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Abstract. Several recent observation-based studies suggesgt Introduction

that ocean anthropogenic carbon uptake has slowed down

due to the impact of anthropogenic forced climate change.

However, it remains unclear whether detected changes ovdp recent years, several observation-based and model-based
the recent time period can be attributed to anthropogenic clistudies have suggested that ocean anthropogenic carbon up-
mate change or rather to natural climate variability (inter-take has slowed down due to the impact of anthropogenic
nal plus naturally forced variability) alone. One large uncer- forced climate change in various ocean regions (@ogbiere
tainty arises from the lack of knowledge on ocean carbon€t al, 2007 Le Queré et al, 2007. However, the fact that

flux natural variability at the decadal time scales. To gainthese changes in ocean carbon fluxes are caused by anthro-
more insights into decadal time scales, we have examine@?ogenic forced climate change within the last decades is still
the internal variability of ocean carbon fluxes in a 1000 yr debated (e.gJliman et al, 2009 McKinley et al, 2011).

long preindustrial simulation performed with the Earth Sys- Among these regions potentially impacted by anthro-
tem Model IPSL-CM5A-LR. Our analysis shows that ocean Pogenic forced climate change, the North Atlantic has been
carbon fluxes exhibit low-frequency oscillations that emerge€Xtensively studied over the three last decatlésigon et al.

from their year-to-year variability in the North Atlantic, the 2011 Schuster et 312009 Brown et al, 2010 Metzl et al,

North Pacific, and the Southern Ocean. In our model, a 20 y201Q Corbiere et al. 2007 McKinley and Follows 2004

mode of variability in the North Atlantic air-sea carbon flux McKinley et al, 2011). Debate prominently arises from dis-

is driven by sea surface temperature variability and accountggreement between causes of trends in the North Atlantic
for ~ 40 % of the interannual regional variance. The North carbon sink estimated from data or numerical model out-
Pacific and the Southern Ocean carbon fluxes are also charaput. On the basis of in situ observations, several authors
terised by decadal to multi-decadal modes of variability (10(i-e. Corbiere et al. 2007 Watson et a].2011; Brown et al,

to 50 yr) that account for 20-40 % of the interannual regional201Q Metzl et al, 2010 have reported a more rapid growth
variance. These modes are driven by the vertical supply ofn surface oceapCO; than in atmospheripCO,, which
dissolved inorganic carbon through the variability of Ekman- translates into a decline of the net ocean carbon uptake
induced upwelling and deep-mixing events. Differences inover the last decade. Possible mechanisms driving this de-
drivers of regional modes of variability stem from the cou- cline are associated to climate-induced modifications of both
pling between ocean dynamics variability and the ocean caroceanic and atmospheric dynamics, e.g., rising sea-surface

bon distribution, which is set by large-scale secular ocearfémperatureQorbiere et al. 2007, increasing ocean stratifi-
circulation. cation Schuster et al2009 or changes in horizontal oceanic

currents owing to a shift in the North Atlantic Oscillation
(Thomas et a).2007 Schuster et a12009. However, model
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110 R. Sfeérian et al.: Decadal variability of ocean CQ fluxes

reanalysis studies, based on GFDL, CCSM and MIT ocearcoverage of the observations or model reanalysis. This lim-
general circulation reanalyses, have demonstrated that thiégation can be illustrated by considering the North Atlantic
weakening of the North Atlantic carbon sink over the last for investigating multi-year variations in ocean carbon fluxes
three decades (i.e., 1970s to 2000s) cannot be really afUllman et al, 2009 Loptien and Eder201Q Thomas et al.
tributed to anthropogenic climate change, but rather to the2008. Here, large datasets (e@ruber et al.2002 Bakker
natural variability of the ocean carbon sink driven by the et al, 2012 are available and ocean reanalysis are consis-
North Atlantic Oscillation McKinley et al, 2011 Thomas tent over the 30 to 50 last years. Despite this large amount
et al, 2008 Loptien and Eder2010 as a part of the North-  of information, an optimal spatial and temporal coverage of
ern Annular Mode (NAM). 30 to 50 yr provided by model reanalyses only allows study-
Similarly to the North Atlantic, many aspects of the South- ing 3 to 5 independent decades. Such limitation is, thus,
ern Ocean dynamics and carbon cycle have exhibited trendsven stronger for in situ observations. Observations are ei-
over the last decades. Model simulations and inversions other combined and interpolated into large ocean regions in
atmospheric data have suggested that the southward shift afrder to ensure a significant time samplingcKinley et al,
westerlies concomitantly with their strengthening had damp-2011), or merely considered in the terms of individual long-
ened the Southern Ocean carbon sink (EegQueré et al, term stations (e.gGruber et al. 2002 Bates 2007 Bates
2007 Lovenduski and 1tp2009. Such a response on ocean et al, 2012 that may be poorly representative of the basin-
carbon fluxes has been highlighted hgvenduski et al.  scale dynamicsMcKinley and Follows2004).
(2008 on shorter time scales. In this study, authors demon- In this context, long model simulations- 600 yr) are the
strated that the southward shift of westerlies associated witlonly way to circumvent spatiotemporal sampling issues and
the positive trend in the Southern Annular Mode (SAM) have been demonstrated to include the minimum years of
could drive a weakening of the Southern Ocean carbon sinldata to assess significantly variability at decadal time-scales
because of changes in water mass overturning. However, ite.g.Boer, 2004). The usefulness of long model simulations
seems that such a response of both water mass overturnirfgr studying temporal variations of land and ocean carbon
and ocean carbon sink may be overstated at the decadal tinfRuxes was first illustrated iDoney et al.(2006. Based on
scale since no changes in Southern Ocean circulation hava 1000 yr fully coupled climate-carbon cycle simulation, the
been detected from observations, while these data detect cauthors provide a good overview of the natural variability of
herent warming and freshening trends in subsurface waterthe global carbon cycle in CCSM-1.4. However, in this study,
(Boening et al.2008. both decadal and oceanic aspects receive less attention than
Therefore, from these previous studies, it remains uncleathe interannual variability of the terrestrial carbon cycle.
if detected changes in ocean carbon sink within the last Here, as a first step to assess the internal decadal variabil-
decades can be attributed to anthropogenic climate changeéy of the ocean carbon fluxes, we used an extended 1000 yr
or to natural climate variability that is a combination of an long preindustrial simulation performed with the Earth Sys-
internal variability and a naturally forced variability (related tem Model IPSL-CM5A-LR. Using output of this model sim-
to volcanoes and solar forcings). One large uncertainty arisealation, we performed several statistical time-series analyses
from the lack of knowledge on ocean carbon flux variability to (i) track the low-frequency modes variability, (ii) locate

at decadal time scaleB#tes 2007, Takahashi2009. the oceanic regions that contribute the most to these modes
So far, these time scales have been an active fields of reand (iii) identify the main drivers of the ocean carbon fluxes
search in the ocean dynamics community (&afif et al, variability at decadal time scales.

