ky] uptake of dissolved N by B

[z k31 *DMSP biodegradation of DMSP by B

fas ky;*DMSP conversion of DMSP to DMS in water column
fs2 k,g*DMS biodegradation of DMS by B

Sow kyo*DMS photo-oxidation sink for DMS

fsa k,,*DMS ventilation of DMS to atmosphere

ky = p(2.85w —10.3) + 0.61 for 36 <w<13

(2b)

ky=B(5.9w—49.9)+0.61a  for w> 13,

(20)

with o =(600/Sc)*® and B =(600/Sc)'%. For a
given gas, the Schmidt number (Sc) varies with
water temperature, decreasing as the temperature
increases. The dependence of Sc on sea surface
temperature (SST) for DMS was experimentally
derived by Saltzman et al. (1993) as,

Sc =2674.0 — 147.12 (SST) + 3.726 (SST)?
—0.038 (SST)®. (3)

As the GCM output did not include irradiance
in the photosynthetic range, a radiation model
based on that of Brock (1981) was used to compute
the seasonal change in potential global irradiance,
I, (at top of the atmosphere). The irradiance at
the sea surface I, is a function of cloud cover
(CC), provided by the GCM, and is given by the
following empirical relationship (Brutsaert, 1982;
Pochop et al., 1968),

I,=[a+b*(1—09+CC)/1.1]#1,, (4)
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where the constants a and b depend on location
and season. We have used the average values of
(a=0.25, b=0.5) given by Brutsaert (1982). PAR
at the sea-surface was estimated using the relation
in Baker and Frouin (1987).

Phytoplankton growth is assumed to be affected
by nutrient availability, light and temperature —
the so-called multiplicative growth model (Platt
et al., 1977). The specific nutrient uptake rate, g,
is thus given by,

(1) = W(t)Rp (1) Ry (1), (5)
where V4 (h™') is the nitrogen-specific nutrient
uptake rate following standard Michaelis-Menten
kinetics, and R; and R; are dimensionless light
and temperature limitation coefficients (both <1),
respectively. The full form of eq.(5) is given in
Table 2.

Light limitation of phytoplankton growth rate
may be modelled using a number of formulations
(Steele, 1962; Platt et al., 1980). Here we have
chosen the relationship given by Smith (1936) as
it involves a single parameter,

e 3 TAR I EE
L_Pmax_ Ik - Ik ’ ()
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Table 4. Model parameter values (spatially depend-
ent values are for 100 m MLD)

Parameter  Value Definition

ky 4.5 max. uptake rate of detrital N
by B(d™?)

ky 4.6e-4  half-saturation conc. for B
uptake of detrital N
(mg Nm~2)

ks 2.6e-3  LP grazing rate per organism
(m>mgN-1d™1)

ky 1.2e-4  Z grazing rate per organism
(m*mgN~1d™1)

ks 0.01 release rate of DMSP by P (d 1)

ke 0.85¢-2 release rate of DMS by P (d™!)

k, 0.0 P cell sinking rate (d 1)

kg 17.0 max. uptake rate of B by F (d™')

ko 1.4e-3  half-saturation conc of B by F
(mg Nm™2)

kio 0.07 B specific excretion rate (d 1)

kiq 0.63 proportion of N uptake excreted
by B

ki, 1.6e-2  grazing rate of F by LP
per organism (m>mg N~ 1d™1)

kys 0.05 F specific excretion rate (d 1)

ks 0.65 proportion of N uptake excreted
by F

kis 1.2e-3  grazing rate of LP by
Z per organism (m*>mg N~ 1d 1)

ki 0.05 LP specific N excretion rate (d 1)

ky7 0.65 proportion of N uptake excreted
by LP

kg 0.01 DMSP excretion rate by LP (d )

kig 0.10 Z specific N excretion rate (d 1)

kao 0.4 proportion of N uptake excreted
by Z

kyy 0.01 DMSP excretion rate by Z (d 1)

ks» 0.0 Z sinking rate (d 1)

ks 0.9 max. N uptake rate by P (d™ 1)

kay 1386.3  half-saturation conc. for N uptake
by P (mg Nm~2)

kys 0.9 max. N uptake rate by B (d™ 1)

ks 75.0 half-saturation conc. for N uptake
by B (mg Nm~2)

kyy 0.5 DMSP-DMS conversion rate
@d

kag 0.95 DMS consumption rate by B
@™

kag 1.3 maximum DMS photo-oxidation
rate (d 1)

kaq 1.0 DMSP consumption rate by B
d™

ks» 0.0 Z export rate (d™ 1)

y 0.3 mean algal cell S:N ratio
(derived from algal cell DMSP
content)

