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Abstract

The ocean stores 60 times as much carbon as the atmosphere, and the ocean carbon cycle has a critical role in
controlling atmospheric CO2 concentration. The concept of ocean carbon pump is widely used for describing the
ocean carbon cycle, but the term “ocean carbon pump” is not necessarily strictly defined and has been differently
referred in previous studies. Here, using three dimensional distributions of dissolved inorganic carbon
concentration, total alkalinity, phosphate, and salinity, four types of ocean carbon pump (organic matter, calcium
carbonate, gas exchange, and freshwater flux pumps) were formulated. Although previously proposed
decomposition emphasizes the enrichment in the deep ocean, my decomposition focuses on surface depletion
which directly affects air-sea CO2 exchanges. Based on this decomposition, vector diagram for quantifying the
individual roles of the pumps in controlling the ocean surface pCO2, which is in balance with atmospheric CO2

concentration, was demonstrated in this study. The method was applied to the observational climatology, and the
contributions of the four carbon pump components to atmospheric CO2 were visualized in a single figure (the
vector diagram); each carbon pump component was represented by one vector, and its contribution to CO2

concentration was measured from the difference in the contour values between the beginning and end of the
vector. The same analysis was also applied to the CMIP5 earth system model simulations. All the models
reproduced the same level of atmospheric CO2 concentration as the observation; however, the contributions from
the four carbon pumps varied. The vector diagram was shown to quantify the differences in the contributions from
the pumps between the models and against the observation. This study demonstrated that the proposed vector
diagram analysis is a useful tool for quantifying the individual contributions of the ocean carbon pumps to
atmospheric CO2 concentration and is helpful for evaluating the reproducibility of ocean carbon cycle models.

Keywords: Ocean carbon cycle, Atmospheric CO2 concentration, Ocean carbon pump, Vector diagram analysis,
CMIP5 models

Introduction
The ocean contains about 38,000 Pg of carbon, which is
60 times more than the atmosphere (Sarmiento and
Gruber 2002; Solomon et al. 2007). The ocean carbon
cycle plays a critical role in controlling atmospheric CO2

concentration. For example, the ocean carbon cycle is
regarded as the most important factor in explaining

glacial–interglacial CO2 variations of about 100 ppm
(Sigman and Boyle 2000; Sigman et al. 2010; Oka et al.
2011a; Kobayashi and Oka 2018; Yamamoto et al. 2019;
Gottschalk et al. 2019). In the present-day ocean, surface
concentrations of dissolved inorganic carbon (DIC) and
total alkalinity (ALK) are lower than in the deep ocean,
which maintains the present-day level of atmospheric
CO2 concentration. The processes controlling such ver-
tical gradients of DIC and ALK are often referred to as
“ocean carbon pumps,” and their investigation is one of
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the most important aspects of ocean biogeochemistry
(Broecker and Peng 1982; Sarmiento and Gruber 2006).
To understand the mechanisms of the ocean carbon
pumps, their decomposition into several parts has been
proposed in previous studies/textbooks (Baes 1982; Volk
and Hoffert 1985; Sarmiento and Gruber 2006). For
example, focusing on the role of organic matter and cal-
cium carbonate, the vertical gradients of DIC and ALK,
associated with their production in the upper ocean and
remineralization in the deeper ocean, are referred to as
“organic matter” (or soft-tissue) and “calcium carbonate”
(or hard-tissue) pumps, respectively (Yamanaka and
Tajika 1996). In addition, the distributions of DIC and
ALK are affected significantly by surface freshwater flux
in the same way as salinity and their effects on the verti-
cal gradients of DIC and ALK are not negligible. Surface
gas exchange with the atmosphere also affects the verti-
cal gradient of DIC. These two processes (i.e., freshwater
flux and gas exchange) are expected to operate as parts
of ocean carbon pumps, but they have not been neces-
sarily treated explicitly within the framework of ocean
carbon pumps. Although the decomposition of ocean
carbon pumps into several parts is recognized as a useful
approach (Ito and Follows 2005; Cameron et al. 2005;
Yoshikawa et al. 2008; Marinov et al. 2008), a definition
of ocean carbon pumps has not been necessarily com-
mon among the various studies, and thus, the detailed
treatment of their decomposition has been specific to
each study.
An appropriate method for diagnosing the ocean

carbon pumps is also important for the evaluation of the
ocean carbon cycle models that are used for predicting
atmospheric CO2 concentration. In the IPCC report
AR5 and Coupled Model Intercomparison Project phase
5 (CMIP5), various types of climate models are refer-
enced. In the earth system model (ESM), biogeochemical
cycles including the ocean carbon cycle are predicted
explicitly (Solomon et al. 2007; Flato 2011; Taylor et al.
2012). Diagnosing the states of the ocean carbon pumps
simulated in these models and comparing them with the
observational data is an important step for evaluating
the ability of the models to predict future changes in the
ocean carbon cycle and their consequent effects on
atmospheric CO2 concentration (Sarmiento et al. 1998;
Yoshikawa et al. 2008; Zickfeld et al. 2008; Yamamoto
et al. 2018). Decomposition of the ocean carbon pumps
will be also helpful for understanding the role of ocean
carbon cycle in atmospheric CO2 concentration in past
climate such as glacial climate (Sigman et al. 2010; Kwon
et al. 2012; Khatiwala et al. 2019).
In this paper, the decomposition of ocean carbon

pumps is revisited and a simple and useful method for
analyzing ocean carbon pumps is proposed. In the ana-
lysis, the variation of oceanic pCO2 is decomposed into