2006 and references therein). Studies generally agree to the

fact that sea-surface temperature and other ocean variables

exhibit low-frequency modes of variability within mid- and 2 Methodology

high latitude oceans (e.d.atif et al, 2006 Zwiers 1996

Boer, 200Q 2004. It is, thus, likely that the modes of vari- 2.1 Model description and pre-industrial simulation

ability of the ocean carbon fluxes could be inherited from

low-frequency modes of variability like the Atlantic Multi- This study exploits model output of IPSL-CM5A-LR

decadal Oscillation (AMO; e.Bates 2012 McKinley and (Dufresne et a).2013, which contributes to the ongoing

Follows 2004 McKinley et al, 20117), or the Pacific Decadal Coupled Model Intercomparison Project (CMIP5). IPSL-

Oscillation (PDO; e.g.Valsala et al.2012 Takahashietal. = CM5A-LR combines the major components of the climate

20069 in a similar way as their interannual variability is system: the atmosphere and land models are the atmo-

mainly associated with the tropical Pacific ocean variability spheric general circulation model LMDZ5Ad6urdin et al,

caused by El Nio and La Nfa (e.g.Chavez et aJ.1999 2013 and the land-surface model ORCHIDEKTrihner

Wang and Moorg2012 McKinley and Follows 2004. et al, 2005. The atmospheric and land components use
However, studying low-frequency variations in ocean car-the same regular horizontal grid with 8895 points, rep-

bon fluxes within these oceanic regions is not straight-resenting a resolution of 3.7% 1.87%, while the atmo-

forward. The major limitation comes from the temporal sphere has 39 levels on the vertical. The oceanic component

Earth Syst. Dynam., 4, 109427, 2013 www.earth-syst-dynam.net/4/109/2013/
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Table 1. Description of the distinct ocean carbon flux¢g CO,) or oceanic partial pressure of carbqr00») driven by the variability of
solely one driver (i.e., T/SST, S/SSS, DIC or Alk) compared to the fully-driven ocean carbon fluxes.

Alkalinity (AlK)
Carbon (DIC)

Dissolved Inorganic

Salinity §) Temperature®)

Fully-driven  Interannual variability  Interannual variability
Alk-driven Interannual Variability 1000 yr mean state
DIC-driven 1000 yr mean state Interannual Variability
S-driven 1000 yr mean state 1000 yr mean state
T-driven 1000 yr mean state 1000 yr mean state

Interannual variability
1000 yr mean state 1000 yr mean state
1000 yr mean state 1000 yr mean state

Interannual Variability 1000 yr mean state
1000 yr mean state Interannual Variability

Interannual variability

is NEMOv3.2 Madec 2008. It offers a horizontal resolu-
tion of 2° refined to 0.5 in the tropics and 31 vertical lev-
els. NEMOvV3.2 includes the sea ice model LIMZdhefet
and Maquedal997), and the marine biogeochemistry model
PISCES Aumont and Bopp2006. PISCES simulates the

of Alkalinity (Alk), dissolved inorganic carbon (DIC), salin-
ity (S) and temperatureT(): pCO; = fg (Alk, DIC, T, S).
The variance of a function of several random variables is
given by expanding the functiofi(X1, X2, X3, ..., Xp)
(here pCO,) in Taylor series around the mean valuesXof

biogeochemical cycles of carbon, oxygen and nutrients us{here considered as the 1000 yr yearly-averaged climatology

ing 24 state variables. Macronutrients (nitrate, ammonium
phosphate and silicate) and the micronutrient iron limit phy-

toplankton growth and thus ensure a good representatioyar (7 (x;, X5, X3, ..., X)) ~

of the high-nutrient low-chlorophyll region&gmont et al,
2003 Aumont and Bopp200§. Inorganic carbon pools are
dissolved inorganic carbon, alkalinity and calcite. Total al-

kalinity includes contributions from carbonate, bicarbonate,

borate, hydrogen and hydroxide ions (practical alkalinity).
For dissolved C@ and Q, air-sea exchange follows the
quadratic wind-speed formulatioMganninkhof 1992).

The core of this study is an extended preindustrial simu-

lation of 1000 yr, in which the initial state of marine carbon
cycle comes from a 3000 yr offline spinup plus 300 yr of on-
line adjustment, while the dynamical components of IPS
CMS5A-LR have been spun-up for 600 yD(fresne et a].

2013. Spin-up strategy and model-data skill-assessment o

(Dufresne et al.2013. Spin-up strategy and model-data
skill-assessment of IPSL-CM5A-LR’s modern state of ma-
rine biogeochemistry are presented and discussgéférian

et al.(2013.

2.2 Analytical methodology

The goals and methodology of this study are twofold. First,

we aim at tracking and quantifying low-frequency oscilla-

L-

of Alk, DIC, S andT):

S
ax; X
i=1 !
P Y oy, x) (1)
Lo La X, 39X o
i=1 j#i J
Whereo-)% is the variance of the random variah}e and

Cov(X;, X,‘) is the covariance between the random variables
X; ande.

Based on this variance decomposition, we have conducted
several offline computations of monthly-averaged sea-water
pCO, and ocean carbon fluxes in which only one ocean car-
bon flux driver is allowed to vary in time while the others are
fixed to their 1000 yr yearly-averaged climatology (Table 1).
Online and offline computations of monthly-averaged sea-
water pCO, and ocean carbon fluxeg¢CO,) show small
differences in global average long-term mean and compare
well in terms of variability (with a correlation ak ~ 0.96).

Consequently, we assume that our variance decomposi-
tion strategy allows us to single out the variance contribu-
tion of Alk for pCOy-Alk or fgCO»-Alk, DIC for pCOs-

DIC or fgCO,-DIC and so on. A similar approach was used
in previous studies (e.dJllman et al, 2009 McKinley and

tions of ocean carbon fluxes (here decadal to multi-decadaollows 2004.

internal variability). For that purpose, we employ several

As described irBoer (200Q 2004, drifts in the variables

statistical time-series analyses like the continuous wavelefnatter for assessing low-frequency modes of variability. We

transform Torrence 1998, the spectral density or the prin-
cipal component analysis (PCAfon Storch and Zwiers
2002.