I 30-40  saturating irradiance (W m~2)
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where P is the gross photosynthetic rate, P, the
maximum photosynthetic rate, I the irradiance at
a particular depth, and I, the saturating irradiance
as defined by Talling (1957), which is species
dependent (Raven and Richardson, 1986). During
spring the phytoplankton community consist of a
mix of diatoms and dinoflagellates, and I, is likely
to be in the range (20-40) W m~2 (Gabric et al.,
1996).

The extent of the euphotic zone depends on
surface irradiance and water column extinction
which is affected by primary production. In these
waters, the euphotic zone depth (Z.), defined as
the 1% illumination level, does not display much
seasonal variability. The average light limitation
may be computed by integrating R; over the
mixed layer depth; however, a very good approxi-
mation is obtained by substituting the mixed layer
averaged irradiance for I in (6). The average
irradiance I,, over the mixed layer depth, Z,,, is
given by,

I
[1—e,

=i (7)

where k is the light extinction coefficient, which
may be derived from measurements of Z..

Laboratory culture studies show a clear temper-
ature effect on the growth rate of phytoplankton
(Eppley, 1972; Goldman and Carpenter, 1974),
with the maximum rate of growth roughly doub-
ling for every 10°C increase in sea temperature.
The dependence on temperature is given by,

Ry = e0-063(T = Tmax)

(8)

where T is the mixed layer temperature in degrees
Celsius, and T,,, the temperature at which max-
imum growth rate is achieved. The temperature
at which optimal growth rate occurs is species
dependent; however, as noted by Valiela (1995),
there is often a poor correlation between ambient
sea temperature and a species’ physiological tem-
perature response. We have assumed the phyto-
plankton community gradually adapts to the
higher temperatures under warmed conditions,
and we ignore any significant species shifts which
might occur in the study region.

DMS and its biogenic precursor DMSP are
both phytoplankton metabolites. DMSP occurs
both in particulate and dissolved forms and can
be biodegraded by cleavage into DMS and acryl-
ate (Kiene, 1990; Stefels and Van Boekel, 1993) or

Tellus 53B (2001), 3
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by demethylation to 3-methylmercaptopropionate
(MMPA). Demethylation of MMPA produces
3-mercaptopropionate (MPA) which is catabol-
ized with the elimination of H,S to leave acrylate.
Demethylations of DMSP to MMPA and thence
to MPA are microbially mediated reactions
(Taylor and Gilchrist, 1996). Methylotrophic bac-
teria also consume both DMS and DMSP in
surface waters (Kiene and Bates, 1990; Wolfe and
Kiene, 1993). Indeed, Kiene et al. (2000) recently
reported that DMSP may be a significant source
of both carbon and sulphur for bacteria in sur-
face waters.

The model formulation assumes that DMS and
DMSP production and consumption follow first-
order kinetics. Modelled sinks for DMS include
photochemical oxidation, microbial consumption
and ventilation to the atmosphere. DMS photo-
oxidation, which is a maximum at the surface, is
scaled by the ratio of surface to average mixed
layer irradiance. Photo-oxidation consequently
varies diurnally and seasonally with changes in
incident solar radiation and the MLD. Bacterial
DMS and DMSP consumption rates were estim-
ated from the literature (Kiene and Bates, 1990).
The DMS and DMSP excretion rates by grazers
were conservatively kept at the values used in
Gabric et al. (1993), although significantly higher
rates have been reported in laboratory grazing
experiments (Wolfe et al., 1994).

