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Abstract 

Seasonal, interannual and multi-decadal variability of seawater pCO2 and air-sea CO2 

fluxes in the equatorial Pacific Ocean for the past 45 years (1961 to 2005) are examined using 

a suite of experiments performed with an offline biogeochemical model driven by re-analysis 

ocean products. The processes we focus on are: (a) the evolution of seasonal cycle of pCO2 

and air-sea CO2 fluxes during the dominant interannual mode in the equatorial Pacific, i.e., 

the El Niño-Southern Oscillation (ENSO), (b) its spatio-temporal characteristics, (c) the 

combined and individual effects of wind and ocean dynamics on pCO2 and CO2 flux 

variability and their relation to canonical (eastern Pacific) and central Pacific (Modoki) 

ENSOs and (d) the multi-decadal variability of carbon dynamics in the equatorial Pacific and 

its association with the Pacific Decadal Oscillations (PDO). The simulated mean and seasonal 

cycle of pCO2 and CO2 fluxes are comparable with the observational estimates and with other 

model results. A new analysis methodology based on the traditional Empirical Orthogonal 

Functions (EOF) applied over a time-time domain is employed to elucidate the dominant 

mode of interannual variability of pCO2 and air-sea CO2 fluxes at each longitude in the 

equatorial Pacific. The results show that the dominant interannual variability of CO2 fluxes in 

the equatorial Pacific (averaged over 5
0
N-10

0
S) co-evolves with that of ENSO. Generally a 

reduced CO2 source in the central-to-eastern equatorial Pacific evident during June-July of 

the El Niño year (Year:0) peaks through September of Year:0 to February of Year:+1 and 

recovers to a normal source thereafter. In the region between 160
0
W-110

0
W, the canonical El 

Niño controls the dominant variability of CO2 fluxes (mean and RMS of anomaly from 1961 

to 2005 is 0.43±0.12 PgC yr
-1

). However, in the western (160
0
E-160

0
W) and far eastern 

(110
0
W-90

0
W) equatorial Pacific, CO2 flux variability is dominantly influenced by the El 

Niño-Modoki (0.3±0.06 and 0.11±0.04 PgC yr
-1

, respectively). On the other hand, the 

interannual variability of pCO2 is correlated with the canonical El Niño mostly to the east of 

140
0
W and with El Niño-Modoki to the west of 140

0
W. De-coupling of CO2 flux and pCO2 

variability at various locations in the equatorial Pacific is attributable to the differences in the 

combined and individual effects of ocean dynamics and winds associated with these two 

types of ENSO.  

A multi-decadal variability in the equatorial Pacific sea-air CO2 fluxes and pCO2 

exhibits a positive phase during the 1960s, a negative phase during the 1980s, and then 

positive again by the 2000s. Within the ocean, the dissolved inorganic carbon (DIC) 

anomalies are traceable to the northern Pacific via thermocline pathways at decadal 
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timescales. The multi-decadal variability of equatorial Pacific CO2 fluxes and pCO2 are 

determined by the phases of the PDO and the corresponding scale of the El Niño-Modoki 

variability, whereas canonical El Niño's contribution is to mainly determine the variability at 

interannual timescales. This study segregates the impacts of different types of ENSOs on the 

equatorial Pacific carbon cycle and sets the framework for analysing its spatio-temporal 

variability under global warming. 
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1. Introduction  

The tropical belt of the ocean acts as a source of carbon dioxide (CO2) to the atmosphere  

with an annual mean emission of approximately 0.64±0.22 peta grams carbon in the present  

decade [1 peta = 10
15

; Ishii et al., 2014, Landschützer et al., 2014, Fay and McKinley, 2013,  

Sarma et al., 2013, Schuster et al., 2013, Gruber et al., 2009, Takahashi et al., 2009, Feely et  

al., 2006]. Among the tropical oceans, the Pacific alone can account for a majority of this  

emission (~ 0.44±0.14 PgC yr
-1

) while exhibiting large scale spatial and temporal variability  

in the surface ocean pCO2 (partial pressure of CO2), air-sea CO2 fluxes and other biological  

responses driven by the El Niño-Southern Oscillation (ENSO) [Ishii et al., 2014, Lee et al.,  

2014, Messie and Chavez, 2013, Radenac et al., 2012, Turk et al., 2011, Feely et al., 2006,  

2002,  Murtugudde et al., 1999]. The strong trade winds in the tropics converge into the Inter- 

Tropical Convergence Zone but drive an Ekman divergence and equatorial upwelling due to  

the change in sign of the Coriolis effect across the equator. The zonal and meridional Ekman  

transports and the associated upwelling lift the thermocline and generate a thermocline-mixed  

layer interaction, which is crucial for the ENSO dynamics. This upwelling also brings up  

deeper nutrient and carbon rich water to the surface and makes this zone a region of oceanic  

outgassing of CO2 as well as a venue for intense biological production [Chavez et al., 1999,  

Gierach et al., 2012] and also bio-physical feedbacks which play into ENSO dynamics  

[Murtugudde et al. 2002, Jochum et al. 2010]. This peculiar property of upwelling and  

enrichment of CO2 makes the equatorial Pacific a region where pCO2-SST relation displays a  

negative slope in contrast to the expected tendency that pCO2 increases with SST [Feely et  

al., 2006, Cosca et al., 2003, Eitchoet al., 1999].  

  

Takahashi et al., [2009] summarized the seasonal variability of global air-sea CO2 fluxes  

and pCO2 by synthesizing over 3 million observations of surface ocean pCO2. The surface  

ocean pCO2 based estimates show that the eastern tropical Pacific (east of 160
0
W and within  

18
0
N-18

0
S) is a source of CO2 with a magnitude of 0.45 PgC yr

-1
 [Ishii et al., 2014]. The  

emission is strongest during June to September when the SST is typically at its seasonal  

minimum [Takahashi et al., 2009, Ishii et. al., 2014]. On the other hand, the western tropical  

Pacific (west of 160
0
W, 18

0
N-18

0
S) is a mild source of CO2 with an annual mean emission of  

0.06 PgC yr
-1

 [Ishii et al., 2014].   
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The major interannual variability in this region is driven by ENSO. The central to eastern 

equatorial Pacific is a strong source of CO2 during La Niña events, near neutral during strong 

El Niños, and a weak source during weak El Niños [Feely et al., 1995, 1997 and 1999]. El 

Niño induced convergence in the central and eastern equatorial Pacific suppresses the 

upwelling of CO2 rich water causing a reduction in the surface ocean carbon content. In 

addition, the dissolved inorganic carbon (DIC) depleted water is advected in from the western 

Pacific to the central and eastern Pacific [Picaut et al., 1997] during an El Niño causing a 

reduction in oceanic pCO2  [Cosca et al., 2003]. An empirical estimate of the pCO2 within 

165
0
E-95

0
W, 5

0
N-10

0
S,  based on the pCO2-SST relationship shows a maximum reduction of 

~25 μatm in oceanic pCO2 during the 1982-83 El Niño and ~40 μatm during the 1997-98 El 

Niño compared to the normal ambient values [Feely et al., 2006, Figure 8b]. CO2 fluxes from 

central and eastern equatorial Pacific during the mature phase of 1997-98 El Niño reduced to 

0.2±0.15 moles m
-2

 yr
-1

 and after the recovery from El Niño, these values surged to 2~6 

moles m
-2 

yr
-1 

[Chavez et al., 1999]. 

 

Estimates made by inversions of the atmospheric CO2 mole fraction data suggest a 

peak-to-peak interannual variability of 0.53±0.08 PgC yr
-1 

in the tropical Pacific and are 

consistent with the general consensus regarding the evolution of the CO2 flux during El Niño 

years [Ishii et al., 2014, Gurney et al., 2004, Patra et al., 2005, McKinley et al., 2005, Gruber 

et al., 2009, Fay and McKinley, 2013]. Park et al., [2010] utilized the SST-pCO2 relations to 

empirically produce a three decade long global CO2 flux product and reported a similar 

ENSO-CO2 flux relationship. 

 

On the other hand, Takahashi et al. [2003] and its extension by Feely et al. [2006]  

highlight a decadal signal (from  1980s to 2000s) in the equatorial Pacific fCO2 (fugacity of 

CO2) in the observations made during the TAO array service cruises. The authors conclude 

that during the pre-1990 period, fCO2 is nearly unchanged or slightly decreases with time, 

whereas it increases after 1990 at rates similar to or exceeding the atmospheric CO2 growth 

rate. In addition, there has been an  increase (~27%) in the outgassing of CO2 after the 1997-

98 climate regime shift seen as a phase change in the Pacific Decadal Oscillation (PDO) and 

the related increase in  wind speeds [Feely et al., 2006].  
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A similar decadal signal is found in the ocean DIC data from the north Pacific [Sabine 

et a., 2008] and in the primary production data from the equatorial Pacific [Friedrichs et al., 

2009]. The decadal increase in the DIC and apparent oxygen utilization (AOU) observed in 

the north Pacific are larger than those expected from the anthropogenic inputs alone. 

Presumably, they are driven by decadal changes in the ocean circulation [Sabine et al., 2008]. 

Ishii et al., [2009] identified decadal variability in the western Pacific warm-pool DIC data 

and suggested that they are broadly consistent with the variability in geostrophic convergence 

in the tropical-to-subtropical Pacific. 

 

1a. Modelling studies 

A number of modelling studies have focused on simulating the interannual variability 

of ocean pCO2 and air-sea CO2 fluxes of the global ocean [Obata and Kitamura, 2003, Le 

Quere et al. 2000, 2003, McKinley et al., 2004, Li and Xu., 2013, Jones et al., 2001] and 

other biological responses driven by ENSO [Christian et al., 2002, Wang et al. 2005, 2006a, 

b, Picaut et al., 2001]. These studies concluded that the net rate of change of pCO2 in the 

equatorial Pacific on interannual time-scales, to a large extent (i.e., over ~60%) is accounted 

for by the variability induced due to DIC dynamics alone. These earlier studies also 

concluded that the tropical Pacific accounts for ~70% of the global oceanic CO2 flux 

variability at interannual timescales. Ishii et al., [2014] provide a synthesized estimate of the 

mean and the interannual variability of tropical Pacific pCO2/CO2 fluxes simulated by various 

biogeochemical models. 