Secondly, we decipher which physical or biogeochemi-
cal drivers (here alkalinity, dissolved inorganic carbon, salin-
ity and temperature) control the various modes of variabil-

have, therefore, removed drifts of ocean carbon fluxes and
carbon-related fields, which have been estimated from lin-
ear least-square regression in function of time for each vari-
able. Yet, in our case drifts in sea-wate€0O, and ocean

carbon fluxes are small compared to the interannual or low-
frequency oscillations: for global ocean carbon fluxes it rep-

sea-watepCO;, (driving the ocean carbon fluxes) based on
Takahashi et al(1993 assuming thapCO; is a function

www.earth-syst-dynam.net/4/109/2013/

the 1000 yr simulation and only0.01 Pg C over 100yr in
the last century of the 1000 yr simulation.

Earth Syst. Dynam., 4, 10827, 2013
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a) Ocean carbon fluxes
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Fig. 1. Long-term mean ofa) simulated ocean carbon fluxes (in g Cfyr—1) and (b) simulated regional carbon fluxes (in Pg C¥j
compared to inversion-based estimates publish&dikaloff Fletcher et al(2007). Black and grey bars indicate model and inversion-based
estimates, respectively.

3 The preindustrial global ocean carbon fluxes (2007, which constitute the only observation-based (even in-
directly) product available for pre-industrial carbon fluxes.

Hereafter, we present how the simulated carbon fluxes ovepn Fig. 1a, the North Atlantic high latitude carbon sink

—1: . _
the 1000 yr of preindustrial simulations compare to those es@mounts to about 40g Ctyr~* ion average while the po

; -1
timated from inverse modelling blikaloff Fletcher et al. lar Southern Ocean is a source of about 20g€yr~* on

Earth Syst. Dynam., 4, 109427, 2013 www.earth-syst-dynam.net/4/109/2013/
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Fig. 2. Interannual time-series of the drift-corrected globally integrated ocean carbon flux (in Pg)dsrepresented ita). The autocor-

relation function(b), the wavelet time-frequency spectrio) and the averaged wavelet spectr(dhdescribe the statistical properties of the
drift-corrected global ocean carbon flux. A red noise hypothesis has been tested against the averaged wavelet spectrum. The significance c
95 % is mentioned with red points, while those of 90 % is mentioned in blue.

average. Regionally, the simulated oceanic sinks and sources The imprint of low-frequency modes of variability on the
of carbon agree with those estimated by inverse modellingglobal carbon flux can be diagnosed from the autocorrelation
with a global root-mean-square error of about 0.06 Pg@yr function (ACF) of the global ocean carbon flux (Fig. 2b).
(Fig. 1b). Only in the high latitude North West Pacific and the The shape of the ACF does not correspond to a first order
low latitude North Atlantic, simulated ocean carbon fluxes autoregressive process (AR1), but rather to a third order au-
differ in sign from those estimated by inverse modelling. In toregressive process (AR3) according to the Yule-Walker es-
the southern sub-polar regions, the model biases can be eximation (Mon Storch and Zwiers2002. The fact that the
plained by a shift of outgasing structures probably associatedCF of the global ocean carbon flux cannot be mimicked
with the equator shift of main wind stress structuriegfti by an ARL1 indicates that long-term memory processes likely
et al, 2009: compared to the inverse modelling-based esti-drive ocean carbon fluxes. This implies that the ocean carbon
mates, our model simulates a stronger outgasing of carbofiux behaves as other oceanic variables, like sea-surface tem-
in the southern sub-polar Atlantic than in the polar Southernperature or sea-surface salinifyrankignoul 1985, but its
Ocean. low-frequency variability has a strong imprint over several
If we consider the time-variability over 1000yr of the years.
globally integrated ocean carbon flux in the preindustrial Low-frequency modes of the global ocean carbon flux
simulation, we can track low-frequency oscillations from its variability range within a time-window of about 128 to 200 yr
year-to-year variability (Fig. 2a). The 10 and 20yr time- (centennial mode) and 18 to 50 yr (decadal mode) as shown
filtered (i.e., running mean) variances amount, respectivelypn the wavelet time-frequency diagram (Fig. 1c and d). In
to 0.08 and 0.05 Pg Cyt representing 56 and 37 % of the comparison to the centennial mode, the decadal mode is
interannual variance (0.14 Pg CW. not continuously detected. Nevertheless, the wavelet power

www.earth-syst-dynam.net/4/109/2013/ Earth Syst. Dynam., 4, 10827, 2013
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spectrum within the decadal time-window is significantly account, respectively, for more than 30 % of the 1 yr variance.
stronger than a red noise wavelet spectrum (at 95% in red’he Southern Ocean is the only oceanic region where multi-
dots, at 90 % in blue dots, Fig. 1d). The fact that the decadatecadal variability of ocean carbon fluxes (here represented
mode appears sporadically over the time scales underlineby the 20 yr time-filtered variance) reaches up to 40 % of the
the complexity of studying a globally integrated quantity, be- 1 yr variance. These results are consistent with previous stud-
cause such a behaviour can be explained by a combination aés showing that low-frequency variability of various climate
several regional modes of variability either in phase or out ofvariables is mainly located in the high latitude oceas«,
phase. As a consequence, in the next section, analyses wil00Q 2004 Persechino et al2013 Mauget et al.2011).
be conducted regionally. In particular, the three oceanic regions are characterised
by well understood modes of variability in ocean dynam-
) o . ical fields: the AMO for the North Atlantic Kerr, 200Q
4 Tracking the decadal mode of variability of regional Enfield et al, 2003, the PDO for the North Pacifidantua
ocean carbon fluxes and Hare 2002 and the signature of the Southern Annu-

Modes of variability of one variable are an expression of its lar Mode on the Southern Oceafhompson and Wallage
Y P 2000 Thompson et al.2000. These various modes of vari-

variance at several time scales. Here, the way we apprehend ... . .
. SO ' . ability have been suggested to have an influence on the vari-
these different modes of variability, in a first approach, is

to look at the variance of the time-filtered carbon fluxes in ability of ocean carbon fieldsBates 2012 McKinley and

several oceanic regions, which correspond to those defineﬁﬁouows 2004 McKinley et al, 2011 Valsala et al. 2012
and used iMikaloff Fletcher et al(2007). The time filtering akahashi et 2006 Lenton and Matea@007, Lovenduski