The DMS model was forced using the GCM
simulated time series of sea-surface temperature,
wind speed, cloud cover and mixed layer depth
over the period 1961-2080. In order to obtain
a baseline for comparison, the DMS model was
also run using the forcings as simulated in a 120-
year GCM control integration (constant CO,
concentration).

The DMS model was initialised with nutrient
and biota concentrations which are typical of
conditions in the study region in early spring. The
timing of the onset of the spring bloom can exhibit
large interannual variability in the study region
(Harris et al., 1987). Since a precise initialisation
of the model was not possible, the model was
“spun up” by integrating for several decades using
the GCM predicted forcings for the first year of
the time series, until a repeating annual cycle was
achieved. The DMS model was then run with the
transient GCM forcings for the next 120 years. It

Tellus 53B (2001), 3
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should be noted that the DMS model was not run
to equilibrium in the transient simulation.

The impact on the DMS flux cycle was evalu-
ated by examining the trend in annual flux over
the entire 120-year time period. The slope of the
DMS flux trend line was derived by linear regres-
sion analysis.

As the model parameters are subject to measure-
ment error, and may in some cases vary during
the annual cycle, it is important to quantify the
uncertainty in the predicted flux trend. This was
estimated by a Monte-Carlo uncertainty analysis
(UA) in which the 120-year transient simulations
were repeated for different combinations of the
most sensitive parameters given in Table 5 (except
wind speed, which is prescribed by the GCM).
The number of UA model runs was not prescribed
beforehand, but continued until the distribution
of trend line slope and intercept no longer changed
significantly — approximately 400 individual
model runs. Parameter set combinations for the
UA were derived by randomly sampling each
parameter from an assumed normal distribution
with the mean value given in Table3 and a
standard deviation of 20% of the mean. A 20%
error was deemed appropriate considering both
analytical errors in measurement (generally less
than 5%) and possible temporal variation of the
parameter.

In an additional evaluation, the DMS model
was run to pseudo-equilibrium using the GCM
simulated forcings averaged over three decadal
periods- current conditions (1991-2000), and
(2028-37) and (2071-80), the periods of equivalent
CO, doubling and tripling relative to pre-indus-
trial levels. This was done to gauge whether the
lack of precise initialisation of the model had any
significant effect in the transient model runs.

Satellite data from the recently launched Sea-
Viewing Wide Field-of-View (SeaWifs) sensor
(Lewis, 1995) was collected for the study region
for the period 1997-1999. This consisted of
monthly mean chlorophyll concentration data,
which was used to compare with the model predic-
tions of phytoplankton biomass using averaged
forcings for the 1991-2000 period. Conversion
from nitrogen to chlorophyll units was made
assuming a Redfield C:N ratio of 5.7 (by weight)
and a typical carbon : chlorophyll ratio of 50
(Geider, 1987; Sarmiento et al., 1993).

The satellite sensor’s optical penetration depth
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is approximately 25-30% of the euphotic zone
depth in oceanic waters (Smith, 1981), thus the
satellite is effectively registering near surface
chlorophyll concentration. Consequently, subsur-
face chlorophyll maxima may not be detected, and
the satellite may underestimate the true euphotic
zone chlorophyll-a concentration. To account for
this source of error, an empirical relation derived
by Morel and Berthon (1989), based on 3400
chlorophyll profile measurements in various
oceanic regions, was used to estimate the total
euphotic zone chlorophyll a from the satellite
registered value. This value was scaled by the
mean euphotic zone depth measured during
ACE-1 (67 m) to give a euphotic zone average
value.