contributions from four carbon pumps: the organic mat-
ter, calcium carbonate, air–sea gas exchange, and fresh-
water flux pumps. The results of this analysis can be
summarized in a single figure (the vector diagram)
where each carbon pump component is represented by
one vector, and its contribution to pCO2 is referenced
from the difference in the contour values between the
beginning and end of the vector. This decomposition
can be possible simply from three-dimensional distributions
of phosphate, DIC, ALK, and salinity with an assumption of
constant stochiometric ratios. The usefulness of the decom-
position of carbon pumps has already been recognized in
many previous studies (e.g., Sarmiento and Gruber 2006;
Kwon et al. 2009); however, the way to decompose the
ocean carbon pumps was not strictly common among the
studies. Therefore, the objectives of this study were to
provide both a clear definition of each carbon pump com-
ponent and a useful framework for the evaluation of their
individual effects on atmospheric CO2 concentration. The
clear description on the carbon pump decompositions and
discussion about its effect on atmospheric CO2 concentra-
tion will be useful not only for research purposes but also
for educational purposes especially for students who begin
to learn ocean biogeochemistry. By applying the abovemen-
tioned method to climatological state of observational data,
it is shown that the present-day state of the four carbon
pumps and their effects on atmospheric CO2 concentration
can be clearly evaluated. The method was also applied to
CMIP5 ESM simulations, and the reproducibility of the
model was discussed based on a comparison of the results
with the observation.
The remainder of the paper is organized as follows. In

the “Methods” section, the method for the decompos-
ition of ocean carbon pumps is explained. In the “Results
and discussion” section, this decomposition is applied to
the observational data and CMIP5 simulations. Based on
this decomposition, the effects of each carbon pump on
oceanic pCO2 are quantified using the vector diagram
analysis. The conclusions are provided in the “Conclu-
sions” section.

Methods
Ocean carbon pump decomposition
Each carbon pump is defined from its contribution to the
vertical transport of carbon from the surface to the deep
ocean which causes vertical gradient of carbon concentra-
tion in the ocean. In the previous studies, the enrichment
of the carbon in the deep ocean compared with the surface
is usually emphasized and the deviation of carbon concen-
tration from the surface value is often used for the formula-
tion. In this study, for assessing effects on atmospheric CO2

concentration more directly, the decomposition of ocean
carbon pump is formulated by focusing on “surface deple-
tion” of carbon concentration rather than its “deep
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enrichment.” For this reason, the deviation of carbon
concentration from the globally averaged value is used for
the decomposition (note that some previous studies also
applied the same approach; e.g., Kwon and Primeau 2008).
The detail formulation of carbon pump decomposition will
be described below.
The deviation of dissolved inorganic carbon concen-

tration from the globally averaged value (ΔDIC) is
decomposed into components associated with organic
matter (ΔCorg), calcium carbonate (ΔCcaco3), air–sea gas
exchange (ΔCgas), and freshwater flux (ΔCfw):

ΔDIC ¼ DIC− DIC½ �avr ¼ ΔCorg þ ΔCcaco3 þ ΔCgas þ ΔCfw;

ð1Þ
where the global volume-averaged value is noted in
parentheses with the suffix avr, and the deviation
from the average is indicated by the prefix Δ. By as-
suming constant stoichiometric ratios of organic mat-
ter and using the distributions of alkalinity (ALK),
phosphate (P), and salinity, this decomposition is here
formulated as follows:

ΔCorg ¼ rCP sP− sP½ �avr
� �

; ð2Þ

ΔCcaco3 ¼ 1
2

sALK− sALK½ �avr þ rNP sP− sP½ �avr
� �� �

;

ð3Þ
ΔCgas ¼ sDIC− sDIC½ �avr−ΔCorg−ΔCcaco3; ð4Þ
ΔCfw ¼ DIC− DIC½ �avr

� �
− sDIC− sDIC½ �avr
� �

; ð5Þ
where rCP and rNP are the stoichiometric ratios of
carbon and nitrogen to phosphorous, respectively, and
the prefix s indicates the salinity-normalized value
(e.g., sDIC ¼ DIC

S � Sref , where S is salinity and Sref is
the reference salinity). The decomposition introduced
here is basically the same as that of Sarmiento and
Gruber (2006), except that each carbon pump compo-
nent is defined in order to express the deviation from
the globally averaged value, the gas exchange pump is
defined more simply, and the freshwater flux pump is
considered explicitly.
Here, we review the meaning of the abovementioned

decomposition. The prognostic equation of sDIC can be
written symbolically as

∂sDIC
∂t

¼ T advþdiff sDICð Þ þ Sorg sDICð Þ þ Scaco3 sDICð Þ þ Sgas sDICð Þ;

ð6Þ
where Tadv + diff represents ocean transport by advec-
tion and diffusion, and the other terms on the right-
hand side are the source/sink terms of carbon in the
ocean, i.e., Sorg and Scaco3 indicate the formation/dis-
solution of organic matter and calcium carbonate,

respectively, and Sgas represents the gas exchange be-
tween the atmosphere and ocean. The prognostic
equations of phosphate and alkalinity are:

∂sP
∂t

¼ T advþdiff sPð Þ þ Sorg sPð Þ; ð7Þ

and

∂sALK
∂t

¼ T advþdiff sALKð Þ þ Sorg sALKð Þ þ Scaco3 sALKð Þ;
ð8Þ

respectively. From carbonate chemistry, we know that

Scaco3 sALKð Þ ¼ 2Scaco3 sDICð Þ: ð9Þ

From constant stoichiometry, we have the following two
equations:

Sorg sDICð Þ ¼ rCPSorg sPð Þ; ð10Þ

Sorg sALKð Þ ¼ −rNPSorg sPð Þ: ð11Þ

By regarding Tadv + diff and the source/sink terms as linear
operators, e.g., rCPSorg(sP) = Sorg(rCPsP), and knowing that
Tadv + diff([sP]avr) =Tadv + diff([sDIC]avr) =Tadv + diff([sALK]avr) =
0, we can confirm that the prognostic equations of ΔCorg,
ΔCcaco3, and ΔCgas become

∂ΔCorg

∂t
¼ T advþdiff ΔCorg

� �þ Sorg sDICð Þ−rCP ∂ sP½ �avr
∂t

;

ð12Þ
∂ΔCcaco3

∂t
¼ T advþdiff ΔCcaco3ð Þ þ Scaco3 sDICð Þ− 1

2
∂ sALK½ �avr

∂t
þ rNP

∂ sP½ �avr
∂t

� �
;

