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Abstract. Dimethylsulphide (DMS) is a globally impor- concentrations an important focus, and highlight areas of ap-
tant aerosol precurser. In 1987 Charlson and others proparent high inter-annual variability where sampling might be
posed that an increase in DMS production by certain phy-carried out. Finally, we assess future projections from two
toplankton species in response to a warming climate couldsimilarly valid empirical DMS schemes, and demonstrate
stimulate increased aerosol formation, increasing the lowereontrasting results. We therefore conclude that the use of
atmosphere’s albedo, and promoting cooling. Despite twoempirical DMS parameterisations within simulations of fu-
decades of research, the global significance of this negativeure climate should be undertaken only with careful appreci-
climate feedback remains contentious. It is therefore imper-ation of the caveats discussed.

ative that schemes are developed and tested, which allow far
the realistic incorporation of phytoplankton DMS production
into Earth System models. Using these models we can in-

vestigate the DMS-climate feedback and reduce uncertaintyl  Introduction

surrounding projections of future climate. Here we examine

two empirical DMS parameterisations within the context of Phytoplankton DMS production remains a hot topic in cli-
an Earth System model and find them to perform marginallymate science despite the results of a number of recent studies
better than the standard DMS climatology at predicting ob-suggesting that its impact within a changing climate is likely
servations from an independent global dataset. We then quese be small (e.g.Gunson et al.2007, Bopp et al, 2003

tion whether parameterisations based on our present undewoodhouse et g3l2010. The reason why the hypothesis that
standing of DMS production by phytoplankton, and sim- phytoplankton DMS production may act as a negative feed-
ple enough to incorporate into global climate models, canback on climateCharlson et a).1987 remains in active de-

be shown to enhance the future predictive capacity of thoséate two decades after its proposition, is that we still lack the
models. This is an important question to ask now, as re-evidence, observational, or in the form of robust models, nec-
sults from increasingly complex Earth System models leadessary to confirm or reject its existence as an important com-
us into the 5th assessment of climate science by the Intergoyonent of the climate system. While this hypothesis remains
ernmental Panel on Climate Change. Comparing observeth limbo, significant questions will surround our ability to in-
and predicted inter-annual variability, we suggest that futureterpret Earth System modelling results in the context of cli-
climate projections may underestimate the magnitude of surmate change. A recent expansion in the size of the global sea
face ocean DMS change. Unfortunately this conclusion ressurface DMS databasht(p://saga.pmel.noaa.gov/dmdie-

lies on a relatively small dataset, in which observed inter-yond that presented by Kettle et #1909, allows us to assess
annual variability may be exaggerated by biases in samplehe ability of empirical DMS parameterisations, incorpo-
collection. We therefore encourage the observational comrated into Earth System models, to predict observed seawater
munity to make repeat measurements of sea-surface DMfDMS] recorded in a dataset independent from that used to
create the parameterisations. From this starting point, we go
on to assess whether we can be confident in the predictions of

Correspondence tcP. R. Halloran future sea surface [DMS] made using these schemes within
BY (paul.halloran@metoffice.gov.uk) fully coupled, physical-biogeochemical climate models, and
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therefore whether we are right to accept that the climatic im-2.2 Simo and DachsZ002 Scheme

pact of future changes in marine DMS production is likely to

be small. This is a critical question to ask now, as we movelhe Simo and Dachs2002 scheme (hereafter referred to
towards the 5th assessment by the Intergovernmental Pan@p the Simo scheme) correlates DMS production with sur-
on Climate Change (IPCC), because for the first time, manyface water chlorophyll concentrations and the corresponding
of the climate models providing the basis for this report will mixed layer depth:

attempt to include a wide range of earth-system processes, Cc
such as marine DMS production, within their climate projec- [DMS]=—In (Z) +5.7 whereE <0.02 (3)
tions.

We examine two empirical DMS parameterisations, one pys) — 558 (£)+0_6 Whereg ~0.02 ()
proposed by Anderson et al2q01), and the second by Z -

Simo and Dachs2002, (modified with Aranami and Tsuno-  \here Z represents the depth of the mixed layer (m), and C
gai (2004, and both adapted for use with our Eart_h. SysteMine surface ocean chlorophyll concentration (Mt To
model). We make a critical assessment of the ability of theprevent the model from simulating negative [DMS], when
two models to match observations and global features emerghe mixed layer depth is exceptionally high &182.5m)

ing from observations, then go on to explore whether or note have applied the relationship of Aranami and Tsuno-
we can apply these models with confidence when makingbai (2004:

predictions about the climate of the coming century. 9
[DMS] = (7) whereZ > 1825 (5)
2 DMS Parameterisations

Both the Anderson et al2003), and Simo and DachgQo? 3 mplementation

DMS schemes derive surface ocean DMS concentration di- . . -
g : . The schemes described above have been implemented within
rectly from basic biological and physical parameters. Thes