 

There is a handful of modelling studies to-date on the decadal and multi-decadal 

aspects of the Pacific carbon cycle but the spatio-temporal evolution of the variability in the 

equatorial Pacific Ocean has not been addressed in sufficient detail. Seferian et al., [2013] 

report global multi-decadal ocean pCO2 and air-sea CO2 fluxes and the associated 

mechanisms but focus mainly on the north Atlantic, north Pacific and the Southern Oceans. 

Valsala et al., [2012] proposed a mechanism by which PDO imprints its ‘four-polar’ structure 

in the north Pacific CO2 fluxes and pCO2 via a combined effect of winds, SST and 

thermocline DIC dynamics. Yasunaka et al., [2014] diagnosed decadal variability in the 

North Pacific DIC data (with neural network based pCO2 modelling of Nakaoka et al., 
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[2013]). McKinley et al., [2006] also examined decadal variability in the North Pacific using  

multi-model outputs and deduced the ensemble mean variability. Tjiputra et al., [2014]  

studied long term trends and future projections of global surface pCO2 as simulated in five  

state-of-the-art earth system models.  

  

1b. Remaining issues in our understanding of the equatorial Pacific carbon cycle  

variability on a variety of timescales  

From the previous studies discussed above, we have a clear understanding about the  

mechanisms of seasonal to interannual variability of the equatorial Pacific CO2 fluxes and  

pCO2 and also some insights into their decadal variability. However, our understanding of  

spatio-temporal evolution of these processes are still lacking [e.g., Wang et al. 2006b,  

Christian et al. 2008]. The longitudinal variation in the seasonal evolution of interannual  

variability of the carbon cycle in the equatorial Pacific has not been studied in detail despite  

the zonal contrast being the most fundamental aspect of ENSO dynamics. For example, the  

east-west evolution of air-sea CO2 flux and pCO2 variability during ENSO years are not  

clearly understood. Although this has been analysed for specific El Niño years (1994-95 and  

1997-98) from observations [Feely et al., 1999, Sutton et al., 2014],  a detailed account of  

processes over multiple interannual events (from last 50 years or longer) and their  

mechanisms are still to be elucidated.  

  

On the other hand, the canonical ENSO is not the only process determining the  

interannual variability of the equatorial Pacific. During a canonical El Niño, the warming  

pattern is focused on the eastern equatorial Pacific even though the evolution of the warming  

was predominantly from east to west prior to the 1982-83 El Niño and from the dateline to  

the east for the subsequent El Niños till 1998 [Rasmussen and Carpenter 1982, Wang and An  

2001]. This canonical or Eastern Pacific El Niño is typically captured in the first mode of the  

EOF of SST anomalies. However, recent studies have reported on different types of El Niños  

based on their surface expressions. They are referred to with various names in the literature  

such as El-Niño-Modoki or dateline El Niño, central Pacific El Niño (CP-El Niño), and  

Warm Pool ENSO [Yeh et al., 2009, Ashok et al., 2007, Larkin and Harrison, 2005, Kug et  

al., 2009]. El Niño-Modoki or the Central Pacific El Niño is characterised by a pattern of  
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central Pacific warming and two patches of cooling in the eastern and western equatorial  

Pacific [Ashok et al., 2007].  The debate about whether these are two distinct modes or  

different surface expressions of the same phenomenon continues [Takahashi et al. 2011,  

Johnson 2013] but some aspects of ENSO evolution may remain common across ENSO  

regimes [Ramesh and Murtugudde 2013]. The impact of the similarities and the differences  

of subsurface processes and surface expressions on the carbon cycle need further  

investigation.  

In the wake of these findings, recent studies have focused on the chlorophyll-a  

variability in the equatorial Pacific and its relation to various types of ENSO [Turk et al.,  

2011, Radenac et al., 2012, Lee et al., 2014]. Biological changes during canonical El Niños  

are explained on the basis of strong and coherent variations in thermocline depth, wind- 

driven upwelling, nutrient supply and light, but changes associated with the El Niño-Modoki  

are more subtle and complex [Messie and Chavez, 2013].  However, the variability of pCO2  

and air-sea CO2 fluxes related to these various types of ENSO over a multi-decadal period are  

yet to be fully analysed.  

  

Regarding the mutli-decadal variability of carbon cycle in the equatorial Pacific,  

Feely et al., [2006] reveal a typical nature of the variability in that even with a steady increase  

of equatorial Pacific pCO2 after the 1980s, the CO2 outgassing is not increasing steadily in  

this region. This property is attributed to the overwhelming forcing of atmospheric CO2 by  

anthropogenic emissions [Keeling et al., 2009]. On the other hand, the multi-decadal trends  

due to oceanic circulation changes [McPhaden and Zhang, 2004] may have the capacity  

either to offset or to accelerate the CO2 emissions from the equatorial Pacific from epoch to  

epoch. Therefore our motivation to identify such internal variability in the equatorial Pacific  

carbon cycle is well-grounded, especially for assessing the role of oceans in the future as a  

sink of atmospheric CO2 [Le Quere et al., 2013] and for deducing its feedback to global  

climate change. Moreover, the recent emergence of certain types of El Niño and their  

persistence in a warming climate [Collins et al., 2010] may have severe implication for  

oceanic emissions of CO2 and global carbon budget.  
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Identifying the key unknowns in our understanding of the equatorial Pacific carbon 

cycle variability, we pose the following questions; (a) What are the spatio-temporal 

evolutions of CO2 fluxes and pCO2 in the equatorial Pacific during the dominant interannual 

mode, i.e., canonical ENSO? (b) How relevant are the spatial patterns of various El Niño 

types in terms of their impact on the CO2 flux and pCO2? (c) What is the multi-decadal 

variability of the carbon cycle and what is its role in the long term variability of CO2 sources 

of this region? and, (d) Are the multi-decadal changes (if they are detectable) robust and do 

they have any oceanic connection to the multi-decadal Pacific climate variability? There are 

no direct or readily available answers to the above questions from data or from models to the 

best of our knowledge. Therefore, in this study, we attempt to answer them based on a 

number of numerical experiments with a biogeochemical model. 

 

The usual strategies of analysing the seasonal and interannual variability of the carbon 

cycle in the equatorial Pacific are by, (a) the direct analysis of observational or model time-

series, (b) employing some statistical techniques such as empirical orthogonal functions 

(EOFs), (c) decomposing the total pCO2 variability into dynamic, thermodynamic and 

biogeochemical components [McKinley et al., 2004, Le Quere et al., 2000, Wang et al. 

2006b], (d) diagnosis using Taylor series expansions and linear regression analysis [Doney et 

al., 2009] and (e) multivariate analysis [Sabine et al., 2008]. Here we propose a different 

method of analysis based on EOFs carried out on a time-time matrix of anomalies unlike the 

conventional EOFs which are performed on a space-time domain. We demonstrate that 

through this method one can look at the spatial and temporal variability of seasonal evolution 

of a variable during dominant interannual events in a more instructive way. 

 

The rest of the paper is framed as follows. Section 2 introduces the model and method of 

analyses used. Section 3 & 4 details the model validation with available observations and 

comparisons with other model results followed by the presentation of major results. Section 5 

offers a discussion of results, followed by a summary in Section 6. Model uncertainties are 

given as Supplementary material. 
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2. Model and Analysis Methods 

All the analyses made in this study are from a single model simulated with various 

configurations. The model employed here is an offline biogeochemical model as detailed in 

Valsala and Maksyutov, [2010] but with minor modifications as mentioned below. 

 

2a. Physical model 

The physical model used here is the Ocean Tracer Transport Model (OTTM) of 

Valsala et al., [2008]. The physical model is driven in an ‘offline mode’ by supplying the re-

analysis data for ocean physical variables as inputs. The physical part of the model calculates 

the evolution of any passive tracer in the ocean by solving an advection-diffusion-source-sink 

equation explicitly on a spherical co-ordinate geometry. The surface seasonal vertical mixing 

is solved implicitly by matrix inversions. The model incorporates a self-operating diagnostic 

vertical mixing scheme based on the K-Profile-Parameterization [Large et al., 1994], 

isopycnal diffusion [Redi, 1982] and ‘bolus advections’ due to un-resolved eddies [Gent and 

McWilliams, 1992].  The necessary physical inputs for the model are temperature, salinity, 

ocean currents, surface heat, fresh water and river fluxes.  

 

In this study, we used the offline data taken from GFDL’s coupled ocean-atmosphere 

re-analysis for the period from 1961 to 2005 [Chang et al., 2013, referred to as ECDv3.1 

hereafter]. The assimilation system in ECDv3.1 consists of an Ensemble Filter applied to 

GFDL's second generation fully coupled climate model [CM2.1; Delworth et al. 2006]. The 

ocean component of the coupled data assimilation (CDA) is the Modular Ocean Model 

version 4 [MOM4; Griffies et al. 2004] configured with 50 vertical levels (22 levels of 10-m 

thickness each in the top 220 m). The data were available at monthly resolutions for the 

1961-2005 period (linearly interpolated to the model time step of 6 hrs) and for the global 

domain with approximately 1
0
x1

0 
resolution but telescopes down to meridional resolution of 

0.4
o
 around the equator. The poles are moved over land to avoid singularities.  OTTM was 

run in the native grid of the offline input data with tri-polar grids. 
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The reanalysis products used here are the ‘best’ estimates from an assimilation system. 

The physical fields capture seasonal to decadal variability quite well [see Chang et al., 2013 

for details]. For example, the Niño 3.4 index of SST anomalies reproduces the amplitude and 

variability of El Niño faithfully to the observations (see Figure 1; correlation of 0.96, 

significant at 99%).  Figure 2 shows that El Niño-Modoki is also represented well. Because 

the physical fields employed are already bias corrected, the model uncertainties in terms of 

seasonal, interannual and interdecadal dynamics should be minimal. This gives us confidence 

in the reliability of the deduced carbon cycle variability from our study. As the results here 

show, the improved physics also leads to novel insights into the carbon cycle processes at 

seasonal-to-interannual and longer timescales. 

 

2b. Biogeochemical Model  

The chemical component of the biogeochemical model consists of a single tracer 

(DIC) as detailed in Valsala and Maksyutov [2010]. pCO2 is treated as being in near 

equilibrium with the atmosphere at the sea surface via air-sea gas exchange. Within the 

ocean, DIC consists of carbonate and bicarbonate (CO3
2-

 , HCO3
-
) ions and dissolved gaseous 

CO2, although they are transported as a single tracer (DIC). This approach corresponds to the 

solubility pump model described in Ocean Carbon Cycle Inter Comparison Project-II 

(OCMIP-II; Orr et al., 1999). 