ð13Þ

and

∂ΔCgas

∂t
¼ T advþdiff ΔCgas

� �þ Sgas sDICð Þ

þ rNP

2
þ rCP

� � ∂ sP½ �avr
∂t

þ 1
2
∂ sALK½ �avr

∂t
−
∂ sDIC½ �avr

∂t

� 	
;

ð14Þ

respectively. When [sP]avr, [sDIC]avr, and [sALK]avr are
invariant with time, the final terms on the right-hand
side become zero and the equations of ΔCorg, ΔCcaco3,
and ΔCgas are written simply as

∂ΔCorg

∂t
¼ T advþdiff ΔCorg

� �þ Sorg sDICð Þ; ð15Þ

∂ΔCcaco3

∂t
¼ T advþdiff ΔCcaco3ð Þ þ Scaco3 sDICð Þ; ð16Þ

and
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∂ΔCgas

∂t
¼ T advþdiff ΔCgas

� �þ Sgas sDICð Þ; ð17Þ

respectively. These equations clearly indicate that the
source/sink terms for ΔCorg, ΔCcaco3, and ΔCgas consist
purely of Sorg, Scaco3, and Sgas, respectively (note that the
distributions of ΔCorg, ΔCcaco3, and ΔCgas are affected by
ocean transport, as well as by these source/sink terms).
As described in Sarmiento and Gruber (2006), some
studies have used another definition, in which the gas
exchange pump is not treated explicitly and its contribu-
tion is incorporated within the other pumps (e.g., Cam-
eron et al. 2005). As explained at the beginning of this
section, the most important difference of our formula-
tion from the previous studies is that we define Corg,
ΔCcaco3 ΔCgas, and ΔCfw by the deviation form “globally
averaged value” rather than “surface value.” This enables
us to assess the degree of surface depletion by individual
carbon pumps, which can be used for evaluating the ef-
fects of the organic matter, calcium carbonate, gas ex-
change, and freshwater flux pumps on atmospheric CO2

concentration.
Similarly, we can decompose alkalinity as below:

ΔALK ¼ ALK−ALKavr ¼ ΔAorg þ ΔAcaco3 þ ΔAgas þ ΔAfw;

ð18Þ

ΔAorg ¼ −
rNP

rCP
ΔCorg; ð19Þ

ΔAcaco3 ¼ 2ΔCcaco3; ð20Þ
ΔAgas ¼ sALK− sALK½ �avr−ΔAorg−ΔAcaco3 ¼ 0; ð21Þ

ΔAfw ¼ ALK− ALK½ �avr
� �

− sALK− sALK½ �avr
� �

: ð22Þ
Note that from the definition, ΔAgas always becomes
zero, which is obviously valid considering there is no
air–sea exchange of alkalinity.

Observational data and CMIP5 simulations
For the carbon pump decomposition introduced
above, climatological steady-state three-dimensional
fields of DIC, ALK, phosphate, and salinity are re-
quired. To apply this decomposition to observational
data, GLODAP climatology (Key et al. 2004) was used
for DIC and ALK, and WOA climatology (Conkright
et al. 2002) was referenced for phosphate and salinity
in this study. The distributions of ΔCorg, ΔCcaco3,
ΔCfw, ΔCgas, ΔAorg, ΔAcaco3, ΔAfw, and ΔAgas were
calculated from the observations of DIC, ALK, P, and
salinity by assuming constant stoichiometric ratios:
rCP = 117 and rNP = 16 (Anderson and Sarmiento
1994). Note that the natural DIC values provided in
Key et al. (2004) were used here (anthropogenic DIC
was removed from the observed DIC).

The decomposition was also applied to the results of
ESM simulations obtained from the CMIP5 dataset
(Solomon et al. 2007). Following previous CMIP5 ana-
lysis (Shigemitsu et al. 2017; Nakamura and Oka 2019),
nine CMIP5 models were used in this study: CESM1-
BGC (Lindsay et al. 2014), GFDL-ESM2G, GFDL-
ESM2M (Dunne et al. 2013), HadGEM2-ES (Collins
et al. 2011), IPSL-CM5A-LR, IPSL-CM5A-MR (Dufresne
et al. 2013), MPI-ESM-LR, MPI-ESM-MR (Giorgetta
et al. 2013), and NorESM1-ME (Bentsen et al. 2013).
The choice of CMIP5 models is also the same as those
of other previous studies (Bopp et al. 2013; Fu et al.
2016) except that CMCC-ESM is excluded for analysis
here because of its potential possibility for century-scale
drift (Bopp et al. 2013; Nakamura and Oka 2019). The
monthly or annual mean outputs of DIC, ALK, phos-
phate, and salinity were downloaded from CMIP5 data
archives (available from http://pcmdi9.llnl.gov) and in-
terpolated into a common 1° grid. Because nitrate is a
sole prognostic nutrient in HadGEM2-ES, we obtained
phosphate concentrations from nitrate by assuming a
constant stoichiometric ratio of nitrogen to phosphorous
(Anderson and Sarmiento 1994) for this model. We used
the historical simulation, of which only the first ensem-
ble member (r1i1p1) was referenced. Note that historical
simulation referenced here is “concentration-driven”
simulation in which atmospheric CO2 is not predicted
but prescribed from the observed value. The average
over the periods between 1870 and 1899 (during which
the anthropogenic carbon is almost negligible) was used
for the analysis.