DMS schemes therefore lend themselves ideally to incorpoe-the biogeochemical component (Diat-HadOCC, a develop-

L i : ; . ment of Palmer and TotterdelPQ02) of the fully coupled
ration into coupled physical-biogeochemical climate models !
. . : ocean-atmosphere Met Office Hadley Centre Earth System
without the need to implement a full marine sulphur cycle

I - - . model HadGEM2-ESGollins et al, 2008. Within the earth
within these models. By avoiding the explicit modelling of : o
ystem model, oceanic DMS emissions are processed by

the biological and chemical processes behind the emission cﬁje atmospheric chemistry schen@ Connor et al, 201Q

DMS, we avoid addmg the uncertainty stemming from an in- 2009, where DMS oxidation products have the potential to
complete understanding of these processes, and can produc% : o .
interact with the model’s climate and feed-back on marine

models_of a complex!ty suitable for examining centennial- DMS production. Diat-HadOCC simulates nutrients, diatom
scale climate change in a global context. The two parameter- ! .
isations are outlined below and n_on_—d|atom ph_ytoplankton, zooplankton and detritus,
’ and within the physical model of HadGEM2, has access to
2.1 Anderson et al. 001 Scheme all of the parameters required to separately calculate seawa-

ter [DMS] using the two described DMS parameterisations.
The Anderson et al2001) scheme (hereafter referred to as Mixed-layer depth is the only parameter we are required to
the AndersonZOO]) Scheme) correlates surface water DMS derive for these calculations. We define the base of the mixed
concentration (nM) with seawater chlorophyll concentration, layer as being the depth of the upper-most model level within

daily mean shortwave irradiance and nitrate concentration: Which the temperature is at least half a degree cooler than that
in the corresponding surface grid-bdxeyitus 1982. Both

[DMS] = 2.29 where logg(CJQ =1.72 (1) the AndersonZ001) and Simo 2002 schemes were devel-
oped at least in part using chlorophyll data from the Sea-
[DMS] =8.24[l0g;((CIQ —1.72] +2.29 ) WIFS databaseYpder and Kennelly2005. As is the case

with most global biogeochemical models, Diat-HadOCC has
been developed to capture the broad function of the marine

Where C represents chlorophyll concentration (mgn ::arbonfcy::le, Cr:ather thentlto accuratetly ;j(tescrlbettr?e eCOS}éS'
J the mean daily shortwave irradiance (W Q:—KNN, em activity. -onsequently, as we start 1o use these moad-
nt els to explore non carbon-cycle processes, we must be aware

N the nitrate concentration (mmol) and K, the half (¢ o Jcsociated limitations. In the case of HadGEM2-ES,

saturahopg constant for nitrate uptake by phytoplankiony,e interaction of the physical and biological models results

(mmol ). in the majority of the biological production occurring in the
model’s surface layer, rather than in a deep-chlorophyll max-
imum. From a carbon-export perspective, the importance of

where logy(CJQ > 1.72
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the inaccuracy in the vertical production profile is of secondogy, against DMS observations made since those used to con-
order, however when applying a parameterisation based ostruct the climatology and parameterisations. This approach
surface ocean chlorophyll (as we are in this study), the nearallows us to subjectively assess whether running a present-
surface vertical distribution of phytoplankton becomes cru-day coupled ocean-atmosphere climate simulation with an
cial. To adjust for this, and in doing so provide additional in- interactive DMS scheme can capture present day DMS fluxes
formation to the parameterisation, we have calculated surfacequally well, or better than, a model where DMS fluxes are
ocean [DMS] using only one of the two phytoplankton func- calculated from the standard climatology. A greater than
tional types (excluding diatoms from the calculation becausedoubling of the surface ocean [DMS] databak#p;//saga.
of their low DMS productioryoch, 2002 Keller et al, 1989. pmel.noaa.gov/dmpsiolume since the year 2000, gives us
The implications of considering only non-diatom chlorophyll confidence in undertaking such an analysis.
within the model's DMS calculation are discussed in the Both of the DMS schemes used within our model pre-
supplementary materialttp://www.biogeosciences.net/7/ dict annual globally averaged seawater DMS concentra-
1645/2010/bg-7-1645-2010-supplement)pdiConsidering  tions similar to that calculated from the Kettle climatol-
only non-diatom phytoplankton chlorophyll the model sim- ogy (Kettle 000 = 2.23 nM, model using the Sim@Q02
ulates a global mean surface chlorophyll concentration ofscheme =2.22 nM and the model using the Ander2007)
0.51 mgnt3. The Earth System model was run for two pe- scheme = 3.35nM). The remarkable, and to a large part co-
riods of ten model years. Both model runs were initialisedincidental, agreement between our global estimates based on
with a preindustrial climate state spun up using the Kettlethe Simo 002 scheme, and estimate using the Kettle cli-
et al. 000 DMS climatology. The first model run interac- matology, although encouraging does not allow us to rule
tively calculated surface ocean [DMS] using the Sir2o(2 out the Anderson2001) scheme. Because no rigorous esti-
parameterisation, the second run calculated surface oceanate of the uncertainty exists for the Kettle climatology cli-
[DMS] using the Andersor?001) parameterisation. Switch- matology, it is not possible to say whether the high value we
ing between the Kettle et al2Q00 climatology and the calculate using the Anderso2(0J) parameterisation falls
interactively calculated DMS schemes caused minimal dis-outside of any realistic range. While these results indicate
ruption to the model climate, however we avoid samplingwe are on the right track, due to the short residence time of
the model when in disequilibrium by rejecting the first two sulphate aerosols in the atmospherd (dayBoucher et al.
years of each ten year model run, and undertake all analy2003 and the importance of DMS in the stimulation of cloud
sis on the remaining eight model years (see Supplementarformation being disproportionately high away from terrige-
Material Fig. 3 http://www.biogeosciences.net/7/1645/2010/ nous/anthropogenic aerosol sourceisg et al, 1992, sim-
bg-7-1645-2010-supplement.pdf ulating the spatial and temporal distribution of DMS produc-
tion is as important as correctly predicting the total global
DMS production. We therefore present a range of analy-