 

Air–sea exchange of CO2 depends on piston velocity Kw and the difference in pCO2 

between the surface ocean and the ambient atmosphere above. Alkalinity (taken as total 

alkalinity, TA) is not transported but is estimated from the reanalysis salinity inputs with a 

constant conversion factor of 2310 μeq kg
−1

 as, TA = 2310·S/Sg, in which S is the local 

surface salinity and Sg is the annual mean surface salinity, averaged globally. This relation is 

taken from the OCMIP-II protocol [Orr et al., 1999]. 

 

The air–sea flux is formulated as ΦGASEX = Kw κ (pCO2AIR − pCO2OCEAN). The 

Henry’s constant, κ, and model pCO2 are calculated using the routines provided in OCMIP-II 

[Orr et al.,1999]. The term Kw is the piston velocity at which gaseous CO2 enters or leaves 
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the surface according to wind speed and CO2 solubility, as formulated in Wanninkhof [1992]. 

We stick to this formulation although several variations to this were suggested by Sweeney et 

al., [2007] and Feely et al., [2004]. We use a gas exchange proportionality constant of 0.31 

taken from OCMIP-II [Orr et al., 1999] when calculating Kw. Surface wind speed for the 

calculation of Kw is the sum of 10-day averages of 6-hourly squared wind speed (u
2

10) and 6-

hourly wind speed variance (σ
2
u10). Here, u10 indicates wind speed at 10 m height and is 

taken from NCEP/NCAR re-analysis-1 [Kalnay et al., 1996]. An index for polar ice-caps is 

used to partially mask the air–sea gas exchange during sea-ice conditions. This is achieved by 

compiling a spatial map of the ice index with values varying between 0.2 and 1.0. 

 

The freshening of DIC by rain (P) and concentration by evaporation (E) is accounted 

for by E-P virtual fluxes of CO2. In addition, the riverine input of fresh water is also 

accounted for as a linear term in the DIC equation to induce dilution proportionally to the net 

rate of river input. However, the riverine input of DIC is not considered because a reliable 

global data set is not available. 

 

The biological model employed here is similar to that of Valsala and Maksyutov 

[2010], which is originally derived from McKinley et al. [2004] with minor modifications as 

described below. In the present model, net export production in the euphotic zone (0-140m) is 

calculated from model derived phosphate (P) and light availability (I). In the previous version 

of the model in Valsala and Maksyutov [2010], the climatological phosphate from world 

ocean atlas (WOA) was directly used but has been modified with the model transported 

phosphate in this version of the model. Below 2000m, the model phosphate is restored to 

observed climatology with a relaxation time-scale of one year. 

 

In the biological model, a mask term ‘α’ is used to represent other controlling factors 

of export rates that are not represented by the simple phosphate and light-limitation model 

[see Valsala and Maksyutov, 2010 for details]. In this case, the value of ‘α’ should be 

consistent with the model’s circulation and climatological nutrient fields. The global ocean is 

divided into 14 regions and the value of ‘α’ in each region is defined based on the assumption 

that a given model flow field will produce an annual mean phosphate distribution consistent 
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with climatological observations [McKinley et al., 2004]. The oceanic regions for  ‘α’  are  

taken from McKinley et al. [2004], whereas the individual regional values of ‘α’ are tuned for  

the circulation used in this study. The half-saturation values for phosphate (P0) and light (I0)  

are set to 0.01 μmol kg
-1

 and 30 Wm
-2

, respectively.  

  

Fluxes of sinking particles F(z) and remineralization below the euphotic zone depth  

are calculated as in OCMIP-II routines, with export profile following a power law  

represented in the form (z/100)
-a

 where z is depth in meters. The value of power ‘a’ is fixed  

in most of the regions to 0.9 as per the recommendations of Yamanaka and Tajika [1997] and  

varies from 0.4 to 0.9 in tropical areas together with ‘α’ values to constrain the model  

phosphate profiles close to the climatology.  

  

2c. Observational datasets  

Sea surface temperature data from Hadley Centre Global Sea Ice and Sea Surface  

Temperature [HadISST V1; Rayner et al. 2003] available at 1
0
x1

0
 is used for the EOF  

analysis and also for computing the Niño 3.4 and El Niño-Modoki indices [Ashok et al.,  

2007]. Global climatological air-sea CO2 flux data (adjusted to the Year-2000 winds and  

SST), available at a 5
0
x4

0
 resolution from the synthesis of Takahashi et al., [2009] is used for  

the model-data  inter-comparisons.  

  

2d. Model Experiments   

Five model simulations are presented here, termed S1 through S5.  

S1: The initial conditions for DIC for this run are taken from Global Ocean Data  

Analysis Project (GLODAP) observations [Key et al., 2004] and those for phosphate are  

taken from WOA-2005 [Garcia et al., 2006]. The physical variables for driving the model are  

specified as monthly climatologies constructed for years 1961-2010. The atmospheric CO2 is  

fixed at 315 ppm corresponding to the 1961 value. The model is run for 45 years by looping  

through the climatological physical forcing every year. This ‘spin-up’ run gives the upper  
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ocean (0-1000m) model DIC, phosphate, surface ocean pCO2 and air-sea CO2 fluxes close to  

equilibrium with minimum drift during the last 10 years of the simulation.  

  

S2: The model is restarted from the last 10-year averages of DIC and phosphate of S1,  

and run through 1961 to 2005 using monthly varying physical fields. The atmospheric pCO2  

is fixed at 315 ppm. This simulation is done to infer how the physical circulation variability  

imprints on the carbon cycle for the past 45 years for a given atmospheric mole fraction of  

CO2.  

  

S3: This is same as S2, but with observed changes in the atmospheric pCO2 from  

1961 to 2005 [Keeling et al., 2009]. This run simulates the contemporary fluxes of air-sea  

CO2 including both natural and anthropogenic components [Wanninkhof et al., 2013]. The  

difference between S3 and S2 gives the anthropogenic accumulation of carbon in the ocean  

solely due to the build-up of atmospheric CO2.  

  

S4: This is same as S3, but the monthly mean climatological winds are used in the air- 

sea CO2 flux calculations (those are used in S1). This experiment is performed to quantify the  

impact of interannually varying wind speeds on air-sea CO2 fluxes by subtracting S4 from  

S3.   

  

S5: This is same as S3, but with monthly climatological physical fields (same as those  

used in S1). This experiment allows us to assess the impact of changes in ocean dynamics on  

air-sea CO2 fluxes by subtracting S5 from S3.  

All the runs are carried out for a 45 year period. The interannual runs (S2 to S5) are  

from 1961 to 2005.  
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2e. Analysis methodology  

Traditionally, the EOF analysis in a spatio-temporal domain is employed to find the  

dominant spatial structures and the associated time series [McKinley et al., 2004]. However,  

such analyses bring out the dominant modes of variability encapsulating the entire domain of  

analysis under one common phenomenon. Here we introduce a new way of calculating EOFs  

which is capable of capturing the seasonal evolutions of dominant interannual mode of CO2  

fluxes and pCO2 at individual longitudes in the equatorial Pacific irrespective of the  

mechanism that controls their variability. In constructing the time-time matrix, we have the  

freedom to resolve dominant seasonal evolution at each grid point in the equatorial Pacific  

and ascribe their relation to various types of El Niño.  

  

The matrix for our EOF analysis is constructed as follows. As a first step, the CO2  

flux anomalies (linearly de-trended and de-seasonalized) are averaged over 5
0
N-10

0
S in the  

equatorial Pacific. Then we construct a matrix of anomalies with months along the X-axis  

and years along the Y-axis for each point in the equatorial Pacific. For example, 45 years of  

monthly anomalies at 180
0
E in equatorial Pacific (averaged over 5

0
N-10

0
S) are represented as  

a matrix of size 45x12, in which the first column is composed of anomalies of all Januaries  

from 1961 to 2005, the second column is composed of anomalies of all Februaries from 1961  

to 2005, and so on. Since the seasonal cycle of any dominant event in the equatorial Pacific  

extends beyond the calendar year (i.e., January-December), we padded the 1961 to 1962  

monthly anomalies in the first row (i.e., from January-1961 through December-1962) and the  

1962 to 1963 values in the second row and so on. This facilitates the analysis of the seasonal  

evolution of ENSO. Therefore the total size of the matrix in our case is 44x24, where 44 is  

the total number of years (45 minus one). The Eigen values of this matrix are found and only  

the first mode of EOF is presented here.  

  

We repeat the process for all the longitudinal points from 150
0
E to 90

0
W (at 1

0
  

resolutions) in the equatorial Pacific. In this way, the first mode is capable of representing the  

seasonal evolution of the dominant interannual event at a given longitude in the equatorial  

Pacific irrespective of which climate mode controls that variability. The principle component  
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of the first mode comprises of 44 yearly values for individual longitudes. Both EOF-1 and 

PC-1 are presented as a Hovmuller-diagram for the ease of interpretation.  

 

In order to find which climate mode dominates the CO2 flux and pCO2 variability at 

each location, we correlate the PC-1 of each location separately with the Niño 3.4 and El 

Niño-Modoki indices (EMI). The interpretations are done this way: if the correlation of PC-1 

with canonical ENSO index peaks at any longitudinal point, then EOF-1 shows the seasonal 

evolution of CO2 flux anomalies during canonical ENSO at that location. This is possible 

because at each longitude the EOF is found independently of its neighbourhood and thereby 

the PCs are intimately related to a particular interannual mode which can be inferred by 

correlating the respective climate index with the PC. Likewise, if the correlation of PC-1 and 

El Niño-Modoki index peaks at any longitudinal point then EOF-1 is interpreted as driven by 

the Modoki at that longitude. 

 

3. Results 

The physical model capability in simulating the passive tracers was done extensively by 

the analysis of Chlorofluorocarbon (CFC) simulation in several of the previous studies 

[Valsala, et al., 2008; 2010] and will not be repeated here. Instead, here we present the mean 

and interannual variability of the carbon cycle simulated by this model and their comparison 

with observational based estimates and with other model results. The physical fields used in 

the model and their validation with observations for the canonical and central Pacific El 

Niños are also presented in Section 2a. 