Results and discussion
Distribution of pump components from observational data
Figure 1 shows the horizontally averaged vertical dis-
tributions of each ocean carbon pump component. In
Fig. 2, the vertical sections of ΔCorg, ΔCcaco3, ΔCgas,
and ΔCfw along the track transecting the Atlantic,
Southern, and Pacific Oceans are also displayed.
Figure 1a and b suggest that ΔCorg (red line) and
ΔAcaco3 (green line) are the most significant contribu-
tors to the deviation from the globally averaged values
of DIC and ALK, respectively. The distribution of
ΔCorg is determined solely from P (Fig. 2b), where the
organic matter pump causes depletion at the surface
and enrichment in the deep ocean (red line in Fig. 1a).
At the same time, this pump causes surface enrich-
ment of ΔAorg and its depletion in deeper water (red
line in Fig. 1b). The distribution of ΔAcaco3 is similar
to that of ALK (Fig. 2c); its enrichment occurs at
greater depths than that of ΔAorg because of the differ-
ent dissolution profiles between organic matter and
calcium carbonate (Yamanaka and Tajika 1996; Oka
et al. 2008; Kwon et al. 2009). The distribution of
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ΔCgas is determined as a result of both the air–sea gas
exchange of CO2 at the surface and the ocean trans-
port within the ocean (Fig. 2d). Figure 1a shows that
ΔCgas is negative at the shallower depth and positive
in the deeper ocean (purple line). Considering there is
no source/sink term of ΔCgas within the ocean (i.e.,
Sgas is zero except at the surface), the enrichment of
ΔCgas in the deep ocean can be explained only by the
transport of positive ΔCgas from the ocean surface to
the deep ocean. Figure 2d indicates that ΔCgas be-
comes positive mainly in the North Atlantic Ocean,
whereas negative values are found in most of the
Southern Ocean. This suggests that positive value of
Cgas in the deep ocean is supplied from deep-water
formation area in the North Atlantic Ocean. Figure 2e
confirms that the distribution of ΔCfw becomes the

same as that of salinity and the vertical profiles of
ΔCfw and ΔAfw are also the same as that of salinity
(blue line in Fig. 1a, b).
In our decomposition, Corg, ΔCcaco3 ΔCgas, and ΔCfw

were defined by the deviation from “globally averaged
value” rather than “surface value” as seen in Eq. (1). Al-
ternatively, previous decompositions usually referred
“surface value” as a base value; the decomposition was
usually defined from the deviation from the surface
value. This traditional carbon pump decomposition is
also demonstrated in Fig. 1c, d. The previous decompos-
ition clearly demonstrates the enrichment of DIC and
ALK in the deep ocean by the organic and alkalinity
pumps, respectively. This decomposition is useful for
focusing on the enrichment in the deep ocean but not
directly used for evaluating the surface depletion of DIC

Fig. 1 a Horizontally averaged vertical profiles of Corg, ΔCcaco3, ΔCfw, and ΔCgas from the observation. b Horizontally averaged vertical profiles of
ΔAorg, ΔAcaco3, ΔAfw, and ΔAgas from the observation. c The same as a but by the traditional decomposition focusing on enrichment in the deep
ocean. d The same as b but by the traditional decomposition focusing on enrichment in the deep ocean. Units are μmol/kg
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which is important for controlling the oceanic pCO2.
Contrary to previous decomposition, our decomposition
can explicitly evaluate the surface depletion of DIC
which will be discussed in detail below.
The surface distributions of ΔCorg, ΔCcaco3, ΔCgas,

and ΔCfw are shown in Fig. 3a–d, respectively. Figure 3a
and b indicate negative values for ΔCorg and ΔCcaco3

over the entire surface ocean. Note that each carbon
pump component is defined such that its globally aver-
aged value becomes zero; in the deeper ocean, they are
positive, as seen in Fig. 1. Figure 3c shows that ΔCgas is
negative over almost the entire surface, whereas it is
positive in the deeper ocean (Fig. 1a). As discussed

above, the positive value in the deep ocean appears to
be transported from the deep-water formation area in
the northern North Atlantic Ocean (Fig. 2d). There-
fore, although the observational data of ΔCgas is miss-
ing over the Arctic Ocean and the northern North
Atlantic Ocean, Cgas is expected to be positive in
these regions (this is indeed supported from the re-
sults of CMIP5 ESM simulations). From Fig. 3d, it
can be confirmed that the surface distribution of ΔCfw

mirrors the pattern of sea surface salinity (SSS) as a
matter of course. Although not shown here, the sur-
face distribution of ΔAorg, ΔAcaco3, ΔAfw, and ΔAgas

can also be discussed in the same manner.

Fig. 2 a Map showing the location of vertical section with red line, which transects along 30 W in the Atlantic Ocean, 60 S in the Southern
Ocean, and 150 W in the Pacific Ocean. The distribution of b ΔCorg, c ΔCcaco3, d ΔCgas, and e ΔCfw along the section shown by red line in a from
the observation. Units are μmol/kg
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Effects of ocean carbon pumps on oceanic pCO2

In the case where the surface ocean and atmosphere are
in equilibrium, atmospheric pCO2 becomes very close to
oceanic pCO2. The processes related to gas exchange
between the atmosphere and ocean are faster than the
other biogeochemical processes within the ocean, and
oceanic pCO2 can be regarded as being in equilibrium
with atmospheric pCO2 when focusing on the climato-
logical state of the ocean carbon cycle. Oceanic pCO2

depends on DIC and ALK, and here, we try to evaluate
how oceanic pCO2 is affected by the individual ocean
carbon pumps defined above.
Based on the inorganic chemistry of the carbon sys-

tem, oceanic pCO2 is also controlled by temperature and
salinity, and it can be expressed symbolically as below:

pCO2 ¼ f ðDIC;ALK; SST; SSSÞ; ð23Þ

where SST is sea surface temperature, SSS is sea surface
salinity, and f represents a function determined from the
inorganic chemistry of the carbon system (Millero 1995;
Yoshikawa et al. 2008; Oka et al. 2011b). The pCO2 dis-
tribution calculated from the observational data of DIC,

ALK, SST, and SSS are shown in Fig. 4a. Because of de-
pendency on SST, the values tend to be larger in lower
latitudes and smaller in higher latitudes. In addition,
pCO2 is dependent on the distributions of DIC and ALK
which we will mainly focus on. Here, we define the fol-
lowing pCO2(Pump) in order to discuss the effects of DIC
and ALK on pCO2:

pCO2 Pumpð Þ ¼ f DIC;ALK; SST½ �sfc; SSS½ �sfc
� �

: ð24Þ

We also define the following pCO2(NoPump) for reference:

pCO2ðNoPumpÞ ¼ f ð½DIC�avr; ½ALK�avr; ½SST�s fc; ½SSS�s fcÞ:
ð25Þ

The pressure pCO2(NoPump) represents the reference pCO2

when no ocean carbon pump exists (i.e., ΔCorg =ΔCcaco3 =
ΔCfw =ΔCgas = 0 and ΔAorg =ΔAcaco3 =ΔAfw =ΔAgas = 0).
The difference between these two pressures can be refer-
enced as the total effect of ocean carbon pumps, which is
defined as