4 Results ses, including monthly global averaged model output nor-
malised to observations, comparison of the seasonality of
4.1 Predictive capacity in the present ocean DMS production in the model and the Kettle climatology,

assessment of the spatially resolved model and climatology
Before investigating the model’s predictive capacity, it is first surface ocean [DMS], an assessment of inter-annual variabil-
important to understand the data to which we are comparingty in the models and observations, and a comparison of fu-
the model output. As with any database reliant on in-situture ocean [DMS] simulated using the two different schemes.
measurements, the available surface ocean [DMS] data cov- We have stated that the global annual mean DMS produc-
ers only a small percentage of the global ocean, with samtion by both of the models agrees reasonably with that pre-
pling limited by resources and accessibility (e.g. few mea-dicted by the climatology, however the monthly mean val-
surements have been made in the Southern Ocean during thees fail to capture the seasonal range of DMS concentra-
Southern Hemisphere winter). For this reason, the constructions recorded in that climatology (Fid). The failure of
tion of the Kettle et al. ZOOQ monthly DMS climatology = both models to match the amplitude of the seasonal cycle
(hereafter referred to as the Kettle climatology) was basediescribed by the climatology appears to reflect two major
on a large number of assumptions, notably the unadjusted e>errors; one associated with the climatology, and one result-
trapolation of values between areas considered to belong tmg from the interaction of the physical and biogeochemi-
similar biogeochemical province&dnghurst et al. 1995. cal model. The Kettle climatology contains atypically high
The Kettle climatology therefore represents only a first or-values in the southern-summer Southern Ocean. These high
der “model” of surface ocean [DMS]. Because the Kettle values are now considered to be a product of an, at the time
climatology is itself a model, we have avoided validating unrecognised, sampling biakaha et al. 2010. The fail-
our results directly against this climatology. We have in- ure of the model appears to result from its inability to sim-
stead analysed the temporal (over an annual cycle) and spadate the Southern Ocean summer phytoplankton bloom and
tial DMS production by our models, alongside this climatol- corresponding high [DMS] following sea-ice retre&ngith
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o

e ————— should be remembered that suc_:h a simplified view can hide
' simoand Dachs (2002) the cancellation of errors occurring when averaging spatially
WL o S o1 & moantly means varying data. We therefore examine the strength of corre-

lation between observed [DMS] and model (or climatology)
[DMS] from monthly gridded average values corresponding
to locations where observational data has been collected be-
tween 2000 and 2009 (Fig@a—c). From the data presented
in Fig. 2a—c we calculate Spearman’s Rank correlation coef-
ficients of 0.37, 0.39 and 0.39 for the Kettle, Simo and An-
Jon Feb Wer A;, M;y o ALQ s;p oot Nov Do derson data versus observations (Tdble
Menth To understand why the climatology and models fail to cor-
relate well with observations, we examine the spatial distri-
bution of data whergredictedvalues are greater than three
standard deviations abowabservationgwhere the standard
deviation of any grid-point value has been calculated as the
global mean of the standard deviation in each “box” for
each month over eight years of the model running the mod-
ified Simo (2002) scheme (chosen arbitrarily to provide a
common platform for comparison), divided by the mean of
: ] each grid point over the same eight year period, multiplied
R by that grid-point value), or wherebservationsare greater

T R 0 e e e than three standard deviations abpvedictions(highlighted
by the grey regions in the scatter plots F#&g, b and c).
The described data have been calculated for each of the two