 

3a. Mean and variability of model CO2 fluxes 

S1 produces an annual and global mean CO2 sink of 0.5 PgC yr
-1

, for an atmospheric 

pCO2 of 315ppm, a value corresponding to the early 1960s. A majority of this CO2 sink is 

due to the river water input and the resulting DIC dilution specified in the model, which is 

examined in a repeated S1 simulation with river water flux in the DIC equation switched off. 

The global sink of CO2 is reduced to near zero in this case. 
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S2 produces a global mean sink of 0.33±0.41 PgC yr
-1

 for 1961 to 2005 with the RMS 

of the global interannual anomalies shown as the uncertainty. This captures the effect of 

dynamics on net variability of CO2 fluxes for the prescribed atmospheric pCO2 (that of early 

1960s).  

 

S3 estimates a global net sink of 1.95±0.32 PgC yr
-1

 in the model calculated for the 

period of 1990 to 2005. This value can be compared with the contemporary CO2 sink as 

estimated by Wanninkhof et al., [2013] which is 1.18±0.4 PgC yr
−1

 corrected to the winds 

and SST for year 2000, but without accounting for the riverine DIC inputs. In our model, S3 

was repeated by switching off the river water contribution to the DIC dilution, which leads to 

a global reduction in oceanic uptake of 0.52±0.04 PgC yr
-1 

(from 1975 to 2005) yielding a net 

global sink of 1.43 PgC yr
-1

 which is closer to the estimate of Wanninkhof et al., [2013]. An 

average global oceanic sink during 2000 is estimated to be close to 2.0 PgC yr
-1

 by the Global 

Carbon Project [GCP; Le Quere et al., 2013] as well as the global riverine input corrected 

estimates of Regional Carbon Cycle Assessment Processes [RECCAP, 2.0±0.6 PgC yr
-1

, 

Wanninkhof et al., 2013]. Therefore our model estimates the net sink that is consistent with 

other models and observational estimates. 

 

The annual mean pattern of CO2 flux from S3 calculated over a period of 1990 to 

2005 compares well with that of Takahashi et al., [2009] (Figure 3). The global patterns of 

tropical sources and the sinks over the subtropics, Southern Ocean, North Pacific and North 

Atlantic are reasonably simulated in the model. The tropical Pacific source is slightly over 

estimated  with a mean of 0.89±0.13 PgC yr
-1 

(for 1990 to 2005), which is nearly double the 

corresponding estimates from RECCAP (0.44±0.14 PgC yr
-1

; Ishii et al. [2014]) but close to 

other model estimates [McKinley et al., 2004, Le Quere et al., 2000]. A detailed comparison 

of our model estimates with RECCAP  is given in Table 1. 

 

Global integral of air-sea CO2 fluxes over 1961-2005 in S3 is a net sink of ~0.5 PgC 

yr
-1

 during the early 1960s, and increases to ~2.5 PgC yr
-1 

quite linearly until 1982 with 
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considerable interannual variability (Figure 4a). However, a dramatic reduction in the global  

CO2 sink is noticeable after the 1982 El Niño despite the growth rate of atmospheric CO2  

concentration [Keeling et al., 2009]. This is quite interesting in the context of multi-decadal  

variability.  S3 show that from 1982 to 1995 (during which, notably, 1983-84, 1984-85 and  

1988-89 were La Niña years) there was a steady decrease in global CO2 sink and from 1995  

onwards the global sink strengthened slightly. The corresponding trend in the model pCO2  

from 1982 to 1995 (discussed in Figure 15) is consistent with observational estimates of  

Feely et al., [2006]. Such changes in global trends of sink anomalies are attributed to global  

circulation changes [Le Quere et al., 2010, Séférian et al., 2013].  

  

Previous modelling studies have demonstrated that the interannual variability of the  

global air-to-sea CO2 flux is largely determined by the corresponding tropical Pacific  

variability. Unlike the previous studies which placed the tropical Pacific contribution to be  

~70% [Le Quere et al., 2000, McKinely et al., 2004, Obata and Kitamura 2003], our study  

finds it to be only ~40% (Figure 4b). Largest anomalies (i.e., a reduced CO2 source in the  

tropical Pacific) occur during 1982-83 and 1997-98, which are 20
th 

century’s two strongest El  

Niño events [McPhaden et al., 1999]. In S3, the global sink anomaly grows as large as 0.6  

PgC yr
-1 

during these events. These are comparable with those reported in previous modelling  

studies, atmospheric inversions and observations [Ishii et al., 2014, McKinley et al., 2005,  

Gurney et al., 2004, Feely et al., 2006, Chavez et al., 1999]. The global CO2 flux anomalies  

correspond well to that of the tropical Pacific.   

  

The tropical Pacific alone contributes to an anomalous reduction in CO2 source by  

~0.5 PgC yr
-1

 (Figure 4b). The correlation between the global and tropical pacific CO2 flux  

anomalies are 0.59 in our model, consistent  with previous modelling studies,   reaffirming  

model capability in simulating the carbon cycle variability. It should be noted that this is not  

surprising since the global reach of the tropical Pacific at low-frequencies is well known due  

to its massive heat source in the western Pacific warm pool and is conjectured to be important  

even at millennial timescales (Cane and Evans 2000).  The entire trade wind system responds  

to ENSO and PDO and can be expected to be manifest in global air-sea CO2 fluxes.  
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Before proceeding to the detailed analysis, we provide a comparison of seasonal cycle 

of CO2 fluxes with that derived from the Takahashi et al., [2009] dataset, along two sections 

of the equatorial Pacific. The western equatorial Pacific (150
0
E-160

0
W, 5

0
N-10

0
S) and the 

eastern Pacific (160
0
W-90

0
W, 5

0
N-10

0
S) in S3 display a comparable seasonal cycle to that 

estimated from the measured pCO2. The seasonal cycle of western Pacific CO2 fluxes is 

somewhat larger in magnitude in the model (Figure 5a). The seasonal minimum source in the 

observations occurs around June whereas the model simulates it during April-May. The 

seasonal maximum is seen only during October in the observations, while it occurs during 

September-October in the model. Eastern Pacific CO2 fluxes in the model show a better 

seasonal comparison with the observations although the annual mean is almost double in the 

model (Figure 5b). Both the model and the observations show a seasonal minimum source 

during March-April and maximum during August. Figure 5c and 5d show the interannual 

CO2 flux anomaly evolution in S3 from these two regions. The western equatorial Pacific 

shows a weakening of the source whereas it strengthens in the eastern equatorial Pacific. A 

10 year-smoothing of the fluxes shows slight trends of CO2 sources in these two regions but 

is not investigated further here. 

 

We compare the global and tropical ocean CO2 flux anomalies between our model 

and Le Quere et al., [2010] in Figure 6. Le Quere et al. [2010] employed an intermediate 

complexity biogeochemistry model in a global configuration with NCEP/NCAR winds and 

heat fluxes. A comparison of CO2 flux anomalies between S3 and Le Quere et al. [2010] 

shows that the global anomalies (with the trend) of these two models are highly correlated 

(correlation coefficient of 0.81) The corresponding correlations of de-trended anomalies are 

0.45 (both  significant at 95% significance level). The magnitudes of anomalies are within a 

range of 0.9 to -1.8 PgC yr
-1

. The 30
0
S-30

0
N belt of the ocean also yields a reasonable 

agreement between these two models (r=0.57 with the trend and r=0.33 without the trend; 

both significant at 95% significance level). Despite the differences in the complexities of 

these two models, an excellent agreement in interannual anomalies of CO2 fluxes indicates 

that the model results presented here are robust. 

 

We have thus verified the fidelity of the model in resolving seasonal and interannual 

variability with respect to observations and other models. As a summary of these model 
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validations, we conclude that: (a) the physical variables used to drive the model taken from 

re-analysis data are the ‘best’ estimates of the ocean state, (b) global mean air-sea CO2 fluxes 

simulated are in good agreement with  the observations, (c) global and tropical Pacific CO2 

flux anomaly variabilities  compare well with similar modelling efforts. However, we point 

out that the amplitudes of seasonal cycles in the equatorial Pacific are somewhat 

overestimated in our model but they should not have any significant influence on our 

subsequent analysis and the overall conclusions of the study. 

 

3b. Seasonal Evolution of CO2 fluxes and pCO2 during different types of El Niños 

For the canonical El Niños, during the pre-1976 era, the SST anomalies in the 

equatorial Pacific evolve as a warm anomaly in Niño-1 region (east coast) in the month of 

February-March of the El Niño year (i.e., Year:0) and progress westward through Niño-2 and 

3.4 regions and decay in March-April of the following year (i.e., Year:+1) [Rasmussen and 

Carpenter, 1982]. In contrast, during the post-1976 era the corresponding anomalies appear 

around the dateline and evolve eastward [McPhaden and Zhang 1999, Wang and An 2002].  

In order to confirm that our EOF methodology resolves the seasonal evolution of SST during 

ENSO events in the equatorial Pacific, we constructed the EOFs using our method (see 

Section 2e) with the SST anomalies themselves. The results are presented in Figure 7a (thick 

contours) for EOFs computed over 1961 to 2005. EOF-1 clearly captures the seasonal 

progression of SST anomalies as a composite during an ENSO event, i.e., that the SST 

anomalies evolve during February-March of Year:0 and terminate during April of Year:+1 

and begin to cool thereafter. For comparison, EOF-1 of SST is overlaid as a black line in each 

panel a of Figures 9 to 13. 

 

All the EOF patterns presented here have meaningful units and the PCs are 

normalized with the respective standard deviations. The EOF of CO2 flux anomalies (colour 

shades in Figure 7a, units are in moles m
-2

 yr
-1

) shows that the anomalies have a peak signal 

between 160
0
W to 120

0
W during June of Year:0 to January of Year:+1. The El Niño induces 

this type of variability as indicated by the significant correlation between PC-1 (Figure 7b) 

and the Niño 3.4 Index between these longitudes (Figure 7c). Figure 7c shows the PC1 - El 

Niño correlation as a thick-blue line and PC1 - El Niño-Modoki correlation as a thick-cyan 
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line (left axis) with significant correlations indicated by thick-black straight lines. The 

variance explained by EOF-1 at each longitude is displayed as a thick-black line (right axis). 