SRR . : t al, 2008. However, the fact that the signal-to-noise ratio
consists in a running mean of the regional carbon fluxes aof ocean carbon fluxes are comparable with those of other cli-
5, 10 and 20yr (Fig. 3a). Except in the Arctic, the 1, 5 and P

10yr variances of the high latitude oceans are stronger Comr_nate fields at regional scale with the same model (e.g., sea-

pared to those found in mid- and low latitude regions. Yet, it surface temperature, sea-surface sallrmg{se.chlno etal.
; o ; . 2013 does not mean that the modes of variability or even the
is striking to see how the Southern Ocean variances (i.e., for

all time filtering) dominate those of the other oceanic regionsdnverS are the same,

with a standard deviation of about 0.1 Pg CYrSuch differ- To address this issue, we have computed empirical orthog-

ences between the Southern Ocean and other oceanic regioﬁ\nal functions (EOFs) of ocean carbon fluxes for the North

are evidently fueled by differences in surface areas, whicr} ﬁantlc (10—8C"N), The North Pacific (1ON-7C"N) and

are much larger in the Southern Hemisphere regions than inhe Southern Ocear<(50" S). We have selected the five lead-

the northern ones. As explained hikaloff Fletcher et al. ing principal components (PCs), which explain together a

(2007, region boundaries have been estimated using in sit minimum of 80 % of the regional carbon flux total variance.

measdrerglents af pCO, (Takahashi et 312002 and a gen- Yhe ratio between regional and global interannual variances
eral ocean circulaltjion model, and have been desig?wed Cor}qxplained by the leading EOFs amounts to 12, 20 and 26 % in
sistently with TRANSCOM regionsGurney et al. 2002. he North Atlantic, the North Pacific and the Southern Ocean,

: . . . respectively. As shown on Fig. 4, the spectral density of the
That is, each region differs greatly in surface area compared . . .

. ive leading PCs of the regional carbon fluxes contains strong

to each other. Therefore, surface area weighing allows com-.

i . : . . .~ _signals at decadal to multi-decadal time scales and displays
paring the different regions independently of their deSIgnIar e differences compared to a theoretical red-noise spec-
(Fig. 3b). Yet, variability of surface area weighted carbon 9 P P

T S . . trum (AR1). The energy contained in the first mode of vari-
fluxes is still much stronger in mid- and high latitude oceans_, ... . o
) . ability is always significantly stronger than the secondary
than in the tropical ones.

oo modes except for the Southern Ocean for which the second
In order to assess the relative importance of low-frequency

o . : ... “mode of variability is stronger than the first mode at 5-10yr.
modes of variability comparatively to interannual variability, . o
. : ; . Figure 4a shows a strong 20 yr mode of variability in the
we have employed a signal-to-noise ratio, the diagnosed po-

. ) . North Atlantic carbon flux, which is also found in several
tential predictability (DPPBoer, 2004 Boer and Lambert . ' .
2008 Persechino et al2013: PCs (i.e., 1st, 3rd and 5th). The leading PC that accounts for

54 % of the total variance is the most energetic mode of vari-
o2 — L2 ability. Compared to the leading PC, the second and the third
pPp= MM (2)  PCs only account for 12 and 9% of the total variance. The
“ leading mode of the North Atlantic carbon flux variability
where o2 is the ocean carbon flux 1yr variance an)a, has an amplitude of about 0.008 Pg C¥that has been esti-
(M =5, 10 and 20yr) is the variance of the time-filtered mated from the standard deviation of the leading>CPOF.
ocean carbon flux. Escudier et al(2013 have found a similar signature of a
The DPP metric (Fig. 3c) indicates that the 5yr and the20yr mode in the North Atlantic in the same model and have
10yr time-filtered variances of ocean carbon fluxes withinexplained this mode of variability by the interplay between
the North Atlantic, the North Pacific and the Southern Ocean

Earth Syst. Dynam., 4, 109427, 2013 www.earth-syst-dynam.net/4/109/2013/
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a) Spectral Density of North Atlantic Carbon Fluxes
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Fig. 4. Scaled spectral density of the five leading principal components of ocean carbon fluxgstfa North Atlantic (160 N-80C° N),

(b) the North Pacific (19N-70 N) and(c) the Southern ocear(50° S). Dashed lines represent fitted AR1 theoretical spectrum according to

the Yule-Walker estimation, while the linear dashed lines indicate the maximum of spectral density for each principal component. Confidence
intervals at 95 % of significance of the scaled spectral density maximum are indicated by vertical bars; they have been computed from a
(scaled)x 2 distribution.
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SSS, SST and sea-ice cover with implications on mixed-layeR001; Kerr, 2000 and Pacific iantua and Hare2002), re-
depth anomalies in the sub-polar gyre and Nordic Seas.  spectively. Here, our definition of AMO and PDO indices

In comparison to the North Atlantic, the various modes on the basis of PCA analysis show a significant correlation
of variability found in the North Pacific and the Southern (> 0.42) with their canonical indice estimated from the same
Ocean carbon fluxes differ at the decadal time scales. In th&000 yr long preindustrial simulation. Yet, the computation
North Pacific, modes of variability range between 10 to 30 yrof these indices is sensitive to the latitudinal boundaries. By
(Fig. 4b). The three leading PCs, which account for 76 % computing these climate indices withii-80° N, compar-
of the total variance, have a large part of their energy in aison between our definition and their canonical definition
time-window of 10 to 30 yr. In this time-window, the leading gives higher correlations>(0.6). That is, our definition of
PC explains 44 % of the total variance and presents modeAMO and PDO mode of variability can be understood as a
of variability at 10 and 30yr. The standard deviation of the good approximation of their canonical definition. Same con-
leading CPx EOF associated with the multi-decadal modes clusions can be drawn with the NAM and SAM indices since
of variability contribute to~0.03 Pg Cyr! to the North Pa-  correlations between our definitions and their canonical def-
cific carbon flux variability. inition is high (R ~0.7).