Fig. 1. (a) Monthly global mean surface ocean [DMS] from the model-schemes (“model scheme” is used hereafter to refer
Kettle .climatology (blue curve), mean of monthly global means to the DMS schemes used within the Earth System model
from eight years of ”?Ode' data using the A”d”m SCheme__ dHadGEMZ-ES) and the climatology, for each month, and
(green curve), and eight years of model output using the modifie blotted in Fig.2d, e and f, on-top of annual mean fields from

Simo 2002 scheme (red curve), with two standard deviations of . -
the model data illustrated by the grey ban(®. Model and clima- the Kettle climatology, Andersor200]) and Simo 2002

tology predicted surface ocean [DMS] divided by observed [DMs] MPdel-schemes respectively (black over-plotting represents
(averaged within ¥ 1 degree latitude-longitude grids), at locations Where observations are3 standard deviations above pre-

where observations have been made between 2000 and 2009 (i.e. udictions, and white over-plotting represents where predic-
ing data independent from that used to create the climatology andions are>3 standard deviations above observations). Fig-
parameterisations, and averaged intdlldegree grid-boxes). ure 2g shows the location of all of the observations made
between the 1st Jan 2000 and the 1st Jan 2009, therefore
where black or white over-plotting exists in Fi2gg, but not
and Nelson1986. By dividing model predicted and clima- Fig. 2d—f, those model results have adequately represented
tology predicted [DMS] values by mean observations madethe observations. Parts h and i of FRjthen present how
in the same month of the year and the samel Idegree  the Simo 2002 and Anderson4001) DMS parameterisa-
latitude-longitude region as the predicted values, then takingions perform using climatological fields for chlorophyll con-
the mean of these values weighted to account for the latitueentration (SeaWiFSYpder and Kennelly 2005), mixed
dinal dependence of axil degree region (Figlb), we can  layer depth de Boyer Montgut et al.2004), shortwave ra-
examine how the skill of the two parameterisations (within diation Berry and Kent 2009 and nitrate Garcia et al.
our model) and the climatology compare throughout the year2006. Note that the limited high-latitude coverage of Sea-
We see that the Anderso2q01) based model, and the Kettle WiFS chlorophyll data prevents the calculation of DMS val-
(2000) climatology perform similarly through the seasonal ues in these regions. Comparisor2efwith 2h, and2f with
cycle, over-predicting the observed seawater [DMS] by three2i (i.e. Simo @002 and Anderson 2001 predictions us-
to five times in the winter and spring, and achieving the besting model variables and climatology variables respectively)
correlation with data during the summer. Based on this ashighlights regions where the poor prediction can either be
sessment, the Sim@Q02 scheme (within our model) per- explained by inadequacies in the parameterisations, or by the
forms considerably better than the Anders@aQl) scheme  observations being anomalous, and regions where the param-
and Kettle climatology at the start of the year, then performseterisation is doing a good job, but the model is feeding it
similarly to those approaches from May to December. unrealistic physical or biological values. First looking at the
Although the monthly mean analysis suggests that com-Simo (2002 plots (Fig.2e and h), the only areas which seem
pared to the climatology, the models are performing well, it to fail badly as a result of the model’s biological and physical

Globally averaged s.w. [DMS] (nM)

Predicted [DMS]/Observed [DMS] (nM) T
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Table 1. Spearman’s rank correlation coefficients between predicted and observed surface ocean DMS concentrations, looking only at
monthly data in one by one degree latitude-longitude regions where observations have been made. The observed value is the mean of a
observations made at that one-by-one degree location during individual calendar months between the years 2000 and 2009.

Model Spearman’s rank
correlation with observations

Spearman’s rank correlation with
observations calculating DMS
values using climatologies

Kettle et al. (2000) 0.37 n/a
Simo and Dachs (2002) 0.39 0.47
Anderson et al. (2001) 0.39 0.36

simulation are the East Equatorial Pacific, and the West Paeurs for the same reason as seen in the model when using
cific off Japan. The first of these disagreements can be exthe adapted Sim®2002 scheme, but also, due to the afore-
plained by the overproduction of chlorophyll in the equato- mentioned high-bias in the model equations (illustrated by
rial region, due to excess nutrient upwelling in the model, the employment of a 2.29 nM cutoff (Eqg. 1) and discussed in
and the latter by a consistent local over-estimation of theBell et al.Bell et al, 2006.

mixed layer depth. The Anderso2(001) model-based and
climatology-based plots (Fi@f and 2i), differ considerably
more than the Simo2002 model-based and climatology-
based plots. The areas of under prediction common taFig.
and i, are similar to those in the Sim&80Q02 predictions