Positive values indicate a source and the multiplication of EOF-1 with PC-1 has the sign of 

interannual variability. PC-1 during 1982-83 and 1997-98 is negative. This indicates a 

negative CO2 flux anomaly indicating a weaker CO2 source or near-neutral condition 

stretching almost from 150
0
E to 90

0
W. The PC shows a propagating nature from central 

Pacific to the east (Figure 7b). The maximum amplitude of anomaly during 1982-83 is about 

1.8 moles m
-2

 yr
-1

. The 1997-98 El Niño however resulted in a weaker reduction in CO2 

source than the 1982-83 event in the model, which we later attribute to the phases of the 

multi-decadal variability in the model. 

 

A peculiar nature of PC-1 in this EOF approach is that it correlates with the 

appropriate climate anomalies distinctly at individual longitudinal locations. For example the 

longitudinal band over which the PC-1 significantly correlates with canonical El Niño index 

has insignificant correlations with El Niño-Modoki and vice versa.  Thus the EOF method 

here illuminates the natural mode of variability at each longitude independent of its 

neighbouring points, and this aids the main aim of this study, viz., to show how the spatio-

temporal variability in the equatorial Pacific carbon cycle is established and what the 

underlying mechanisms are. 

 

Generally, the CO2 flux anomalies in the equatorial Pacific (170
0
W-90

0
W) co-evolve 

with the canonical El Niño. The distinct peak of CO2 flux anomalies at the far eastern 

longitudes (i.e., between 110
0
W and 90

0
W), however, appear to be unrelated to the canonical 

El Niño as seen from the weak correlation between PC-1 of this region and the Niño3.4  

index. Interestingly the correlation with the El Niño-Modoki is positive with significant peaks 

in this region, indicating that an enhanced CO2 source is associated with the Modoki. 

Moreover, between 150
0
E-170

0
E in the far west, the dominant source anomalies are also 

positively correlated more with the Modoki. Thus it appears that, while the central-east 

Pacific (between 150
0
W-110

0
W) is the most favoured region for the canonical El Niño 

influence, the seasonal evolution over the eastern and western equatorial Pacific is mostly 

associated with El Niño-Modoki. In addition, the variance explained by EOF-1 decreases 

from 70% in the east to 25% in the west. Thus the amplitude of interannual variability of CO2 
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fluxes is minimal to the west of the dateline. Note that the traditional EOFs do not allow us to 

extract the spatial variability of the variance whereas our methodology quantifies the relative 

zonal dominance of the different types of El Niños.  

 

In order to illustrate the detailed seasonal evolution of CO2 flux anomalies, we 

average the EOF-1 pattern in Figure 7a over 150
0
W-110

0
W and present it as a line plot from 

Year:0 to +1 (Figure 8a) with negative values corresponding to  a weakened CO2 source. The 

corresponding SST evolution is also shown (both PC-1 are shown in Fig. 8b). Within this 

region, the CO2 flux anomalies co-evolve with SST-anomalies during an El Niño.  Note that 

the signs of the EOF and PC of SST anomalies are reversed for easy comparison. In order to 

extract the nature of CO2 evolution during any particular El Niño year, one has to multiply 

the PC-1 (red-bars) with the EOF-1 shown in Figure 8a. 

 

A close examination indicates that the model suffers latency in the CO2 source revival 

to the normal conditions after an El Niño. There is a secondary peak with weakened CO2 

source during July-August-September of Year:+1 related to  El Niño. The observational 

estimates by Feely et al., [2006] however did not reveal any such latency. The latency is also 

visible in Figure 8b, in which the PC-1 tends to persist even after the El Niño. This tendency 

is especially noticeable after the 1980s. Notably, Rödenbeck et al., [2014] reported that the 

eastern Pacific CO2 flux interannual variability is delayed by 6 to 8 months with respect to 

the El Niño peak (as estimated from 1993-2011 CO2 fluxes using a pCO2 observation-driven 

mixed layer model). Whether this is a model artefact or something that was not resolved in 

Feely et al’s, [2006] empirical estimate needs further investigation. 

 

The corresponding EOFs of pCO2 anomalies illustrate a slightly different pattern of 

seasonal evolutions in the equatorial Pacific (Figure 9). Such de-coupling of pCO2 and air-sea 

CO2 flux variability is understandable in that the wind induced interannual variability in the 

CO2 fluxes has spatial and temporal dependencies and thus can induce a non-linearity in the 

CO2 flux-pCO2 relationship. The roles of SST and solubility pumps are other possible reasons 

to induce non-linearity in the pCO2-CO2 flux relations. EOF-1 shows generally a single sign 

of anomalies of pCO2 over the entire stretch of equatorial Pacific during El Niño years. 
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However, the correlation between PC-1 and El Niño index peaks only between longitude  

bands of 140
0
W-130

0
W. The largest anomalies are noted during 1982-83 and 1997-98 El  

Niño as inferred from the PC-1 amplitudes. Unlike CO2 fluxes, the pCO2 anomaly does not  

show any significant east-to-west propagation in PC-1 (Figure 9b).  

  

The pCO2 has a distinct response to El Niño-Modoki especially in the western Pacific  

(to the west of 150
0
W). The correlation of PC-1 and El Niño is weaker between 150

0
E- 

150
0
W, whereas the correlation with the Modoki is higher there. Not surprisingly, pCO2  

displays strong variability in response to El Niño and its different types, while the CO2 fluxes  

are mostly dominated by the canonical El Niño alone. This indicates the role of winds in  

inducing a non-linear nature in the CO2 flux-pCO2 relations.  

  

3c. Effect of interannual winds on the variability CO2 flux and pCO2.  

In order to understand the individual role of winds and ocean dynamics on the  

interannual variability of CO2 fluxes and pCO2 and their spatio-temporal characteristics, we  

examine the S4 and S5 outputs (see method for details). The difference between S3 and S4  

separates the effects of interannual winds on CO2 flux and pCO2 variability.  EOFs are  

calculated on the detrended differences of CO2 fluxes and pCO2 from S3 and S4,  

respectively.  

  

The effects of ENSO related interannual winds on CO2 fluxes are confined mostly  

between 170
0
W-120

0
W (Figure 10). Between these longitudes, the PC-1 correlates positively  

with the Niño 3.4 index, i.e., the CO2 source weakens anomalously in these longitude bands  

during a canonical El Niño because of weaker winds. The magnitude of the wind effect on  

reduction in CO2 sources during El Niño is around 0.5 moles m
-2

 yr
-1

.  The anomaly starts to  

build up during April of Year:0 and continues up to January of Year:+1.   

  

A peculiar property of wind effects revealed here is that to the west of 170
0
W up to  

170
0
E, the PC-1 correlation with Niño 3.4 index drops abruptly while that of the El Niño- 
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Modoki index goes up. In this longitudinal band, El Niño-Modoki tends to induce a 

weakening of CO2 source by the corresponding wind anomalies (correlation is negative) at a 

moderate amplitude of 0.4 moles m
-2

 yr
-1

. These subtle zonal variabilities are important and 

can be effectively be extracted by our methodology. 

 

The wind effect on interannual pCO2 is generally an increase of about 5μatm on 

average (Figure 11). The peak increase is centred between 170
0
W-120

0
W where the 

canonical El Niño is in control. The maximum pCO2 change is about 12 μatm. Between 

170
o
E and 170

0
W, El Niño-Modoki causes an increase in pCO2 of about 5 μatm. The increase 

in pCO2 due to the interannual wind effects is mainly by the reduction in CO2 sources as seen 

in Figure 10.  

 

3d. Effect of interannual ocean dynamics on the variability of CO2 flux and pCO2  

Similarly, we examined the effect of ocean dynamics (i.e., the effects of circulation, 

SST and all related variables) on CO2 flux and pCO2 anomalies in the equatorial Pacific and 

their spatio-temporal characteristics and relation to various types of interannual variability. 

This was done by examining the difference between S3 and S5.  EOFs were computed for the 

detrended differences between S3 and S5 and results are depicted in Figures 12 and 13.  

 

The effects of dynamics show that CO2 anomalies are generated during a canonical El 

Niño, especially between 160
0
W-120

0
W. A reduction in CO2 source by the ocean dynamics 

alone is up to 0.6 moles m
-2 

yr
-1

. Interestingly the net dynamical effect between 170
0
W-

140
0
W is a negative anomaly (i.e., weakened CO2 source) during Year:0 and up to the March 

of Year:+1, and a sudden revival as a positive anomaly (i.e., a strengthened CO2 source) 

thereafter. This property, however, is not seen between 140
0
W-100

0
W, indicating a strong 

zonal variability in the dynamical control. To the west of 170
0
W, the El Niño-Modoki-

induced dynamics has more influence than El Niño-induced dynamics. The correlation 

between PC-1 and El Niño-Modoki increases in this zone, while the effect of El Niño 

diminishes.  The dynamic effects on pCO2 are explored in Figure 13. The El Niño dynamics 

control the pCO2 variability between 160
0
E-120

0
W while the Modoki- dynamics dominate in 
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two longitudinal bands between 140
0
W-90

0
W and between 150

0
W-150

0
E. The amplitude of 

the anomaly is about 6 μatm.  

 

Figure 14 summarizes the zonal contrasts of the spatio-temporal influences of El Niño 

and El Niño-Modoki on CO2 flux and pCO2 anomalies in the equatorial Pacific as inferred 

from detailed analyses above. In the region between 160
0
W-110

0
W, 10

0
S-5

0
N, El Niño 

dominates the variability of CO2 flux and pCO2 (mean and RMS of anomalies from 1961 to 

2005 is 0.43±0.12 PgC yr
-1

). However, the western (EMI_1, 160
0
E-160

0
W) and far eastern 

(EMI_2, 110
0
W-90

0
W) equatorial Pacific CO2 flux and pCO2 variability are predominantly 

influenced by El Niño-Modoki (0.3±0.06 and 0.11±0.04 PgC yr
-1

 for EMI_1 and EMI_2, 

respectively). Thus,  out of a total CO2 emission of 0.83±0.14 PgC yr
-1 

from the equatorial 

Pacific (160
0
E-90

0
W, 10

0
S-5

0
N), one half of the entire stretch (i.e., the central and east 

Pacific) is influenced by El Niño with a flux magnitude of ~0.4 PgC yr
-1 

and the remaining 

half is dominated by the other type of El Niño. The individual effects of winds and ocean 

dynamics on total carbon cycle variability are intricately intertwined from region to region in 

the equatorial Pacific. However, the net effects are still discernibly distinct between El Niño 

and El Niño-Modoki. 