4. Results and discussion

4.1. The GCM simulations

In order to better interpret the DMS model
predictions, the GCM forcings data were statistic-
ally analysed for detectable trends over the
120-year period. The GCM output consisted of
monthly mean values from January 1961 to
December 2080 of the SST, cloud cover, surface
wind speed and MLD. The data sets were first
stratified seasonally, and summer, autumn, winter
and spring three-month averages were calculated
for each year of the time series. Linear trend
analysis was then performed on the stratified data

Table 5. Most influential DMS model parameters/
inputs (Camponlongo and Gabric, 1996)

Parameter Explanation Rank

w wind speed 1

ky phytoplankton—-zooplankton 2
grazing rate

kyy zooplankton-DMSP release rate 3

kyp DMSP-DMS conversion rate 4

y DMSP cell content 5

kag microbial consumption rate of 6
DMS

kyy microbial consumption rate of 7
DMSP

kag DMS photo-oxidation rate 8

I saturating light intensity for 9
photosynthesis

DIN initial nitrate concentration 10
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to detect any significant trends in these variables
and the results presented in Table 6.

The linear model consistently explains over 89%
of the variation in the surface temperature. With
a coefficient of variation (c.v.) of less than 8.5%
for all seasons, precision is indicated. In contrast,
the trend analysis produced reveals no significant
results regarding projected cloud cover. Only in
winter is more than 1% of the inter-annual variab-
ility explained. The high c.v. also indicates a lack
of precision. Similarly, the results for wind speed
over the period modelled do not prove to be
significant. A maximum of less than 2.5% of the
variation was explained. The results for the MLD
indicate a linear trend is significant for all seasons,
but varying degrees of the variability are explained.
Less than 6% of the variance is explained in
summer and autumn. The relative variability is
extremely high.

In order to better compare the trends in the
main forcing variables, the ten-year average
annual cycle in SST and MLD has been plotted
in Fig. 2a,b at the beginning of the time series
and around the times for equivalent CO, doubling
(2033) and tripling (2080) relative to pre-industrial
levels. The GCM simulates a temperature increase
of approximately 0.7°K for the period of doubled
CO, and 2°K for the period of tripled CO,. These
changes are uniform throughout the annual cycle.
Interestingly, the warming predicted for the study
region under CO, doubling in the slab ocean
GCM (Gabric et al., 1998) was much higher at
4°K. These comparative results are typical of those
from other “slab-ocean” and “deep-ocean” models
for the Southern Ocean (Whetton et al., 1996).

The GCM simulates a strong shoaling of the

Table 6. Results of statistical analyses of GCM
output stratified by season (values are v* and cv)

GCM Season
variable
Summer Autumn Winter Spring
surface 0.93 0.89 0.94 0.95
temperature  0.068 0.083 0.062 0.053
cloud cover 0.0055 0.0002 0.017 0.0037
6.03 4.28 3.41 4.59
wind speed 0.024 0.0082 0.013 0.0077
5.16 4.53 4.35 4.79
mixed layer 0.062 0.052 0.19 0.38
depth 28.63 26.31 15.8 7.86

Tellus 53B (2001), 3
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Fig. 2. Averaged annual cycle in GCM simulated forcing
for 1961-70, 2029-38 and 2071-80 (a) surface temper-
ature, (b) mixed layer depth.

MLD during the austral winter-spring for equiva-
lent CO, doubling (2033), however, this trend is
reduced by 2080. The mixed layer during spring
is still quite deep (~400 m), and this change is
unlikely to impact greatly on primary production
or DMS emissions. Interestingly, the GCM pre-
dicts little change in the MLD during the austral
summer. These findings support the recent specu-
lations by Simo and Pedros-Alio (1999) regarding
possible impacts of global warming on the MLD;
however, our results suggest the timing of the
MLD shoaling during the annual cycle may be
critical to any impacts on DMS production.

4.2. The DMS production cycle and annual
cumulative flux

The annual cycle in phytoplankton biomass
derived from the satellite data for the 3-year period
1997-2000 is shown in Fig. 3. Only slight seasonal
variability is evident in the mean euphotic zone
chlorophyll-a value (range 0.28-0.34 mgm™3);
however, the variance in any month is high.

Tellus 53B (2001), 3

Indeed, the satellite data suggests localised bloom
events can occur in any month of the year. The
mean mixed-layer chlorophyll-a reported during
ACE-1 (Nov.-Dec. 1995) was 0.38 mg m 3, which
compared well with the satellite-derived euphotic
zone average values. However, it should be noted
that the ACE-I data (Griffiths et al., 1999) reported
deep chlorophyll maxima (near the bottom of the
euphotic zone) were common in the study region,
suggesting the possibility that the satellite values
underestimate the true phytoplankton standing
stock.