Considering now just the temporal accuracy of the simu-
lations, although the amplitude of the seasonal cycle as de-
scribed by the climatology is not reproduced by the mod-
els, the primary and secondary global peaks in DMS produc-
tion, evident in both the data and the climatology, are cap-

and climatology, suggesting either that these observations areired (Fig.1a). The model run using the Andersa20Q1)
anomalously low, or that they represent conditions not pickedscheme predicts the [DMS] peaks to occur in the month prior
up in the pre. year-2000 dataset and therefore not incorpoto that in which they are seen in the climatology, whilst the
rated into the climatology or parameterisations. This obsermodel run with the modified Simo2002 scheme repro-
vation supports the idea that given the recent considerable induces the peaks within the same months as does the clima-
crease in the size of the global DMS database, there is signiftology. A major criticism of many ocean DMS models is that
icant value in developing an updated climatology, see Lana ethey fail to satisfy the observation that peak DMS production
al. (2010. Where the model output produced using the An- generally occurs later in the season than the peak in phy-
derson 2007 scheme deviates strongly from that based ontoplankton biomass, the so called “summer parad&ip

climatological valuesZf and i) is in its Eastern Equatorial

and Pedros-Alip1999, it is therefore encouraging that us-

Pacific over prediction. Much of the over prediction by the ing the Simo 2002 scheme our model can not be criticised
Anderson 2001) scheme can be explained by its setting of in this way. To allow us to further evaluate the success of
the lower limit for DMS concentrations to be 2.29 nM, how- the model-schemes at capturing the spatially varying lag be-

ever this can't explain the difference between FRAand 2i

tween the time of the phytoplankton bloom, and the time of

because the data shown in both are calculated using the sanpeak DMS production, we have fitted sine-curves through the

scheme. Instead, the disparity highlighted between Hig.

mean monthly [DMS] and [chlorophyll] values correspond-

and2i appears to be a response to the model’s excessive sumng to each k1 degree latitude-longitude grid box in the
face chlorophyll simulation. Disagreement between the ob-models, and similarly using mean monthly [DMS] from the

servations and the climatology (Figd) result from either

Kettle climatology, and SeaWiFS [chlorophyll]. The number

the recent observations being atypical, the climatology be-of days of lag between the peak of the chlorophyll sine-curve,
ing constructed from atypical data, or artifacts resulting from and the peak of the DMS sine-curve is represented visually in
the techniques used to construct the climatology; the seconig. 3a—c. There are however large areas of the ocean where
option potentially explaining disagreement in the Southernthe assumption that the [DMS] or chlorophyll seasonal cycles

Ocean and high North Atlantic.

can be described by a sinusoidal curve, breaks down. Where

Disagreement between the model data, obtained using has been possible to fit sine curves to the data, we see a
the Simo 002 parameterisation and observations appearstrong relationship between the time lag calculated for the
to fall into three main categories; over-simulation resulting climatology Kettle and Andreag2000, and that calculated
from excess model surface chlorophyll (equatorial regions)for the Simo 2002 model-scheme. A similar relationship is
under-simulation resulting from an inability to capture phy- seen between the climatology lag, and the Ander2097)
toplankton blooms (e.g. the Southern Ocean summer icelag in the Northern Hemisphere, but not seen in the South-
edge bloom), and poor-simulation in shelf-seas, a result oern Hemisphere. Assuming the Kettl2000 climatology
the model lacking coastal-specific processes. Disagreemeiis doing a reasonable job at capturing the seasonal cycle of
between the Anderso2Q01]) data and the observed data oc- [DMS], this observation lends support to the argument by

www.biogeosciences.net/7/1645/2010/
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Fig. 2. Assessment of model and climatology success at predicting observed seawater [DMS] in a spatial(eenjdtodel and climatol-

ogy [DMS] predicted in monthly one degree grid-squares corresponding to (and plotted against) average observed values calculated for the
same grid square in the same calendar month. Greyed areas represent regions where predicted values for a specific month are greater th
three standard deviations above observations for that month (see main text for details), or where observations are greater than three standa
deviations above predictions. Note that the axis limits artificially hide the extreme values, but were considered to best present the majority of
the data(d—f) Annually averaged present day fields for surface ocean [DMS] as predicted in the Kettle climatology, using th2088no (
scheme and the Anderso200J) scheme respectively (red-yellow shading). Plotted on-top of the annual average global fields are the loca-
tions of data, corresponding to those points highlighted in the grey regions of parts a b and c, i.e. where predictions were more than three
standard deviations above observations (white over-plotting) or where observations were more than three standard deviations above predic
tions (black over-plotting)(g) Plot showing the geographical location of all observations made between 2000 and 2009, and inputted into
the PMEL databasénftp://saga.pmel.noaa.gov/dinby the start of January 200%h éndi) As for “e” and “f” but where [DMS] has been
calculated using climatological fields rather than model fields, using the S68%)(and Anderson001) parameterisations respectively.

Note that all over-plotting has been done using<B3legree grid (rather than thex1 degree grid used for all of the calculations) to make

the results clearer to the eye.