 

4. Multi-decadal variability 

The global anomalies of CO2 sinks (Figure 4a) show a steady increase in CO2 uptake 

in response to the atmospheric growth rate from 1961 to 1982, whereas after the 1982-83 El 

Niño event, there is an apparent shift in the global sink anomaly, with a reduced uptake rate 

until 2000. A slight increase is seen in the sink during the 1997-98 El Niño, and the sink 

continues to increase thereafter. Figure 4b reveals that most of the global sink anomalies are 

explained solely by the variability in the tropical Pacific. The increased pCO2 in the 

equatorial Pacific after the 1980s was also noted in Feely et al., [2006] from observations. 

Therefore the model result is consistent with what the observations suggest. Our analysis 

suggests that such abrupt climate shifts in CO2 sink anomalies were due to multi-decadal 

variability in the equatorial Pacific. 
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In order to elucidate the multi-decadal variability, we smoothed the CO2 flux anomaly 

with a 10-year running mean from 1961 to 2005 (Figure 15). The dominant powers of 10-

year smoothed data of pCO2 anomalies are confined mostly to the equatorial Pacific. The 

eastern tropical Indian and Atlantic Oceans also display some decadal signals. The clear 

anchoring of the strongest CO2 flux and pCO2 multi-decadal variability in the equatorial 

Pacific is rather intriguing. There are no other parts in the global ocean where such variability 

is found in our model simulations, at least above a variance of 10 μatm
2
. 

 

The area integrated CO2 flux and pCO2 anomalies in the equatorial Pacific (130
0
E-

290
0
E, 5

0
N-5

0
S) smoothed by a 10-year running mean clearly show a multi-decadal signal as 

seen in Figure 15b and c. The anomalies show a weakening of CO2 source (seen as negative 

anomalies) from 1961 to 1981 and a strengthening thereafter until 1991. After 1991 the 

source weakens again. We examined similar area averages in S5 (thin full line) and S4 (dash 

line) outputs. S5  reproduces the decadal variability but S4 has no such signal, highlighting 

that the variability in  ocean dynamics is the major reason for multi-decadal variability in the 

equatorial Pacific pCO2 and CO2 fluxes [Guilderson and Schrag, 1998, Wang and An, 2002]. 

 

In both Figures 15b and c, we overlay the corresponding smoothed SST anomalies 

averaged over the same region. There appears to be a tentative and inverse relationship 

between SST and CO2 flux/pCO2 variability. The reduction in CO2 sources during the 1980s 

and the corresponding warmer SSTs can be attributed to an anomalous ocean convergence 

and a reduction in DIC divergence, pCO2 and in CO2 source. However, there is a phase shift 

between the SST anomalies and the CO2 flux and pCO2 anomalies, respectively, on multi-

decadal timescale. The wavelet spectrum of 10-year running mean smoothed pCO2 data of 

Figure 15c shows a dominant signal  with an apparent 15-18 year cycle (Figure 16), which is 

explored further below. The stippled areas show a significant variability at 90% confidence 

level in the chi-square test and significant multi-decadal signal is clearly seen during 1970-

2005, which has not been reported before, to the best of our knowledge.  

 

The decadal variance larger than 10 μatm
2
 in pCO2 is clearly situated in the equatorial 

Pacific. However, this variability may have a much broader structure in the interior of the 
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ocean. The oceanic tropical convergent cells (a shallow meridional overturning cell in the  

equatorial Pacific connecting tropical and subtropical oceans) exhibit multi-decadal  

variability in-phase with PDO [McPhaden and Zhang, 2004]. Therefore, we examined the  

cause of the decadal signal in the surface ocean pCO2 and its connection to the ocean interior  

by analysing the model DIC anomalies. By following the variability of meridional  

overturning cell in the tropical-subtropical Pacific as described in McPhaden and Zhang  

[2004], we averaged the DIC anomalies of S3 from 160
0
E-90

0
W and carried out a  

conventional EOF analysis in spatio-temporal domain from 40
0
N-30

0
S and from surface to  

1500 meters.   

  

EOF-1 of DIC anomalies in the meridional and vertical sections show an increase in  

DIC anomalies in the equatorial Pacific, invading  down to a depth of 1200 m and stretching  

to the northern Pacific along the permanent-thermocline pathways anchored around 600 m  

depth (Figure 17a, units are in μmole kg
-1

). In the southern hemisphere, however, a counter  

part of this cell is not apparent in the DIC anomalies. While comparing with the modes of  

variability over the Pacific, we find the maximum correlation of first three PCs with the PDO,  

Modoki and Niño 3.4 indices, respectively. The PC-1 reproduces a clear multi-decadal signal  

centred in the early 1980s. PC-1 is correlated significantly with the PDO index smoothed  

with a 10-year running mean. The correlation is ~ -0.5. There is, however, a phase shift  

observed between the PC-1 and the smoothed PDO index (PDO lags PC-1). EOF-1 explains  

21% of the variance.  

  

EOF-2 is rather surface trapped with complex small-scale patterns of DIC anomalies  

with a meridional extent covering the entire tropics (Figure 17b). PC-2 shows an interesting  

decadal signal which is correlated with the corresponding scale variability in El Niño-Modoki  

index (r = -0.54) which is smoothed with a 4-year running mean. This mode explains 13% of  

the DIC variance.   

  

EOF-3 shows a clear equatorially trapped signal with a penetration down to 600 m at  

the equator (Figure 17c). The meridional extent of this mode is quite constrained between  
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10
0
S-10

0
N. PC-3 correlates well with the El Niño index suggesting that the DIC variability of 

this type (12% of total variance) is related to El Niño. 

 

EOF-1 is clearly able to trace and link the multi-decadal signal revealed in the 

equatorial Pacific pCO2 to the northern Pacific via interior oceanic pathways. This result 

should be reiterated in-light of the conclusions of Ishii et al., [2009] that the western Pacific 

warm pool DIC observations show similar decadal signals which they accurately attributed to 

the variability in the geostrophic convergence into the equator from northern and southern 

subtropics [also see McPhaden and Zhang, 2004]. Moreover, Sabine et al., [2008] affirmed 

that such decadal trends occur in the north Pacific subsurface DIC based on observations. Our 

model results are thus consistent with the physical and biogeochemical variability reported 

before by other independent studies. 

 

McPhaden and Zhang [2004] pointed out that the tropical convergence cell displays a 

decadal variability, most of which is related to the PDO and the anomalous advection of the 

mean temperatures. Our analysis indicates, not surprisingly, that a similar variability exists in 

the carbon cycle of the tropical Pacific and this variability is also modulated by the PDO and 

thus operates through the ocean circulation associated with the PDO. The impacts of these 

PDO modulations are to induce multi-decadal secular trends in sources of CO2 fluxes and 

pCO2 in the equatorial Pacific. 

 

5. Discussion 

 

The study demonstrates a novel approach to computing EOFs on a time-time domain of 

anomalies at each longitude separately. With this new methodology we are able to discern the 

spatio-temporal structures of equatorial Pacific carbon cycle variability and are able to 

associate them with the two types of ENSO. Moreover, we are able to identify the variance of 

the interannual anomalies at each location in the equatorial region and are able to evaluate the 

amplitude of a particular variability of CO2 flux and pCO2 at any location in the equatorial 

Pacific at interannual time-scales. 
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The conventional space-time EOFs of equatorial Pacific variables usually yield El Niño 

induced variability as EOF-1 and the Modoki as EOF-2 [Ashok et al., 2007]. However, our 

methodology illustrates the CO2 flux and pCO2 variability related to the canonical El Niño 

and Modoki in just a single EOF, which clearly requires an explanation. When we do time-

time EOF, we are extracting the dominant time-scale at each location and the EOF-1 extracts 

a dominant El Niño-Modoki time-scale in the west and the canonical El Niño in the east. The 

complementarily varying correlations of PCs with indices for different types of El Niño 

provide a clear clue for understanding the dominant physical mode of variability and 

mechanisms of CO2 flux and pCO2 at each zonal location. The zonally contrasted variability 

and the responsible processes identified here nicely complement previous studies and provide 

additional insights into the zonal specificity of the canonical El Niño and the central Pacific 

El Niño or the Modoki [see also Le Quere et al., 2000, McKinley et al., 2004]. 

 

A peculiar nature of the PCs retrieved this way is worth discussing. To be more specific, 

Figure 10b and 12b appear somewhat discontinuous at around 165
0
W and 135

0
W. Such 

discontinuity indicates a temporal ‘lead or lag’ in the correlation between PCs of two 

neighbouring locations in the longitudinal direction. If such a particular lead or lag persists 

over a region then it is an indicator of the direction of propagation of anomalies during an 

interannual event (i.e., either from west to east or vice-versa). We computed lead-lag 

correlations of PCs between two neighbouring points of longitudes over the entire domain 

from 150
0
E-90

0
W (figure not shown). In the case of Figure 10b and 12b, the correlations 

indicate that within 165
0
W and 140

0
W the anomalies responsible for the CO2 flux variability 

propagate from east-to-west whereas outside of this zone, the anomalies propagate in the 

opposite direction. Therefore, the EOFs computed in this manner are also instructive of the 

direction of propagations of interannual events, a technique worth exploring with other data 

sets too.   

 

The evolution of canonical El Niños during pre-1976 is considerably different from that 

of the post-1976 era both in the in the seasonality and in the locations of the warm and cold 

anomalies during the seasonal progression of the El Niño [Trenberth et al, 2001; McPhaden 

and Zhang 2009; Ren and Jin 2011]. In a separate calculation we divided the time domain 

into pre-1976 and post-1976 periods and repeated the EOF analysis for these two epochs 

separately (figure not shown). The EOF-1 loading of seasonal evolutions of CO2 fluxes and 

pCO2 show slight differences between these two epochs, whereas the PCs remain nearly 
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identical to the one deduced from the analysis of the total period. One noticeable feature is  

that the CO2 source anomalies, especially in the eastern most part of the equatorial Pacific, is  

more pronounced in the post-1976 era than in the pre-1976, indicative of the role of El Niño- 

Modoki rather than the canonical El Niño in causing such anomalies. The CO2 flux  

variability of the far eastern part of the equatorial Pacific, particularly as a CO2 source, is  

more closely linked to El Nino-Modoki than El Niño (see Figure 7). The emergence of more  

frequent El Niño-Modokis in the post-1976 period [Ashok et al., 2007] may be generating  

such source anomalies in the CO2 responses in the far eastern equatorial Pacific.   