In the Southern Ocean, the leading PC (34 % of the total Inthe North Atlantic,fgCO, exhibits a horseshoe pattern,
variance) sheds light on a prominent mode of variability atin addition to a dipole structure located close to the ocean
50yr, while a decadal mode of variability is found in the sec- convection sites of the Labrador and the Irminger Seas. Such
ond PC that amounts to 28 % of the total variance (Fig. 4c).features are also found in the leading EOFs9C0O,-DIC
Among these different modes, variability is stronger for theand fgCO,-SST (Fig. 5¢ and e). The leading EOF of the
first 50 yr mode than for the others. This mode has a magni-fgCO,-SST exhibits an AMO-like pattern that is also high-
tude of about 0.05Pg Cyt. Figure 4c shows also a cen- lighted inUllman et al.(2009 using the MIT OGCM reanal-
tennial mode of variability that appears in all of the PCs. ysis over 1992—2006. In our model, the leadifggCO,-SST
However, this mode of variability cannot be thoroughly stud- mode of variability displays a good match with the AMO-like
ied with a 1000 yr time-series. Similar results are found for pattern (Table 2). The respective correlations between PCs
regional-averaged surfageCO, (not shown). indicate a better match between time variability (GfCO,

and that of fgCO,-SST R ~ 0.6) than that offgC0O,-DIC

(R ~0.3). Regarding’gCO,-Alk and fgCO,-SSS, the lead-
5 Identifying drivers of low-frequency variability of ing EOF spatial patterns and the respective PCs do not dis-

ocean carbon fluxes play correlations as strong g8 C0O,-DIC and fgCO,-SST

with the f¢gCO, (Fig. 5b and d).
A further step is to identify drivers and examine their respec- Regarding variations between SST, MLD and SLP with
tive role in explaining the low-frequency variability of ocean those offgCO,, lagged correlations indicate that the leading
carbon fluxes described in the previous sections. To findmode of fgCO, variability is strongly in phase with that of
out what drivers contribute the most to the low-frequency SST (Fig. 8). Significant correlations are also found between
variability of the ocean carbon fluxes, we use the variancethe leading PC of SLP and that gigCO,, but can be un-
decomposition detailed in Eq. (1) and Table 1. With this derstood as a feedback of the dynamical coupling occurring
variance decomposition, we have conducted PCA analysidetween the atmosphere and the ocean in the North Atlantic
to identify correspondence in patterns and time variability sector. Indeed, recent studies based on model simulations
between the fully-driven ocean carbon fluxggCO,) and (Gastineau and FrankignQu2012 or observation-derived
fluxes driven only by Alk, DIC,S and T', named respec- climate indicesRossi et al.2011; D’Aleo and Easterbrogk
tively fgCOx-Alk, fgCO,-DIC, fgCO,-SSS andfgCOs- 2011 McCarthy et al.2012 have argued that oceanic influ-
SST. Figures 5 to 7 show the leading EOF for the Northence through SST variations lead the Northern Hemisphere
Atlantic, the North Pacific and the Southern Ocean carborclimate (e.g., SLP) by a few years explaining the slightly
fluxes, while lagged correlations between the leading PC ofagged inverse relationship found between the NAM/NAO
ocean carbon fluxes and dynamical drivers, i.e., sea-surfacand the AMO climate indices. This seems to be the case in
temperature, mixed-layer depth (MLD) and sea level pres-our model since cross-correlation between the leading PC of
sure (SLP) are presented in Fig. 8. These dynamical driver§LP and that of SST (not shown) displays strong correlation
have been chosen since they are proxies of climate modes @it lag —1/0 of about 0.64. Correlation between the leading
variability (i.e., the AMO, the PDO, the NAM and the SAM). PCs of fgCO, and MLD seems to indicate thgig CO, vari-

AMO and PDO have been estimated from the leading EOFations lead those of MLD. Such a result may be explained
and PC of SST, while NAM and SAM are calculated from by the large regional boundaries that include several sites
those of SLP. Their definition differ from their canonical def- of deep convection that are either in phase or out of phase.
inition, especially for the AMO and PDO indices, which are Nonetheless, the presence of 10-yr-lagged oscillations in cor-
usually estimated from the 10 yr running mean of detrended-elation coefficients between MLD an@ CO;, (also in SST)
SST north of the Equator over the AtlantiErfield et al,
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(a) Fully—Driven Carbon Flux

(b) Alk—Driven Carbon Flux (0.12; —0.39) (c) DIC—Driven Carbon Flux (0.24; 0.36)

Fig. 5. Spatial pattern of the leading empirical orthogonal function (EOF, in normalised uif&) tfe fully-driven carbon fluxes, and that of

the Alk-driven(b), DIC-driven(c), SSS-driver(d) and SST-driverfe) ocean carbon fluxes in the North Atlantic. Spatial correlations (based

on EOFs) and temporal correlations (based on CPs) between the fully-driven ocean carbon fluxes and each driver-related carbon fluxes ar
mentioned in brackets.

can be explained by the 20yr cycle occurring in the North perturbed by the contribution of the other drivers to the vari-
Atlantic sector in this modeEscudier et a).2013. ability of the North Pacific carbon flux. The temporal correla-
In the North Pacific, the leading EOF presents a strongtions of the respective driver-related PCs with thaf €O,
positive pattern in the northern part of the domain (Fig. 6a),demonstrate that variability driven by DIC mainly controls
which is located at the same place as the strong North Pathis mode of variability R > 0.9).
cific carbon outgasing (Fig. 1la). Such a pattern appears Lagged correlations (Fig. 8) between leading PCs of
for fgCO,-DIC, but not for fgCO,-Alk, fgCOp-SSS and  fgCO, and dynamical drivers point toward a significant role
fgCO,-SST (Fig. 6). The leading EOF of th&eCO,-SST  of the mixed-layer depthR~ 0.4 at lag 0) and the SLP
exhibits a PDO-like pattern and presents good agreementR ~ 0.1 at lag 0). This supports the fact that both Ekman-
with the PDO diagnosed from the leading SST EOF (Ta-induced upwelling and winter deep-mixing events bring
ble 2). This implies that PDO imprint a low-frequency signa- DIC-rich deep waters at surface contributing to theCO»
ture on the ocean carbon fluxé&(sala et al.2012, whichis  variability. The strong lagged correlation at 2 yr found in SST
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(a) Fully—Driven Carbon Flux
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(b) Alk—Driven Carbon Flux (0.23; —0.59) (c) DIC—Driven Carbon Flux (0.88; 0.94)