Simo and Pedros-AlioSimo and Pedros-Alidl999 thatthe  cess similar to, and under some criteria better than, predic-
mixed layer depth (or a related variable), represents an imtions from the standard climatology. Being able to repro-
portant process within the phytoplankton-DMS decoupling. duce present day seawater DMS concentrations with this de-
o o gree of skill is valuable, in that it suggests that our model
4.1.1 Predictive capacity in a future ocean is simulating the required parameters appropriately, however

We have demonstrated that both the modified Si2@0p it does not give us reason to trust the model under different

and AndersonZ001) schemes simulate present-day surfacecnmatic conditions. Itis possiblg for exf”‘mp'e that the use
ocean [DMS] (within the context of our model) with suc- of mixed layer depth values within the SIm2002 scheme

Biogeosciences, 7, 1645656 2010 www.biogeosciences.net/7/1645/2010/
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Fig. 3. (a—c)Lag (number of days) between peak chlorophyll and peak DMS concentrations, comfa@rBeaWiFS Yoder and Kennelly

2005 chlorophyll and Kettle climatology DMS, and model DMS and chlorophyll fields calculated @binthe modified Simo Z002

scheme an(c) the AndersonZ001) scheme. Colours correspond to the number of days between DMS and chlorophyll concentration peaks.
Peaks have been calculated by fitting a sine curve through an averaged 12 months of data at each grid point (or a minimum of six months
of data in the case of SeaWiFSoder and Kennelly2005), and therefore assume a sinusoidal seasonal cycle. The colour correlation
between the Kettle climatology — SeaWiFS plot (a) and the model plots (b, c) indicate the success of the model at reconstructing the non-
linearity between primary production and DMS production, and allow us to examine the “summer parétiex’Quantification of the

misfit between the calculated sine curves and the data, highlighting where the assumption of a sinusoidal seasonal cycle is (red), and is no
appropriate (yellow). Colours represent the value of the average normalised DMS misfit at each point, multiplied by the average normalised
chlorophyll misfit at each point. The multiplication of normalised misfit values for DMS and chlorophyll cause a strong polarisation between
areas represented as demonstrating good fit (red) and areas demonstrating poor-fit (yellow).

indirectly describes conditions which favour high DMS pro- from changes in mixed layer depth. We must therefore be
ducing species (e.gEmiliania huxley), yet moving into the  confident, not only that the model can adequately predict
future a parameter not considered by the scheme, (e.g. ocegmesent ocean [DMS], but also that it will respond correctly
chemistry), might play a dominant role in controlling the to oceanic changes under future warming. Both DMS pa-
abundance of those species, having an opposite effect orameterisations we have tested are empirical, and although
surface ocean [DMS] than that which would be expectedthe variables making up the schemes were based (to some
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Observations, DJF

a
90N

45N+

45Sf

90N

45N

90E 180 90W 0 90E 180 90W 0 90E 180 90W 0
Simo and Dachs, JJA k Anderson et al., JUA

45N+

45S ¢

90E 180 90w 0 90E 180 90w 0 90E 180 90w 0

| Anderson et al., SON
90N ‘ ‘

45N - 45N

458

90E 180 90w 0 90E 180 90W 0

0.11 0.19 0.50 1.28 2.95 6.10 11.55 20.43 34.21
One standard deviation (nM)

Fig. 4. Inter-annual variability in observations and model data. Colours represent the standard deviation of the mean values calculated
for each biogeochemical provincegnghurst et al.1995 for the named season in each year. Means were calculated using data from only
the 1x1 degree grid-boxes which contain observational dé#e-d) Standard deviations calculated using data collected and input to the
PMEL database between 1972 and 2008-h) Standard deviations calculated using data generated by the model using the28080 (
parameterisation(i-l) Standard deviations calculated using data generated by the model using the And@ésppgrameterisation. Only
biogeochemical provinces within which, statistically significant inter-annual variability (see main text for details), or significant lack of inter-
annual variability can be demonstrated, are shown. DJF, MAM, JJA and SOC refer to the months of Northern Hemisphere winter, spring,
summer and autumn respectively.

degree) on a mechanistic understanding of DMS production, When using empirical parameterisations to make projec-
they are far removed from those utilised in process basedions of future change, one would ideally test the parameter-
models such as Vogt et aR@10 and Elliott 2009. It should isations over periods of past change. To our knowledge there
however be noted that many of the broad issues discussed imre presently insufficient observations to quantify if/fhow
this paper may also apply to process based DMS models, anphytoplankton DMS production has responded to changes in
indeed to the simulation of variables other than DMS (see El-global temperature over the 20th and start of the 21st cen-
liott Elliott, 2010. tury, however there are enough data to start examining inter-
annual variability of phytoplankton DMS production. If a
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Model Simo and Dachs (2002) rate of change per year (1870—2100) sion of an AnaIySiS Of VAriance, ANOVA) on data from