  

The role of multi-decadal variability in generating the secular decadal trends of air-sea  

CO2 fluxes in the equatorial Pacific is worth mentioning. Feely et al., [2006] show that even  

with a steady increase of equatorial Pacific pCO2 after the 1980s, the CO2 outgassing is not  

increasing steadily because the atmospheric growth rate of CO2 is much faster than the  

oceanic build-up in this region. Therefore, multi-decadal trends due to oceanic circulation  

changes have the capacity to either offset or to accelerate the CO2 emissions from the  

equatorial Pacific. Identifying such internal variability is a crucial step in assessing the role of  

the ocean in the future as a sink of atmospheric CO2 [Le Quere et al., 2013]. The effect of El  

Niño and its various flavours on CO2 fluxes in the equatorial Pacific are spatially and  

temporally locked to certain locations in the equatorial Pacific. Canonical El Niño tends to  

reduce the source of CO2 from the equatorial Pacific whereas the corresponding reduction in  

the CO2 sources by the El Nino-Modoki is smaller in magnitude. Therefore, the emergence  

of a certain type of El Niño and its persistence in a warming climate [Collins et al., 2010,  

Power et al., 2013] has severe implication in the oceanic emissions of CO2 and global carbon  

budget. The role of these factors in the net CO2 transfer between the ocean and atmosphere is  

a topic worth examining. Further studies are warranted in this direction since the ENSO  

response to global warming remains highly model dependent.  

  

The anchoring of multi-decadal variability of air-sea CO2 fluxes and pCO2 in the  

equatorial Pacific is rather intriguing. The variance of multi-decadal signal in pCO2 greater  

than 10 μatm
2
 is hardly visible in the global ocean except in the equatorial Pacific. Such large  

variances could be a model artefact and need to be validated. The multi-decadal variability in  

the biological production in various oceanic regions is noted in past studies [Mantua et al.,  

1997] even though the impact of such subtle decadal changes on the net pCO2 variance is less  

clear in our model. We did examine the multi-decadal variance of amplitude below 10 μatm
2
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in our model.  Regions with foot-prints of low amplitude decadal variability are indeed  

present (also see Valsala et al., 2012). The four-polar structure of pCO2 and air-sea CO2 flux  

variability in the north Pacific in-phase with the PDO (Valsala et al., 2012) are visible in the  

present model as well albeit as low amplitude signals of pCO2.   

  

The DIC variability is able to track the multi-decadal signal of equatorial Pacific pCO2  

and air-sea CO2 fluxes to the north Pacific and connect to the time-scales of PDO via the  

variability in tropical convergence [McPhaden and Zhang, 2004, Ishii et al., 2009, Sabine et  

al., 2008]. Interestingly, similar decadal variability in the tropical - subtropical exchange of  

thermocline and deep waters is also detected in other ocean re-analysis data set [Valsala et  

al., 2011 and their Figure 6, top panel]. Further studies with more comprehensive  

biogeochemistry models are required to completely assess the equatorial Pacific carbon cycle  

variability and their relation to PDO.  

  

6. Summary  

  

Using an offline model of the global ocean biogeochemistry driven by re-analysis  

physical fields, we examine in detail the simulated spatio-temporal evolution of interannual- 

to-decadal variability of air-sea CO2 fluxes and pCO2 in the equatorial Pacific for 45 years  

from 1961 to 2005. A new methodology of EOF constructed over a time-time domain of  

anomalies over the equatorial Pacific (averaged over 5
0
N-10

0
S) is employed. This  

methodology extracts the seasonal evolution of the dominant mode of variability of CO2  

fluxes and pCO2 at each longitudinal point in the equatorial Pacific.   

  

In the region between 160
0
W-110

0
W in the equatorial Pacific (averaged over 5

0
N-10

0
S),  

El Niño controls the dominant variability of CO2 fluxes. In the western (160
0
E-160

0
W) and  

far eastern (110
0
W-90

0
W) equatorial Pacific, CO2 flux variability is dominantly influenced  

by El Niño-Modoki. On the other hand, the interannual variability of pCO2 is correlated with  

El Niño mostly to the east of 140
0
W and with El Niño-Modoki to the west of 140

0
W. The de- 

coupling of CO2 flux and pCO2 variability at various locations in the equatorial Pacific are  

attributable to the differences in the combined and individual effects of ocean dynamics and  

winds. The effects of the two types of El Niño on CO2 fluxes in the equatorial Pacific are  
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spatially and temporally locked to certain locations in the equatorial Pacific but this may  

depend on the impact of global warming on El Niño itself.  

   

A multi-decadal variability in the equatorial Pacific CO2 fluxes and pCO2 emerges with  

positive phases in the 1960s and 2000s and a negative phase in 1980s. The oceanic DIC  

anomalies are able to trace this decadal signal to the northern Pacific via thermocline  

pathways, presumably related to the phase shifts of PDO and subsequent variability in the  

tropical - subtropical Pacific convergence cell variability. The study comprehensively  

assembles the various aspects of spatial and temporal variability of the equatorial Pacific  

carbon cycle over a variety of time scales from seasonal to multi-decadal. Identifying such  

internal variability is a crucial step in assessing the role of the ocean in the future as a sink of  

atmospheric CO2 [Le Quere et al., 2013].   

  

Considering the fidelity of ocean re-analysis used to run the model and the comparisons  

offered between the observations and other modelling studies, the results identified here are  

robust. Our novel EOF approach captures the local seasonal evolution of the anomalies of  

pCO2 and CO2 fluxes at each longitude, which should facilitate future model and data  

analyses for solubility and biological pumps, to understand the rich spectrum of timescales in  

the equatorial Pacific (or any other regions of the global ocean).  
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Table captions 

 

Table 1: Global and tropical Pacific (18
0
S-18

0
N) CO2 fluxes from this study are compared 

with RECCAP estimates. All units are in PgC yr
-1

. 

 

Figure captions 

 

Figure 1: Normalized Niño 3.4 SST anomalies (170
0
W-120

0
W, 5

0
N-5

0
S) from the ocean re-

analysis data (full line) and that from the HadISST (boxes). Correlation between the two 

indices from 1961 to 2010 is 0.92. The high correspondence between two indices shows the 

fidelity of the ocean re-analysis. 

 

Figure 2: Same as previous figure but for El Niño-Modoki (EMI) index. EMI index is 

calculated as in Ashok et al., [2007]. Correlation between the indices is 0.9 over the entire 

period from 1960 to 2010. 

 

Figure 3: [a] 1990-2005 average of global ocean surface sea-to-air CO2 fluxes from the 

model. Global total sink during this period is 1.95±0.32 PgC yr
-1

. [b] Sea-to-air CO2 fluxes 

from Takahashi et al., [2009] database. Units are in moles m
-2 

yr
-1

. 

 

Figure 4: [a] Global integral of total sea-to-air CO2 fluxes from 1961 to 2005 estimated by 

the model. [b] The model de-trended and de-seasonalized global total sea-to-air CO2 flux 

anomalies (left axis) and corresponding tropical Pacific (160
0
E-280

0
E, 15

0
N-15

0
S) flux 

anomalies (right axis). Tropical Pacific CO2 flux anomalies are significantly correlated with 

global anomalies (r = 0.59) and explain ~40% global anomaly variance. The thick red line is 

the 12-month running mean of global CO2 flux anomalies. 

 

Figure 5: [a, b] Seasonal cycle of sea-to-air CO2 fluxes from western and eastern equatorial 

Pacific shown as comparisons between model and Takahashi et al., [2009]. [c, d] Interannual 

CO2 flux anomalies from the model integrated over western and eastern Pacific equatorial. 

The black lines show the 10-year running mean. All units are in PgC yr
-1

. 

 

Figure 6: Comparison of [a] Global and [b] 30
0
S-30

0
N belt of ocean CO2 flux anomalies 

between our model and LeQuere et al., [2010]. Correlations are given. Anomalies shown here 
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are computed with respect to 1960–1981 climatological mean in order for the calculations to 

be consistent with Le Quere et al., [2010]. 

 

Figure 7: [a] Seasonal evolutions of the dominant mode of interannual variability (shown 

over two years; see text) of the equatorial Pacific CO2 flux anomalies for each grid point from 

160
0
E to 90

0
W (EOF-1, see section 2e for details). Colour shade represents CO2 flux (moles 

m
-2 

yr
-1

) and thick contour represents corresponding EOF-1 of sea surface temperature 

anomalies (SST; 
0
C). [b] The principle components (PC-1; normalized) for each grid point 

from 160
0
E to 90

0
W. [c] Time-correlation between PC-1 and Niño 3.4 (blue) and El Niño-

Modoki (cyan) from each grid point (left axis). The thick black line shows the variance 

explained by EOF-1 from each grid point (right axis).  

 

Figure 8: [a] Seasonal evolutions of the dominant interannual sea-air CO2 flux anomalies 

(left axis) and SST anomalies (right axis) from the central-to-east Pacific (spatially averaged 

between 150
0
W-110

0
W in Figure-2) and shown for Year:0 and +1. [b] The PC-1 of CO2 flux 

anomalies (red bars and thick black line) and SST anomalies (blue bars). EOF-1 and PC-1 of 

SST have been reversed in sign for easy comparison. The correlation coefficient between PC-

1 of CO2 flux and SST is shown. 

 

Figure 9: Same as Figure-7, but for pCO2 anomalies (units are in μatm). 

 

Figure 10: Same as Figure 7, but for CO2 flux anomalies calculated as a difference between 

S3 and S4. The anomalies represent the effect of interannual variability in winds on CO2 flux 

variability in the equatorial Pacific. 

 

Figure 11: Same as Figure 10, but for pCO2 anomalies. 

 

Figure 12: Same as Figure 10, but for CO2 flux anomalies calculated as a difference between 

S3 and S5. The anomalies represent the effect of interannual variability in ocean dynamics on 

CO2 flux variability in the equatorial Pacific. 