Fig. 3 Surface distribution of a ΔCorg, b ΔCcaco3, c ΔCgas, and d ΔCfw from the observation. Units are μmol/kg
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δpCO2ðPumpÞ ¼ pCO2ðPumpÞ − pCO2ðNoPumpÞ: ð26Þ

The distribution of δpCO2(Pump) is displayed in Fig. 4b.
Because pCO2(NoPump) is a scalar value, the horizontal
pattern is determined solely by that of pCO2(Pump). By
taking the surface average of δpCO2(Pump), the change of
pCO2 caused by the ocean carbon pumps can be quanti-
fied; from the observational data, the globally averaged
value of pCO2(Pump) (i.e., [pCO2(Pump)]sfc) is 289 ppm, the
value of pCO2(NoPump) is 925 ppm, and their difference
(i.e., [δpCO2(Pump)]sfc) is calculated as −636 ppm.
The next step is to decompose δpCO2(Pump) into the

contributions from each ocean pump component. One
way to evaluate the individual effects of each carbon
pump on oceanic pCO2 may be expressed as:

δpCO2ðorgÞ ¼ f

 
½DIC�avr þ ΔCorg; ½ALK

#
avr

þ ΔALKorg; ½SST�s fc; ½SSS�s fcÞ−pCO2ðNoPumpÞ;

ð27Þ

δpCO2ðcaco3Þ ¼ f
�
½DIC�avr þ ΔCcaco3; ½ALK�avr

þ ΔALKcaco3; ½SST�s fc; ½SSS�s fc
�
−pCO2ðNoPumpÞ;

ð28Þ

δpCO2ðgasÞ ¼ f
�
½DIC�avr þ ΔCgas; ½ALK�avr

þ ΔALKgas; ½SST�s fc; ½SSS�s fc
�
−pCO2ðNoPumpÞ;

ð29Þ

δpCO2ð fwÞ ¼ f
�
½DIC�avr þ ΔCfw; ½ALK�avr

þΔALKfw; ½SST�s fc; ½SSS�s fc
�
−pCO2ðNoPumpÞ:

ð30Þ
These expressions represent how much the oceanic pCO2

is changed from the state without ocean carbon pumps by
adding the organic matter, calcium carbonate, gas exchange,
and freshwater pumps, respectively. Figure 4c–f displays the
distributions of δpCO2(org), δpCO2(caco3), δpCO2(gas), and
δpCO2(fw), respectively, estimated from the observations
with using the above equations. The figures suggest

Fig. 4 a Surface distribution of oceanic pCO2 from the observation. b Surface distribution of δpCO2(Pump) for the observation. c Same as b but for
δpCO2(org). d Same as c but for δpCO2(caco3). e Same as b but for δpCO2(gas). f Same as b but for δpCO2(fw). g Same as b but for δpCO2(org)′. h
Same as c but for δpCO2(caco3)′. i Same as b but for δpCO2(gas)′. j Same as b but for δpCO2(fw)′
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that the organic matter pump has the dominant role in
reducing pCO2. The gas exchange pump also contrib-
utes to the reduction of pCO2. On the other hand, the
calcium carbonate pump contributes to an increase of
pCO2 because of alkalinity changes. Although the
freshwater flux pump has significant effect on the con-
centrations of both DIC and ALK (Fig. 1a, b; Fig. 2e;
Fig. 3d), their respective effects on pCO2 are negated
by each other and their combined effect on pCO2 be-
comes very small. As for the surface-averaged value, it
is calculated that [δpCO2(org)]sfc = − 600 ppm, [δpCO2(-

caco3)]sfc = 301 ppm, [δpCO2(gas)]sfc = − 246 ppm, and
[δpCO2(fw)]sfc = − 5 ppm. In contrast to DIC and ALK,
the total change of pCO2 cannot be represented by lin-
ear combinations of the four carbon pumps (i.e.,
δpCO2(Pump) ≠ δpCO2(org) + δpCO2(caco3) + δpCO2(gas) +
δpCO2(fw)). This is because of the nonlinearity of func-
tion “f” of Eq. (23), which makes it difficult to obtain a
simple decomposition of δpCO2(Pump) into the individ-
ual contributions from each ocean pump component.

Nonlinearity of ocean carbon chemistry
Instead of using Eqs. (27)–(30), the effects of each car-
bon pump on pCO2 can also be evaluated as below:

δpCO
0
2ðorgÞ ¼ pCO2ðPumpÞ− f ðDIC−ΔCorg;ALK−ΔAorg; ½SST�s fc; ½SSS�s fcÞ;

ð31Þ

δpCO
0
2ðcaco3Þ ¼ pCO2ðPumpÞ− f ðDIC−ΔCcaco3;ALK−ΔAcaco3; ½SST�s fc; ½SSS�s fcÞ;

ð32Þ

δpCO
0
2ðgasÞ ¼ pCO2ðPumpÞ− f ðDIC−ΔCgas;ALK−ΔAgas; ½SST�s fc; ½SSS�s fcÞ;

ð33Þ

δpCO
0
2ð fwÞ ¼ pCO2ðPumpÞ− f ðDIC−ΔC fw;ALK−ΔA fw; ½SST�s fc; ½SSS�s fcÞ

ð34Þ

The above estimates are based on the changes in
oceanic pCO2 when the organic matter, calcium
carbonate, gas exchange, and freshwater pumps are re-
moved from the present state of the ocean carbon
pump, respectively. Figures 4g–j display the distribu-
tions of δpCO2(org)′, δpCO2(caco3)′, δpCO2(gas)′, and
δpCO2(fw)′, respectively. They are similar to previous
estimate in Fig. 4c–f but not the same; the values here
tend to be moderate compared with those from previ-
ous estimate. From Eqs. (31)–(34), it can be calculated
that [δpCO2(org)′]sfc = − 560 ppm, [δpCO2(caco3)′]sfc = 28
ppm, [δpCO2(gas)′]sfc = − 80 ppm, and [δpCO2(fw)′]sfc =
− 0.3 ppm. This suggests that the organic matter pump
is dominant, as established by the previous estimates
from Eqs. (27)–(30); however, its absolute value is
somewhat smaller (i.e., [δpCO2(org)′]sfc = − 560 and

[δpCO2(org)] = − 600 ppm). Furthermore, the difference
is more significant for the other carbon pumps, espe-
cially for the calcium carbonate pump; this is estimated
at only 28 ppm, whereas the previous estimate was 301
ppm. Such a difference also arises from the nonlinearity
of function “f.”