ON ’ = ‘ different years, but the same season and biogeochemical
province (onghurst et al.1995. We set our level of sig-
nificance as<0.05 to show significantly different years, and

> 0.95 for significantly similar years. In those seasons and
provinces which pass our criteria, we then calculate the stan-
dard deviation between the mean DMS concentrations from
each year in which data exists (Fép—d). To compare the
observed inter-annual variability with that simulated by the

45N -

45S

9osL ‘ \ : : model, we calculate standard deviations using data selected
90E 180 90w 0 90E . . . .
from the same locations as those in which observational data
Model Anderson et ol. (2001) rate of change per yeor (1870-2100) exists, using the two different DMS parameterisations driven

by our Earth System model (Fige—f).

The first thing to note is that there are a, perhaps surpris-
ingly, high number of biogeochemical provinces in which
significant inter-annual variability is observed (those pre-
sented in colour, not white, in Fig). An important caveat
to note, and one which we have made no attempt to cor-
rect, is that a number of the cruises which have measured
DMS concentrations will have targeted blooms, or acciden-

45N

455

90s L

90E 180 oW 0 0¢ tally come across blooms, which may have produced greatly

elevated DMS concentrations. If this sampling bias occurs

i i in some years but not others, and is not representative of
—-0.012 —0.006 0 0.006 0.012

that biogeochemical provinces’ regime, we will have mistak-
enly identified the province as having statistically significant
inter-annual variability. This aside, the picture that comes out
Fig. 5. Mean annual change in surface water [DMS] calculated Of our analysis of the observations (F#p—d) shows rather
using (a) the Simo 2002 and(b) Anderson 2001) parameterisa-  hicely what we might expect; that the greatest variability ex-
tions from fields produced by existing 20th and 21st century climateists in the mid to high latitudes, during the summer of that
runs (following the IPCC’s SRES 2a scenario) using the Met Office hemisphere. The rest of the ocean then shows lower, and
Hadley Centre’s model HadCM3, with the HadOCC biogeochemi- remarkably consistent variability. Comparing the analysis of

cal model (containing only a single phytoplankton group). Colours ghseryations with that from the two different model-schemes,
represent the gradient of a least squares regression through month\we see. again perhaps unsurorisinaly. that the model under-
mean data for each grid-point over the period 1870 to 2100. » ag P p P gy,

estimates the variability in all areas other then some of the
equatorial provinces. The patterns of variability are very
similar between the model runs using the Sirg6Q2, and
model can capture variability promoted by changes internalanderson 2001) scheme, reflecting the important role of
to the system, then as those internal processes reorganise Wlirface chlorophyll in both schemes, and the high tempo-
der an external forcing (i.e. changing greenhouse gas concey| variability of that parameter. Contrary to its performance
trations), we can have increased confidence in the model’ﬁ] other testsl the Andersoqoj) scheme genera”y shows
ability to capture the change associated with those processefter-annual variability closer to that seen in observations,
It should however be noted that changes other than those inhan does the Sim®002 scheme. Overall this analysis in-
volved in the Earth System’s natural variability may play a dicates that the model-schemes are underestimating the mag-
role in future change. We perform such an analysis, in part tgjtude of change in DMS production in response to changes
assess the two model DMS schemes, but also to test wheth@f the Earth System, and therefore might be considered to un-
such an analysis is possible with the present DMS databasgyerestimate the change occurring under global warming sce-
and to set out a potential framework by which similar empir- narios. We believe analysis of this kind to be critical when
ical schemes might be tested in the future as more observassing empirical schemes within future projections. We there-
tional data become available. fore encourage the observational community to put increased
We have first assessed the data available in the PMElemphasis on making unbiased repeat measurements within
DMS database as of the first of January 2009, to see whethehose regions we have identified as potentially exhibiting sig-
enough data exists to find statistically significant inter-annualnificant inter-annual variability. Additional observations will
variance. We do this by grouping data into season, and intalilute the impact of biased data, providing increased value
biogeochemical provincd_pnghurst et al.1995. We then  from model validations of the sort performed here.
perform a Kruskal-Wallis analysis (the non-parametric ver-