 

Figure 13: Same as Figure 12, but for pCO2 anomalies. 
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Figure 14: Summary of spatial coverages of dominant interannual variability of CO2 fluxes 

and pCO2 in the equatorial Pacific segregated according to regionally dominant mechanisms 

identified from Figure 7 through 13. Canonical El Niño is the dominant mechanism of carbon 

cycle variability in the central-to-east equatorial Pacific, nearly overlapping with the Niño 3.4 

region. In the western (EMI_1, 160
0
E-160

0
W) and far eastern (EMI_2, 110

0
W-90

0
W) 

equatorial Pacific El Niño-Modoki is the dominant mechanism. The dashed box shows a 

region of model uncertainty in pCO2-ENSO relations. The y-axis just indicates the variable 

names. 

 

Figure 15: [a] Variance of 10-year smoothed pCO2 anomalies calculated from 1961 to 2005 

(μatm
2
). [b] Monthly CO2 anomalies (de-trended and de-seasonalised) averaged over a box 

shown in (a) and smoothed by running mean over 10-years. Thick (thin) black line shows the 

CO2 anomalies from S3 (S5) (see text for details). Thick dotted line shows the CO2 anomalies 

from S4. The red lines show the SST anomalies averaged over the same box and smoothed by 

a 10-year running mean and scaled linearly to fit to the common y-axis. The solid (dashed) 

red lines show the SST anomalies from HadISST  (GFDL re-analysis), respectively. [c] Same 

as (b) but for pCO2 anomalies. 

 

Figure 16: Wavelet power spectrum of the pCO2 data shown in Figure 15c. The dots 

represent significance at 90% confidence level. Morlet wavelet is used and Fourier transform 

is performed [Torrence and Compo, 1998]. The wavelet power spectrum is defined as the 

absolute value squared of the wavelet transform and gives a measure of the time series 

variance at each scale (period) and at each time. Statistical significance is tested using Chi-

square test. 

 

Figure 17: EOF-1 to 3 of dissolved inorganic carbon (DIC) anomalies (de-trended and de-

seasonalised) computed over a latitude-depth section and averaged zonally over the Pacific 

longitudes from 160
0
E-90

0
W.  Left panels show the EOF loadings and the right panels show 

corresponding principle components. The red lines in the right panels show the PDO index 

(10-year running mean), El Niño-Modoki index (2-year running mean) and El Niño index (1-

year running mean) from top to bottom, respectively. EOF-1 explains the dominant decadal 

signal with 23% variance. EOF-2 explains the second dominant signal with 13% variance, 

and EOF-3 shows the El Niño variability with 10% variance. EOF loadings are in μmole kg
-1

 

and all PCs and climate indices are normalized. 
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Table 1: Global and tropical Pacific (18
0
S-18

0
N) CO2 fluxes from this study are compared 

with RECCAP estimates. All units are in PgC yr
-1

. 

 

Method Global 

[Wanninkhof et al., 2013]
a
 

Tropical Pacific 

Ishii et al., [2014]
 a
 

Median±Uncertainty IAV Median±Uncertainty IAV
c
 

pCO2 data based 

estimate 

-2.0  ± 0.60 0.20        0.51  0.27 

OBGCM -1.9  ± 0.30
 
 0.16 0.41 ± 0.05 0.40 

Atmospheric 

Inversion 

-2.1  ± 0.30
 
 0.40 0.53 ± 0.08 0.48 

This model
b
 -1.95  ± 0.32

e 
 0.33

d
 0.89 ± 0.13

e
 0.13

d
 

a
 Data from 1990-2009 are used. Median sea-air CO2 fluxes are shown for the global and 

median±median absolute deviation of estimates from various models is shown for the tropical 

Pacific.  
b
 Data from 1990-2005 are used. 

c
 Interannual variability (IAV) is peak-to-peak difference of the annual mean flux. 

d
 IAV is the standard deviation of the interannual CO2 flux anomalies. 

e 
Mean of S3 and uncertainty from interannual CO2 flux anomalies from S2 are shown. 
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Figure 1: Normalized Niño 3.4 SST anomalies (170
0
W-120

0
W, 5

0
N-5

0
S) from the ocean re-

analysis data (full line) and that from the HadISST (boxes). Correlation between the two 

indices from 1961 to 2010 is 0.92. The high correspondence between two indices shows the 

fidelity of the ocean re-analysis. 
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Figure 2: Same as previous figure but for El Niño-Modoki (EMI) index. EMI index is  

calculated as in Ashok et al., [2007]. Correlation between the indices is 0.9 over the entire  

period from 1960 to 2010.  
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Figure 3: [a] 1990-2005 average of global ocean surface sea-to-air CO2 fluxes from the  

model. Global total sink during this period is 1.95±0.32 PgC yr
-1

. [b] Sea-to-air CO2 fluxes  

from Takahashi et al., [2009] database. Units are in moles m
-2 

yr
-1

.  
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Figure 4: [a] Global integral of total sea-to-air CO2 fluxes from 1961 to 2005 estimated by  

the model. [b] The model de-trended and de-seasonalized global total sea-to-air CO2 flux  

anomalies (left axis) and corresponding tropical Pacific (160
0
E-280

0
E, 15

0
N-15

0
S) flux  

anomalies (right axis). Tropical Pacific CO2 flux anomalies are significantly correlated with  

global anomalies (r = 0.59) and explain ~40% global anomaly variance. The thick red line is  

the 12-month running mean of global CO2 flux anomalies.  
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Figure 5: [a, b] Seasonal cycle of sea-to-air CO2 fluxes from western and eastern equatorial  

Pacific shown as comparisons between model and Takahashi et al., [2009]. [c, d] Interannual  

CO2 flux anomalies from the model integrated over western and eastern Pacific equatorial.  

The black lines show the 10-year running mean. All units are in PgC yr
-1

.  
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Figure 6: Comparison of [a] Global and [b] 30
0
S-30

0
N belt of ocean CO2 flux anomalies 

between our model and LeQuere et al., [2010]. Correlations are given. Anomalies shown here 

are computed with respect to 1960–1981 climatological mean in order for the calculations to 

be consistent with Le Quere et al., [2010]. 
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Figure 7: [a] Seasonal evolutions of the dominant mode of interannual variability (shown  

over two years; see text) of the equatorial Pacific CO2 flux anomalies for each grid point from  

160
0
E to 90

0
W (EOF-1, see section 2e for details). Colour shade represents CO2 flux (moles  

m
-2 

yr
-1

) and thick contour represents corresponding EOF-1 of sea surface temperature  

anomalies (SST; 
0
C). [b] The principle components (PC-1; normalized) for each grid point  

from 160
0
E to 90

0
W. [c] Time-correlation between PC-1 and Niño 3.4 (blue) and El Niño- 

Modoki (cyan) from each grid point (left axis). The thick black line shows the variance  

explained by EOF-1 from each grid point (right axis).   
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Figure 8: [a] Seasonal evolutions of the dominant interannual sea-air CO2 flux anomalies 

(left axis) and SST anomalies (right axis) from the central-to-east Pacific (spatially averaged 

between 150
0
W-110

0
W in Figure-2) and shown for Year:0 and +1. [b] The PC-1 of CO2 flux 

anomalies (red bars and thick black line) and SST anomalies (blue bars). EOF-1 and PC-1 of 

SST has been reversed in sign for easy comparison. The correlation coefficient between PC-1 

of CO2 flux and SST is shown. 
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Figure 9: Same as Figure-7, but for pCO2 anomalies (units are in μatm).  
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Figure 10: Same as Figure 7, but for CO2 flux anomalies calculated as a difference between  

S3 and S4. The anomalies represent the effect of interannual variability in winds on CO2 flux  

variability in the equatorial Pacific. 
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Figure 11: Same as Figure 10, but for pCO2 anomalies.  
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Figure 12: Same as Figure 10, but for CO2 flux anomalies calculated as a difference between 

S3 and S5. The anomalies represent the effect of interannual variability in ocean dynamics on 

CO2 flux variability in the equatorial Pacific. 
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Figure 13: Same as Figure 12, but for pCO2 anomalies.  
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Figure 14: Summary of spatial coverages of dominant interannual variability of CO2 fluxes  

and pCO2 in the equatorial Pacific segregated according to regionally dominant mechanisms  

identified from Figure 7 through 13. Canonical El Nino is the dominant mechanism of carbon  

cycle variability in the central-to-east equatorial Pacific, nearly overlapping with the Niño 3.4  

region. In the western (EMI_1, 160
0
E-160

0
W) and far eastern (EMI_2, 110

0
W-90

0
W)  

equatorial Pacific El Niño-Modoki is the dominant mechanism. The dashed box shows a  

region of model uncertainty in pCO2-ENSO relations. The y-axis just indicates the variable  

names.  
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Figure 15: [a] Variance of 10-year smoothed pCO2 anomalies calculated from 1961 to 2005  

(μatm
2
). [b] Monthly CO2 anomalies (de-trended and de-seasonalised) averaged over a box  

shown in (a) and smoothed by running mean over 10-years. Thick (thin) black line shows the  

CO2 anomalies from S3 (S5) (see text for details). Thick dotted line shows the CO2 anomalies  

from S4. The red lines show the SST anomalies averaged over the same box and smoothed by  

a 10-year running mean and scaled linearly to fit to the common y-axis. The solid (dashed)  

red lines show the SST anomalies from HadISST  (GFDL re-analysis), respectively. [c] Same  

as (b) but for pCO2 anomalies.  
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Figure 16: Wavelet power spectrum of the pCO2 data shown in Figure 15c. The dots 

represent significance at 90% confidence level. Morlet wavelet is used and Fourier transform 

is performed [Torrence and Compo, 1998]. The wavelet power spectrum is defined as the 

absolute value squared of the wavelet transform and gives a measure of the time series 

variance at each scale (period) and at each time. Statistical significance is tested using Chi-

square test. 
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Figure 17: EOF-1 to 3 of dissolved inorganic carbon (DIC) anomalies (de-trended and de- 

seasonalised) computed over a latitude-depth section and averaged zonally over the Pacific  

longitudes from 160
0
E-90

0
W.  Left panels show the EOF loadings and the right panels show  

corresponding principle components. The red lines in the right panels show the PDO index  

(10-year running mean), El Niño-Modoki index (2-year running mean) and El Niño index (1- 

year running mean) from top to bottom, respectively. EOF-1 explains the dominant decadal  

signal with 23% variance. EOF-2 explains the second dominant signal with 13% variance,  

and EOF-3 shows the El Niño variability with 10% variance. EOF loadings are in μmole kg
-1

  

and all PCs and climate indices are normalized.  
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