State dependence about effects of ocean carbon pumps
on oceanic pCO2

The abovementioned difference in the evaluation of
pCO2 (i.e., the difference between Eqs. (27)–(30) and
Eqs. (31)–(34)) can be understood easily from Fig. 5,
which explicitly shows the nonlinearity of function “f.”
Figure 5a and b visually demonstrate the estimations
based on Eqs. (27)–(30) and Eqs. (31)–(34), respect-
ively. The contours in the figure indicate the oceanic
pCO2 as a function of DIC and ALK under a
temperature of 18.16 °C and salinity of 34.59 psu, which
are [SST]sfc and [SSS]sfc of the observation. These con-
tours can be used as a measure of the impact of each
carbon pump on pCO2. Due to the nonlinearity of
function f, the contour interval becomes denser for
higher DIC. The figure displays the vectors which
represent ocean carbon pumps: the organic matter,
calcium carbonate, gas exchange, and freshwater flux
pumps are expressed as red, green, purple, and blue
vectors, respectively. The red, green, purple, and blue
vectors are defined from surface depletion of DIC and
ALK by each carbon pump: i.e., ([ΔCorg]sfc, [ΔAorg]sfc),
([ΔCcaco3]sfc, [ΔAcaco3]sfc), ([ΔCgas]sfc, [ΔAgas]sfc), and
([ΔCfw]sfc, [ΔAfw]sfc), respectively. Also, note that the
globally averaged concentrations are represented as a
solid circle ([DIC]avr and [ALK]avr) and the open circle
indicates the surface concentrations ([DIC]sfc and
[ALK]sfc). In the first evaluation (i.e., Eqs. (27)–(30)),
the “no-pump state” is selected as the reference. In this
case, the starting point of the vectors is set at the glo-
bally averaged value of DIC and ALK in the figure.
Based on this figure, [δpCO2(org)]sfc, [δpCO2(caco3)]sfc,
[δpCO2(gas)]sfc, and [δpCO2(fw)]sfc are measured from
the differences in the contour values between the start
and ends of the red, green, purple, and blue vectors, re-
spectively (Fig. 5a). On the other hand, in the second
evaluation (i.e., Eqs. (31)–(34)), the reference state is
the present ocean, and thus, the ends of the vectors are set
at the surface average value of DIC and ALK (Fig. 5b). Be-
cause the contour interval is relatively sparse around this
reference state, the evaluated values for [δpCO2(org)′]sfc,
[δpCO2(caco3)′]sfc, [δpCO2(gas)′]sfc, and [δpCO2(fw)′]sfc be-
come more moderate than in the first evaluation. Thus, in
spite of the fact that the vectors used for the analysis are
common between these two evaluations, their contribu-
tions to pCO2 are dependent on the selected reference
state (i.e., start/end points of the vectors) because of the
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nonlinearity of function “f” (i.e., the unequally spaced con-
tour intervals). In various sensitivity simulations, previous
studies have reported that changes in atmospheric pCO2

are difficult to be decomposed linearly into separate fac-
tors (Cameron et al. 2005; Yoshikawa et al. 2008; Oka
et al. 2011b; Chikamoto et al. 2012; Kobayashi et al. 2015);
this is also largely attributable to the nonlinearity of “f.”

Vector diagram of ocean carbon pump
The decomposition of DIC and ALK into pump compo-
nents is clearly defined by Eqs. (1)–(5) and (18)–(22),
respectively. However, their effects on pCO2 are more
difficult to quantify because of the nonlinearity of func-
tion “f.” Here, the vector diagram analysis is introduced
(Baes 1982; Volk and Hoffert 1985), which can provide a

Fig. 5 Effects of the ocean carbon pumps on oceanic pCO2 from the observation: the reference state is a “no-pump” state and b “present” state.
c Vector diagrams of the ocean carbon pumps from the observation. The contours show oceanic pCO2 as a function of DIC and ALK calculated
under a temperature of 18.16 °C and salinity of 34.59 psu. Solid and open circles represent averaged values over the global (i.e., [DIC]avr and
[ALK]avr) and surface (i.e., [DIC]sfc and [ALK]sfc) oceans, respectively. Red, green, purple, and blue vectors are defined as ([ΔCorg]sfc, [ΔAorg]sfc),
([ΔCcaco3]sfc, [ΔAcaco3]sfc), ([ΔCgas]sfc, [ΔAgas]sfc), and ([ΔCfw]sfc, [ΔAfw]sfc), respectively. Units of the lateral and vertical axes are μmol/kg. The contour
interval is 50 ppm, and contours larger than 2000 ppm are omitted
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clearer evaluation of the individual effects of each carbon
pump on pCO2.
The vector diagram illustrates the quantitative impact of

each carbon pump on oceanic pCO2, as shown in Fig. 5c,
in which the organic matter, calcium carbonate, gas
exchange, and freshwater flux pumps are again expressed
as red, green, purple, and blue vectors, respectively. The
difference from Fig. 5a and b is that the starting or end-
points of individual vectors are not located in the same
point but the vectors line up in order and are connected
together from the solid circle ([DIC]avr, [ALK]avr) to the
open circle ([DIC]sfc, [ALK]sfc). Note that decompositions
of DIC and ALK into pump components are linear as con-
firmed from Eqs. (1) and (18), respectively. This means
that the solid circle ([DIC]avr, [ALK]avr) and the open
circle ([DIC]sfc, [ALK]sfc) can be always strictly connected
by combinations of four carbon pumps.
Figure 5c clearly demonstrates how the carbon pumps