4.2.1. Transient runs. The predicted average
annual cycles in phytoplankton and DMS mixed
layer concentrations for current conditions
(1991-2000) are shown in Fig.4a. The model
suggests that biomass will be higher in the spring-
summer months, and damped in winter, but still
at a moderate level. DMS concentrations also
peak in spring—summer with the range in values
consistent with field data (Table 1). A peak in
phytoplankton is followed by a decline due to
grazing by herbivores in the food-web. The cycle
in DMS and biomass are slightly out of phase,
with about 3—-4 days between a peak in biomass
and a subsequent peak in aqueous DMS concen-
tration. This time lag is due to the continued
release of DMSP and DMS by higher trophic
components of the food web after the peak in
phytoplankton biomass has passed (for discussion
see Gabric et al.,, 1993).

The predicted DMS flux cycle is given in Fig. 4b,
together with flux estimates made from atmo-
spheric DMS data collected at Cape Grim by
Ayers et al. (1995) and later corrected due to an
underestimation of DMS removal rates in the
earlier work (Ayers et al., 1996; Ayers, personal
communication). The model and atmospheric flux
estimates agree well during winter, spring and
early summer, although the model seems to under-
estimate the late summer flux. This may be due
to the model’s inability to simulate a phytoplank-
ton species succession, which may occur during
late summer.

The predicted 120-year change in annual DMS
flux (AFpys) for baseline model parameters is
shown in Fig. 5. The high inter-annual variability
reflects the variability in the GCM derived forcing
data. A positive slope of the trend line corresponds
to an increase in flux over the 120-year period.
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Fig. 3. Satellite-derived, monthly euphotic zone chlorophyll-a for the study region (box is mean +std deviation;

whiskers are maximum and minimum values).

The flux is predicted to increase by approximately
5% in this run. The uncertainty analysis resulted
in a trend line slope of (0.45 4+ 0.32) pmole/m?/yr
and an intercept of (1470 +266) pmole/m2. A
negative trend line slope was obtained in less than
2% of the over 300 model runs done in the
uncertainty analysis, confirming a positive sign for
the AFpys-

The magnitude of the predicted change in DMS
flux is similar to our previous findings in G98,
which estimated AFpys to be in the range 2% to
8% (Gabric et al.,, 1998). This was despite a much
reduced warming predicted by the coupled GCM
compared with the slab-ocean model. However,
our previous analysis did not take into account
the shoaling of the mixed layer which the coupled
GCM predicts will occur during the austral
spring (Fig. 2b).

Equilibrium runs. The DMS model did not
necessarily achieve equilibrium during any one
year of the 120-year transient run. In order to
investigate whether this significantly affected our
conclusions, a second set of simulations were
undertaken with the DMS model run to equilib-
rium using the decadal average GCM forcings
under current and enhanced greenhouse
conditions.

The change in the annual cycle in DMS flux is
shown in Figs. 6. Under warmed conditions, the
DMS production and flux are higher in winter
and early spring, presumably due to the earlier

shoaling of the mixed layer during this period.
The annual integrated flux values for current,
doubled and tripled equivalent CO, conditions
represent a AFpys of about 5% over the
1991-2080 period which is consistent with the
results of the transient analysis given above.

5. Conclusions

Coupled atmosphere—ocean GCM simulations
of temperature, cloud, wind speed and MLD under
enhanced greenhouse conditions have been used
to force a regional DMS production model in the
Subantarctic Southern Ocean. The GCM simula-
tion was run in transient mode over the time
period 1961-2080, and suggested a significant
trend in temperature and oceanic mixed layer
depth, but no trend in the other meteorological
variables. The simulated change in temperature
(about 2°K under tripled CO, conditions at 2080)
was much less than a previous estimate using a
“slab-ocean” GCM, which simulated a 4°K rise
under doubled CO, conditions. The mixed layer
depth, which was kept constant in the “slab-
ocean” model, was now simulated to undergo a
shoaling of about 20% during winter—spring under
warmed conditions; however, there was only a
slight change simulated in summer-autumn.