100°E 120°E 140°E 160°E 180° 160°W 140°W 100°E 120°E 140°E 160°E 180° 160°W 140°wW

(d) SSS—Driven Carbon Flux (0.02; 0.15) (e) SST—Driven Carbon Flux (0.07; —1e-5)
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Fig. 6. Spatial pattern of the leading empirical orthogonal function (EOF, in normalised uif#) tie fully-driven carbon fluxes, and that of

the Alk-driven(b), DIC-driven(c), SSS-driver(d) and SST-driverfe) ocean carbon fluxes in the North Pacific. Spatial correlations (based

on EOFs) and temporal correlations (based on CPs) between each driver-related and the fully-driven ocean carbon fluxes are mentioned it
brackets.

and SLP leading PCs are related to the mid-latitudes windmirrored on the leading EOF (Fig. 7a). A linear decompo-
regimes over the North Pacific and can be, at worst, considsition of drivers shows that leading EOFs of the different
ered as an artifact of the large regional boundaries we haveriver-relatedfgCO, present a good agreement with that of
chosen to define the North Pacific (10-70° N). They do  fgCO» (R > 0.3). This strong spatial correlation is mainly
not appear if one focuses above® ) while the strong cor-  associated with the strong spot of variability close to the
relation betweerfgCO, and MLD and SLP are reinforced Antarctic shelf. Yet, the temporal variability of th& CO»-
(R >0.5atlag 0). DIC strongly agrees with that gfgCO» (R > 0.9) compared
The Southern Ocean differs from other oceanic regiongo the variability of the other driver-related carbon fluxes
due to its zonal structure and its ocean dynamical featuregFig. 7a).
like the Antarctic Circumpolar Current, the westerlies forc-  To better understand Southern Ocean modes of variability,
ings and the near-shelf dense water mass formation. Suctve have considered two sub-regions: one close to the Antarc-
dynamical features influence the ocean carbon cycle and aréc shelf and the sea-ice bordet 65° S) and the second that
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(a) Fully—Driven Carbon Flux

50°E 150°E 110°W 10°W

(b) Alk—Driven Carbon Flux (0.33; —0.38) (c) DIC—Driven Carbon Flux (0.93; 0.95)

50°E 150°E 110°W 10°W S50°E 150°E 110°wW 10°W

(d) SSS—Driven Carbon Flux (0.53; —0.60) (e) SST—Driven Carbon Flux (0.52; 0.07)

50°E 150°E 110°W 10°W 50°E 150°E 110°w 10°w

Fig. 7. Spatial pattern of the leading empirical orthogonal function (EOF, in normalised ui(i) tfe fully-driven carbon fluxes, and that of

the Alk-driven(b), DIC-driven(c), SSS-driver(d) and SST-driverte) ocean carbon fluxes in the Southern ocean. Spatial correlations (based

on EOFs) and temporal correlations (based on CPs) between the fully-driven ocean carbon fluxes and each driver-related carbon fluxes ar
mentioned in brackets.

extends from 65S to 45 S, strongly influenced by the west- with a spatial correlation of about 0.7 and 0.5, respectively.
erlies. In the wind-driven region, the leading EOF@ICO;- Yet, temporal correlations indicate a better correspondence
DIC strongly matches with th¢gCO, one (R ~0.8). This  with DIC-driven variability (R ~0.87) than the SSS-driven
result agrees with several studies, which have demonstratedariability (R ~ 0.2).
that westerlies influence the vertical supply of DIC through Similarly to the North Pacific, it seems that the MLD and
the outcrop of deep water massesifton and Matea2007, the SLP variations drive the variability of théeCO; in the
Lovenduski et al.2008. In this sub-region, the prominent Southern Ocean, not the SST. Two different processes take
mode of variability is at 10yr, and appears consistentlyplace: on the one hand, close to the sea-ice shelf, the deep-
within the second mode of variability of Southern Ocean car-convection events occurring during winter mix subsurface
bon fluxes (Fig. 4c). DIC-rich waters with surface waters. This process is linked to
In the sea-ice driven region, PCA analysis shows insteadea-ice variability that also drives a fraction of the SSS spa-
that fgCOy appears to be driven rather by SSS than by DICtiotemporal variability. On the other hand, in the open sea,
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Fig. 8. Lagged correlation of leading principal components of ocean carbon fluxes and sea-surface temperature (SST), mixed-layer depth
(MLD) and sea-level pressure (SLP) in the North Atlantic, the North Pacific and the Southern Ocean. Null hypothesis assess&gswith a
at 95 % of significance are mentioned with dashed blue lines and red lines (follBrétigerton et a).1999.

Table 2. Tempora| Corre|ation]<2) at |ag 0 between the Atlantic the Wlnd forCing influenceS the Subduction Of intermediate
Multidecadal Oscillation (AMO), the Pacific Decadal Oscillation and mode waters around Antarctia{lee et al, 2012 and
(PDO), the Northern Annular Mode (NAM) and the Southern An- Ekman-induced upwelling of deep-core waters. At decadal
nular Mode (SAM) with the regionally integrated carbon fluxes re- time scales, it is likely that the SAM oscillations could influ-
lated to each drivers (i.e., AlgCO,, DIC-fgCOp, SSSf¢CO2,  ence the Deacon cell through the Ekman-induced transport
SST-f¢COy). Correlations between dynamical indices and region- pringing in turn DIC-rich deep waters (Table 2). This may
ally integratt_ad carbon fluxes are d_c_me in the same_region_ and ar%xplain why we find a lag at 5-8 yr for the cross-correlation
assessed with test at 95 % of significance are mentioned in bold between SLP andgCO, leading PCs. In the whole Southern

(following Bretherton et a).1999. AMO and PDO indices have . . o
been estimated from the leading PC of SST over the North AtlanticOcean region ¢ 50° S), this mode linking SAM and ocean

(10° N-8C° N) and the North Pacific (FIN-7C° N}, respectively. carbon fluxes, appears only as a second mode with a cor-