Change in [DMS] (nM per year)
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Given the limited conclusions we have been able to drawimpact of changing DMS production on climate using em-
from our assessment of inter-annual variability, in an attemptpirical DMS schemes (e.gGunson et a).2007 Bopp et al,
to help us understand whether inclusion of DMS parameter2003 Kloster et al, 2006 are interpreted as valuable scien-
isations of this sort into models of the Earth System adds tofific exercises, rather than as robust predictions. Although we
or detracts from, our confidence in the ability of those mod- have specifically examined only two DMS schemes here, we
els to predict future climate, we have looked at how our two expect many of the broad conclusions we arrive at to be appli-
model-schemes predict oceanic DMS production to evolvecable to the use of other empirical DMS schemes (Bgpp
over the coming century (Fi$). This analysis has been un- et al, 2003 Vallina et al, 2007). We have attempted to de-
dertaken offline by calculating surface water [DMS] retro- rive a framework for testing empirical schemes within Earth
spectively, following the two DMS parameterisations, using System models which we hope will encourage the future de-
data from a Met Office Hadley Centre model HadCM3 cli- velopment of improved schemes, as well as allow increased
mate simulation following the IPCC SRES 2a scenario. Be-confidence in our application of these schemes.
cause DMS calculations have been made off-line, this anal-
ysis does not include any potential feedbacks of changin
DMS production on climate. In a spatial context, the differ-
ences between the trends predicted for surface ocean DM]§rom this study we can draw a number of conclusions. (1) In
using the two schemes are striking (Fig. 5). Focusing on y ' , o
the region where changing DMS concentrations are likely tothe context (.)f the Met Office Hadlgy Centre's physw_al a_nd
have the greatest climatic impact, the Southern Ocean, usintélogeochemlcal global models, using the parameterisations
the Simo 2002 scheme we would predict a stromgrease f Simo and Dach<A003 and Anderson et al2001) we can

. . . predict present day surface ocean [DMS] with a level of skill
in DMS produc_tlon, yet using the Anders_cmcm) scheme better than and similar to that of the Kettle et 000 cli-

we would predict a moderate [DM$®duction The change . . .
in local surface ocean and lower atmosphere temperaturematOIOgy respectively. (2) The aforementioned level of skill
resulting from these different DMS evolutions could be ex- (?or models and climatology), when assessed as the ability to

o . ) ._predict values within an independent oceanic dataset is low
pected to cause significantly different responses in sea-i

cover. and therefore contrasting implications for alobal cIiC Spearman’s rank correlation coefficients of 0.39 between the
’ g Impr 9 models and observations, and 0.37 between the climatology
mate. The reason why we see such different DMS responses : S
. . . ; and observations). (3) Areas of poor [DMS] prediction in the
between the two models in this region essentially come . S
. . . wo models, to a large degree correspond to inaccuracies in

down to the inclusion of mixed layer depth as a parameter,

) . . the biological simulation, and are therefore expected to im-
in the Simo 20.03 ;cheme, but not in the Anders :.Z:U) . prove as the biological model is improved. (4) Initial analysis
scheme. Moving into the future, our model predicts a sig-

o .2 . of the ability of the models to predict changing [DMS] on an
nificant reduction in the southern ocean mixed layer depth N .

. inter-annual scale indicate that the models underestimate the
(~50m over the 21st century), and consequently, using the

. o . . observed variability, suggesting that they may also underesti-
Simo 2057 scheme, & SNCat 11635 DUS ROC. v 2 of change dnoe s cimass senas
la e'r also contrgi]b)ﬁtes to the Andgrsdmoj) scheme reduc- (5) Further repeat surface ocean DMS observations within
ayer . o ) biogeochemical provinces already containing good data cov-
tion in [DMS] at this site, through its impact on photic zone L . o . S

: : erage, and within which significant inter-annual variability
nutrients and therefore chlorophyll concentration.

T xists, are required to allow improved assessment of the abil-
We have demonstrated in this paper that both of our modeF o )
experiments, one using the Sim2002 and the other the ity of empirical DMS schemes to predict temporal change.

Anderson 2007 scheme, represent the present day Surfac‘%(6) Given our present level of mechanistic understanding and
ocean DMS concentration with skill similar to or better than he present scope for model validation, simple [DMS] pa-

. rameterisations shoul within Earth- m model
that of the standard climatologKéttle and Andreae2000 a etg sations should be useq ¢ art Syste odels
) . . only with a careful understanding of the associated caveats,
respectively, yet under a common future climate scenario .
. . and when doing so care must be taken not to confuse greater
both predict very different surface ocean [DMS] changes Lo .
. o complexity with greater confidence.
to occur. Given that one could equally well justify the use
of either of these parameterisations, the contrasting implicaAcknowledgementsPaul Halloran and lan Totterdell would like
tions for the predicted future climate highlights the danger ofto acknowledge the supported of the Joint DECC and Defra
including poorly understood components into earth-systerrintegrated Climate Programme, DECC/Defra (GA01101). Tom
models. These results also remind us of the importance oBell's contribution to this study was supported by the Natural
the efforts being made to develop a complete process-basegvironment Research Council (NERC) through a UK SOLAS
understanding of marine DMS production, and the continu-Knowledge Transfer grant (NE/E001696/1).
ing need to improve the global DMS dataset. In the light of
our findings we would emphasise (as acknowledged by th
studies themselves) that attempts to describe the likely future
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