operate and affect the oceanic pCO2.. In the case of no
carbon pump, DIC and ALK become uniform every-
where and their surface values become the same as the
globally averaged concentrations. With no ocean carbon
pump, Fig. 5c suggests that pCO2 is around 900 ppm
(i.e., a solid circle lies on the contour of 900 ppm). The
red vector (i.e., organic matter pump) accounts for a
considerable proportion of pCO2 depletion. Although
the green vector (i.e., carbonate pump) has the second-
largest magnitude, its effect on pCO2 is much smaller
than that of the red vector because the direction of the
green vector is aligned more along the pCO2 contours.
The blue vector (i.e., freshwater pump) has very little
effect on pCO2 despite the large spatial variation of ΔCfw

(Fig. 2e; Fig. 3d). The purple vector (i.e., gas exchange
pump) is oriented near perpendicular to the pCO2 con-
tours, and thus, it has some effect on pCO2 although its
magnitude is not large. It is demonstrated here that the
vector diagram can display the individual contributions
of the carbon pumps to pCO2 in an easily comprehen-
sible manner without omitting the abovementioned non-
linear dependency.

Application to CMIP5 simulations
In the same manner as for the observational data, the
decomposition of the ocean carbon pumps was applied
to the CMIP5 ESM simulations; the climatological
three-dimensional fields of DIC, ALK, phosphate, and
salinity obtained from the CMIP5 outputs were utilized
for this decomposition. As mentioned in the “Methods”
section, nine CMIP5 models were used here; their verti-
cal profiles of ΔCorg, ΔCcaco3, ΔCgas, and ΔCfw are dis-
played in Fig. 6. Although the formulation of the
incorporated ocean biogeochemical processes is different
among the models (Bopp et al. 2001; Nakamura and
Oka 2019), all the model results captured the overall

pattern of the observation (black line). Interestingly, the
CMIP5 model mean (i.e., average of nice CMIP5 model
results; shown as gray line in Fig. 6) tends to show better
agreement with the observation than the individual
model results (especially for ΔCorg) as seen in other cli-
mate variables (Phillips and Gleckler 2006). As for the
CMIP5 model mean, the surface distributions of ΔCorg,
ΔCcaco3, ΔCgas, and ΔCfw are shown in Fig. 7a–d,
respectively. These figures also indicate that the model
captures the overall pattern of the observation (Fig. 3).
Note that ΔCgas is positive in the Arctic and northern
North Atlantic Oceans where the observational data is
missing; this supports the previously mentioned explan-
ation that positive ΔCgas observed in the deeper ocean
(Fig. 1a) is transported from the northern North Atlantic
and Arctic Oceans.
Based on the obtained decomposition of DIC and ALK

into the four carbon pump components, the vector
diagrams for the CMIP5 models are displayed in Fig. 8.
Together with individual model results (Fig. 8c–k), the
observation (Fig. 8a same as Fig. 5c) and the CMIP5
model mean (Fig. 8b) are also shown in the figure. In all
the models, the simulated surface average concentrations
of DIC and ALK (i.e., ([DIC]sfc, [ALK]sfc); open circles in
Fig. 8) are located around the 300 ppm contour value,
which agrees with the observation (this agreement is
guaranteed from the experimental design of the CMIP5
historical simulation, in which the atmospheric CO2

concentration is prescribed). In the same time, the
figures also show that they are separately distributed
along the 300 ppm contour line, suggesting that the
carbon pumps operate differently among the models.
Figure 8c–k illustrate how the organic matter, calcium
carbonate, gas exchange, and freshwater carbon pumps
are operating in the individual models by the red, green,
purple, and blue vectors, respectively. The individual
effects of these four ocean carbon pumps on the surface
pCO2 can also be measured from the difference in the
contour values between the start and end of each vector.
In the same way as the observational data, Fig. 8 clearly
visualizes the individual effects of the four ocean carbon
pumps on the surface pCO2 in each CMIP5 model,
which demonstrates that the vector diagram is a useful
and simple diagnosis for ocean carbon pumps of each
CMIP5 model.

Vector diagram as a tool for model evaluation and
comparison
Because the carbon pump components can be decom-
posed linearly (Eqs. (1) and (18)), the differences in
ΔDIC and ΔALK between the models and the observa-
tion can also be decomposed into the four carbon pump
components. For comparing the models with the obser-
vation more closely, Fig. 9 is presented. In this figure,
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the surface concentrations in the model and observation
(two open circles) are connected by the four pump vec-
tors; here, the vectors are defined in the form of the dif-
ferences between the observation and the models. In
other words, the vector of Fig. 9 represents the model
bias of each carbon component against the observation.
As for the CMIP5 model mean (Fig. 9b), the calcium

carbonate pump (green arrow) is somewhat weaker than
the observation, which is compensated by the weaker
gas exchange pump (purple arrow). The freshwater flux
pump (blue arrow) also shows fresher bias, but its con-
tribution to pCO2 is small. Bias of organic matter pump
(red arrow) is small with regard to the CMIP5 model
mean. As for individual CMIP5 model results, they are
also summarized in Fig. 9c–k. The organic matter pump

has the largest model spread, which confirms that the
small bias of the model mean is a result of cancellation
between individual model biases. It is worthy to note
that the strength of the organic matter pump is not sim-
ply determined from the ocean net primary production
(NPP) or export production (EP). For example, although
it was reported that GFDL-ESM2M has the most largest
NPP among the other models (Bopp et al. 2013), Fig. 9e
shows that this model has the significant weaker bias of
the organic matter pump. This is because the organic
matter pump is controlled not only by NPP/EP but also
by the ocean transport. For example, the stronger up-
welling tends to increase surface phosphate concentra-
tion, which means that the organic matter pump tends
to be weaker. At the same time, the stronger upwelling