NAM and SAM indices have been computed from the leading pcrelation of 0.7 at lag 0 indicating that this mechanism is of
of SLP over the North Atlantic (FON-8(° N) and the Southern Second order compared to the deep-mixing events linked to

oceank 50° S), respectively. ocean-sea ice interactions.
In order to show how variability in ocean dynamics can
Alk- fgCO, DIC-fgCOy SSS£gCO, SST-fgCOy interact with water mass properties in terms of dissolved car-
AMO 0.79 0.68 077 0.95 bon, we show the long-term mean concentrations and asso-
PDO 0.42 0.004 0.73 0.95 ciated standard deviations of DIC, Alk and Alk-DIC at the
NAM 0.05 0.01 0.02 0.17 maximum (winter) of the mixed-layer depth (Fig. 9). Alk-
SAM 0.13 0.30 0.19 0.59 DIC serves as a good approximation for the carbonate ion

concentration$armiento and Grubg2006. This is a proxy

for the buffer capacity of seawater and, hence, the chemi-
cal capacity for the ocean to take up atmospherie (fp-

ure 9c indicates that the sub-surface water masses are rich in
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(a) Dic (umol/L) processes occurring below the surface. Consequently, re-
5 : : ' sponse of ocean carbon fluxes driven at first order by the dif-
ference in partial pressure of G@etween the atmosphere

2400

- 2300 and the surface waters (which have been replenished in DIC
due to DIC-rich deep water mass upwelling) overcomes the
2200 variability inherited from ocean thermodynamical variables

like the SST and SSS. Such processes are highlighted in
Fig. 10 showing, respectively, long-term mean state and vari-
2000 ance profile ofpCOy, Alk- pCO,, DIC-pCOy, SSSpCO,»

and SSTpCO,. Long-term mean vertical profiles gfCO,
1900 exhibits large differences compared p€O,-Alk, pCO;-

2100

so°E 150 10w 10w DIC, pC0O,-SSS angpCO,-SST at 500 m between the North
(b) Alk (umol/L) Atlantic, the North Pacific and the Southern Ocean (Fig. 10a—

= ¢). The pCO, long-term mean profile in the North Atlantic
2600 displays an important vertical gradient in the first 100 m and

a well-mixed profile below (Fig. 10a). This is not the case
for the North Pacific and the Southern Ocea80O, pro-

2440 files, which exhibit strong gradients from surface to 500 m
(Fig. 10b and c). Within these two regions, the variability of
pCOy at 500 m (here the standard deviation) is 5- to 6-fold

2520

2360

2280 stronger than the North Atlantic one.
Figure 10j—| present results of a multiple linear regression
2200 on the basis of Eq. (1). The statisticatest on a parame-
soee 150 Trow 10w ter slope (here Alk, DICS andT) can be considered as an

attribution test. That is, there is attribution of the variabil-

ity driven by a given parameter to theCO, variability if
500 the slope is close to 1. There is no attribution if the slope is
negative or if its confidence interval at 95 % (given by ver-
tical lines on Fig. 10j—I) on of the slope includes 0. Conse-
300 quently, our attribution test demonstrates that the variations
(Fig. 10d—f) of pCO, at depth are mostly explained by varia-
tions in temperature in the North Atlantic with an attribution

100 factor close to 1, while North Pacific and Southern Ocean
pCQOy, variations at depth are set by variations in DIC with
0 an attribution factor close to 1. Others variables likand
s . (ow o Alk have a poor contribution to theCO; variability.

Fig. 9. Long-term mean ofa) DIC, (b) Alk and (c) Alk-DIC con-
cen_tra_tl_ons (in pmol £+) at maximum (wmter_) r_nlxed layer depth. 6 Conclusions
Variability represented by the standard deviation of the concentra-

ti f(a) DIC, (b) Alk and(c) Alk-DIC i t d. . . . . . .
lons of(2) DIC., (b) Alk and (c) IS contoure In this study, using a 1000yr long preindustrial simulation

performed with the Earth System Model IPSL-CM5A-LR,

we have examined the decadal internal variability of ocean
DIC content with an Alk-DIC concentration close to 0. It ap- carbon fluxes as a part of their natural variability. Our re-
pears thus clearly that, of the three different oceanic regionssults suggest that the low-frequency variability of ocean car-
the chemical properties of the North Pacific and the Southerrbon fluxes (and sea-watglCO,) emerges from year-to-year
Ocean sub-surface water masses differ greatly from those ofariability in all high latitude oceans. Low-frequency modes
the North Atlantic. of variability display substantial differences in their periods

In regions of water mass formation (i.e., North Atlantic), of oscillation between the various oceanic basins. The North

the water mass content in DIC is set by air-sea interactionAtlantic carbon flux exhibits a strong 20 yr mode of oscil-
and biology and is, hence, sensitive to both variations in at4ation while the North Pacific and the Southern Ocean car-
mospheric forcings and variations in surface ocean properbon fluxes present several modes extending over a decade
ties (i.e., SST). In regions of water mass outcrops and transer more. The prominent modes of variability are a 10 yr and
formations (i.e., North Pacific and Southern Ocean), watera 30 yr mode in the North Pacific and a 50 yr mode in the
mass content in DIC is instead enriched by remineralisatiorSouthern Ocean. These modes of variability of carbon fluxes
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Fig. 10. Scaled spectral density of the five leading principal components of ocean carbon fluf@stfa North Atlantic (160 N-8C° N),

(b) the North Pacific (19N-70 N) and(c) the Southern ocear(50° S). Dashed lines represent fitted AR1 theoretical spectrum according to

the Yule-Walker estimation, while the linear dashed lines indicate the maximum of spectral density for each principal component. Confidence
intervals at 95 % of significance of the scaled spectral density maximum are indicated by vertical bars; they have been computed from a
(scaled)y? distribution.