Both transient and equilibrium simulations pre-
dicted consistent estimates of the effect on DMS
flux to the atmosphere, with a mean AFpyg of

Tellus 53B (2001), 3
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Fig. 4. (a) Predicted annual cycle in mixed layer phytoplankton and DMS, using average forcings for the decade
1991-2000, (b) comparison of predicted flux cycle with Cape Grim data collected over the same period.

+5% by 2080. A Monte-Carlo uncertainty ana-
lysis provided a confidence interval on the mean
of +1% to +6%. The predicted rate of increase
in DMS flux is in a similar range to that estimated
previously in G98, however the period for this
change to be attained is now longer (2080). Based
on the same arguments used in G98, we estimate
that the 5% enhanced DMS flux would lead to a
—0.3 Wm 2 radiative forcing (combined direct
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and indirect). By way of comparison, the CGCM
model simulations suggest a tripling of equivalent
CO, concentration contributes an increase in
longwave radiative forcing of the troposphere
of ~+69Wm~?2 consistent with other climate
model simulations (Houghton et al., 1996). The
mean DMS flux perturbation thus represents a
negative feed-back strength of about 4%.

There are a number of caveats which we should
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Fig. 6. The annual DMS flux cycle under current, and
doubled and tripled CO, conditions, relative to pre-
industrial levels.

point out. Our study is essentially a regional one
and the extrapolation of the results to other parts
of the world’s oceans should be done with caution.
Our analysis was done assuming no significant
change in the structure of the marine food-web
under warmed conditions. Of particular relevance
would be a possible sustained or permanent shift
in phytoplankton species composition. It is known
that the intracellular concentration of the meta-
bolic precursor of DMS, dimethylsulphoniopro-
pionate, varies between different phytoplankton
species over a range of five orders of magnitude
(Keller et al., 1989; Liss et al., 1997). Thus, a
sustained shift from diatoms to higher DMS pro-
ducing algal groups such as dinoflagellates and
coccolithophores, or vice versa, could have import-
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ant consequences for the DMS flux trend (Matrai
and Keller, 1993).

Strong stratification could be an agent for such
a species shift. Although this is not predicted for
our particular ocean area, simulations done using
the same GCM by Hirst (1999) suggest that strong
stratification may indeed occur in the Antarctic
Southern Ocean (south of 60°S) by the time of
equivalent CO, tripling. In addition, stronger
warming is simulated at high latitudes (Hirst,
1999) compared with our study region, thus
enhanced DMS production is a likely future scen-
ario in the Antarctic ocean, an area where seasonal
DMS emissions are already quite high (McTaggart
and Burton, 1992). Future computational studies
should concentrate on these climatically sensitive
polar regions.

Recently, Petchey et al. (1999) reported micro-
cosm experiments where simulated warming
altered affected a structural change in the food-
web through the removal of the top predators and
herbivores. The modified food-web was dominated
by autotrophs and bacterivores. If shown to hold
generally, this is very important result for both
the carbon and sulphur cycles. Zooplankton graz-
ing is thought to be an important mechanism for
DMSP and DMS release from algal cells (Dacey
and Wakeham, 1986; Leck et al., 1990), and it is
the second most influential parameter in our
model (Table 5). Experiments conducted by Tang
(2000) demonstrated that most of the DMSP
ingested by grazers is excreted as faecal pellets
and not retained in their body tissues, and that
zooplankton may thus also mediate the vertical
flux of particulate DMSP in the water column.

Our attempts at simulating the impact of climate
change on the DMS cycle are constrained by a
lack of information on the ways the food-web
might change in a structural sense. To properly
assess the impact of warming induced food-web
changes on the DMS cycle, it will be necessary to
conduct carefully designed ecosystem manipula-
tion experiments where DMS production is mon-
itored. Modellers and empiricists will need to
collaborate closely in the future to ensure that the
results of such experiments can be applied at
regional and ultimately global scales.
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