in the North Pacific and in the Southern Ocean are mostlyevents, which controls the shape and the timing of the carbon
driven by the variability of the dissolved inorganic carbon of flux variability within these regions. In the North Atlantic,
surface waters. The latter is controlled by the vertical supplythe ocean carbon flux is primarily driven by the variability of
of dissolved inorganic carbon of subsurface waters, througlsea surface temperature. This contrast in dynamical and bio-
the dynamical influence of wind forcings or deep-mixing geochemical drivers of ocean carbon flux variations between
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the three oceanic regions is set in part by the large-scale cirdissolved organic carbon related to the atmospheric modes of
culation of water masses and their biogeochemical propervariability are of major importance in the North Pacific and
ties. That is, in regions of dense water mass outcrops anthe Southern Ocean, and not directly in the North Atlantic.
transformations, variations in vertical supply of dissolved in- Indeed, in our model, atmospheric modes of variability like
organic carbon (owing to Ekman-induced upwelling or deep-the North Atlantic Oscillation weakly impact the ocean car-
mixing events) are of larger amplitude than the variations in-bon fluxes (or very locally) as mentioned Keller et al.
herited from thermodynamical properties of surface waters(2012, while they can be projected on ocean-atmosphere
(owing to ocean-atmosphere or ocean-sea ice interactionsgoupled modes like the Atlantic Multi-decadal Oscillation.
This is not the case in regions of dense water mass formatiorNevertheless, we shall keep in mind that these findings are
The fact that low-frequency variations in ocean carbonsubject to criticism because they are related to the fact that
fluxes are simulated in our model within high latitude oceanswe use only one Earth System Model. Consequently, we can
is consistent with previous studies conducted on dynamicatvonder: (1) how do modes of variability of different Earth
fields like sea surface temperature, surface air temperature @ystem Models compare to each other? (2) Is there any con-
precipitation (e.gBoer, 2004 2000. Of particular interest,a  sistency between their drivers? Therefore, studies like the
similar study with the same model (i.e., IPSL-CM5A-LR) by one conducted b¥eller et al. (2012 are of great interest
Persechino et a(2013 demonstrates that decadal variations in order to understand how a given Earth System Model be-
of sea surface temperature amount for 20 % (with a maxi-haves in a multi-model perspective.
mum of 50 %) of their interannual variations within the North  Yet, even in a multi-model perspective such as CMIP5, one
Atlantic sector. Comparatively, ocean carbon fluxes exhibitof the major uncertainties in the quantification of the internal
low-frequency variations much stronger 20—40 %) than  variability of ocean carbon fluxes (as others variables) would
those of sea surface temperature. Such differences betwedse related to the horizontal resolution of the considered ocean
low-frequency variations of ocean carbon fluxes and othemodel & 1° in most of the CMIP5 models). Recent litera-
dynamical fields are even stronger in the Southern Ocearnture (e.gPenduff et al.201Q 2011, Lovenduski et a].2013
where Boer (2009 shows that multi-model zonal average highlights that meso-scale activity in eddying-regions like
variations of surface air temperature at decadal time scalethe Southern Ocean strongly enhances interannual variability
only accounts for 10 % of the interannual variability. In our of ocean variables — such as ocean turbulence. The impact of
case, decadal variations of ocean carbon fluxes within Submeso-scale activity could likely amplify the interannual vari-
polar and Polar Regions of the Antarctic sector amounts taability of the ocean carbon fluxes. Since the variability of
up to 25 %. Such features can be explained by the statisticahe ocean carbon fluxes is influenced by the long-term mean
properties of ocean carbon fluxes, which cannot be approxstate of ocean carbon-related fields, this variability could be
imated with a first-order autoregressive process (like otheraffected by the response of westerlies-induced transport to
dynamical variables mentioned above) indicating that long-the model resolution (e.g:arneti et al.201Q Hofmann and
term memory processes likely drive ocean carbon fluxes (andorales Maqueda2011) and, hence, model biaseSwart
potentially other biogeochemical fluxes like the carbon ex-and Fyfe 2011).
port, the primary productivity and the remineralisation). Notwithstanding the limitations of the model, our find-
Also related to long-memory processes, all of theseings provide a first step to better understand the role of the
oceanic regions exhibit multi-centennial modes of variability internal variability (as a part of the natural variability) ver-
(> 150yr) that cannot be assessed with a 1000 yr preindussus that of the anthropogenic forced variability on the ocean
trial simulation. Similar multi-centennial modes of variabil- carbon fluxes. Our results demonstrate that care should be
ity have also been revealed in sea-surface temperature, setaken while analysing short-term changes with delta or bi-
surface salinity, sea-ice volume and Atlantic meridional over-ases correction methods, which consist in applying model
turning for the GFDL-CMZ2.1 climate modeDglworth and  anomaly to observed fields (e.§armiento et al.1992.
Zeng 2012. Interestingly, this study has hypothesised thatIndeed, these methods generally assume that the long-term
these modes are controlled by interactions between oceamean state does not affect the variability, while our results
and sea-ice dynamics. Itis, thus, likely that such interactionddlemonstrate that it does matter in some oceanic regions like
could impact air-sea carbon fluxes. the Southern Ocean and the North Pacific. This is not the case
At decadal time scales, processes related to these lowfor long-term changes for which rising atmosphericCd
frequency modes of variability agree with process-basedclimate change can impact ocean carbon fluxes much more
studies Uliman et al, 2009 Corbiere et al. 2007 Loptien strongly than their decadal variationsldtear and Lenton
and Eden201Q Thomas et a).2008 Metzl et al, 201Q 2008 Lenton and Matear2007 Séférian et al, 2012 Roy
Lovenduski et al.2008 Takahashi et al2006, which sug-  etal, 201J).
gest that variations in air-sea fluxes (or sea-water partial pres- The issue of what observations may be most useful to con-
sure) of carbon are driven either by the sea surface temperastrain predictions of the ocean carbon fluxes within decades
ture or by the vertical supply of dissolved inorganic carbon.has received much less attention than the issue of dis-
However, our results seem to indicate that vertical supply ofentangling the decadal natural variability from its secular
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anthropogenic trend{cKinley et al, 2011). Both issues are  Boer, G. J.: Long time-scale potential predictability in an en-

important, but the observational needs are different. It seems semble of coupled climate models, Clim. Dynam., 23, 29-44,

that the observational needs are larger in oceanic regions doi:10.1007/s00382-004-0419-3004.

where low frequency modes of variability take place thanBoer. G. J. and Lambert, S. J.: Multi-model decadal potential pre-

in those dominated by interannual variability. Yet, relevant dictability of precipitation and temperature, Geophys. Res. Lett.,

spatiotemporal scales are unknown to ensure an optimal ang 35, L05706ﬂ°"10:1029/ 20086"0332.342008'

efficient sampling strategy. To assess and quantify the obser-retherton’ C.S, W'dma.nn’ M., Dymn'kov’.v' P., Wallace, J. M.,
. . . ) . S and Bla, |.: The effective number of spatial degrees of freedom

vational need in the view of studying the natural variability of a time-varying field, J. Climate, 12, 1990-2009, 1999.

of ocean carbon fluxes, similar studies to thidehtonetal.  gown, p. 3. Bakker, D. C. E., Schuster, U., and Wat-

(2009 could be a possible alternative. son, A. J.: Anthropogenic carbon accumulation in the sub-
tropical North Atlantic, J. Geophys. Res., 115, C04016,
d0i:10.1029/2008JC005042010.
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