Fig. 6 Horizontally averaged vertical profiles of a Corg, b ΔCcaco3, c ΔCfw, and d ΔCgas, from the observation and CMIP5 simulations. Units are μmol/kg
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also causes the larger NPP/EP, which in turn reduces
the surface phosphate concentration contributing to the
strengthening of the carbon pump. Therefore, the
strength of the organic matter pump is controlled under
the balance between NPP/EP and the ocean transport.
The figure suggests that all the models have significant
fresher bias of freshwater flux pump. It is known that
CMIP5 models have systematic fresher salinity bias espe-
cially over the subtropical gyre in the South Atlantic
Ocean (Mecking et al. 2017), which appears to cause
such systematic bias of the freshwater flux pump. All the
models except CESM1-BGC, GFDL-ESM2M, and MPI-
ESM-LR show weaker bias of calcium carbonate pump.
The reason for this weaker bias appears to come from
various reasons depending on models. For example,
GFDL-ESM2G and NorESM1-ME have shallower max-
imum of ΔCcaco3 than the observation (Fig. 6b), which
makes the calcium carbonate pump weaker (Yamanaka
and Tajika 1996; Oka et al. 2008). IPSL-CM5A-LA and
IPSL-CM5A-MR have the weaker bias of the carbonate
pump in spite of their stronger bias of the organic mat-
ter pump, which implies that their rain ratio is smaller.
As for the gas exchange pump, the models tend to have
weaker bias. This weaker bias is considered to be a result

of the compensation for weaker bias of the sum of
remaining three carbon pumps (mainly due to weaker
bias of calcium carbonate pump). Because the atmos-
pheric pCO2 level is prescribed in the model from the
experimental design of CMIP5 historical simulation, all
the models are forced to be located around the specified
pCO2 level (around 300 ppm contour line in Fig. 9a).
This adjustment is done by the air–sea gas exchange;
namely, the gas exchange pump works in such a way
that the model’s open circle becomes located close to
300 ppm pCO2 contour line in Fig. 9. Therefore, if the
total effects of three carbon pumps have a weaker bias,
the gas exchange pump needs to compensate such bias
by adjusting its own strength to be also weaker.
Note that the difference in two open circles is not fully

explained from the combination of four carbon pumps
in Fig. 9 (i.e., the end point of blue vector is not located
at the model’s open circle). This is simply because the
globally averaged values of DIC and ALK (i.e., ([DIC]avr,
[ALK]avr); solid circles in Fig. 8) are not the same as
those of the observation. In other words, the difference
between the end point of blue vector and the model’s
open circle corresponds to the difference in ([DIC]avr,
[ALK]avr) between the model and the observation. The

Fig. 7 Surface distribution of a ΔCorg, b ΔCcaco3, c ΔCgas, and d ΔCfw from the CMIP5 model mean. Units are μmol/kg
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CMIP5 models tend to show the larger values of globally
averaged DIC and ALK than the observation. This differ-
ence originates from initial conditions of CMIP5 historical
simulation; the reason for the larger initial values may
come partly from the fact that models were usually spin up
under recent conditions (anthropogenic carbon is included
therein) rather than the condition before the year 1860.

Conclusions
In this study, the decomposition of ocean carbon pumps
into four components was introduced and the individual
effects of each component on the ocean surface pCO2,
which is in balance with atmospheric CO2 concentra-
tion, were quantified using a vector diagram. In the
presented formulation, dissolved carbon (and alkalinity)

Fig. 8 Vector diagrams of the ocean carbon pumps from a the observation and b–k CMIP5 simulations: b CMIP5 model mean, c CESM1-BGC, d
GFDL-ESM2G, e GFDL-ESM2M, f HadGEM2-ES, g IPSL-CM5A-LR, h IPSL-CM5A-MR, i MPI-ESM-LR, j MPI-ESM-MR, and k NorESM1-ME. The contours
show oceanic pCO2 as a function of DIC and ALK calculated under temperature of 18.16 °C and salinity of 34.59 psu. Solid and open circles
represent averaged values over the global (i.e., [DIC]avr and [ALK]avr) and surface (i.e., [DIC]sfc and [ALK]sfc) oceans, respectively. Red, green, purple,
and blue vectors are defined as ([ΔCorg]sfc, [ΔAorg]sfc), ([ΔCcaco3]sfc, [ΔAcaco3]sfc), ([ΔCgas]sfc, [ΔAgas]sfc), and ([ΔCfw]sfc, [ΔAfw]sfc), respectively. Units of
the lateral and vertical axes are μmol/kg. The contour interval is 50 ppm, and contours larger than 2000 ppm are omitted
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was decomposed into a globally averaged value and its
deviation. Contrary to previous decomposition which
emphasizes the deep-water enrichment of dissolved
carbon from the surface value, our decomposition
focuses on the surface depletion of dissolved carbon
from its global average. It was shown that the deviation
from the globally averaged value could be decomposed
into four carbon pump components, which were defined
such that their globally averaged values were always zero
and the strength of each carbon pump was defined by
the surface depletion of each carbon pump component.

The effects of the four carbon pumps on atmospheric
CO2 concentration were summarized in a single figure
(the vector diagram), in which each carbon pump com-
ponent was represented by one vector and where its
contribution to the ocean surface pCO2 could be mea-
sured from the difference in the contour values between
the start and end of the vector.
By applying this method to the observational data, the

contributions of the four carbon pump components to
atmospheric CO2 concentration were evaluated. The
same method of analysis was also applied to CMIP5

Fig. 9 Same as Fig. 8 but showing the difference between CMIP5 simulations and the observation. All model plots for surface value (i.e., [DIC]sfc
and [ALK]sfc) are displayed in a
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ESM simulations. Although all the models reproduced
the same level of atmospheric CO2 concentration as the
observation, it was shown that the contributions from
the four carbon pumps were not the same among the
models. The individual strengths of the four ocean car-
bon pumps differed between the models, but they are all
controlled such that their total effect on atmospheric
CO2 concentration remains close to the observation as a
result of adjustment by the gas exchange pump. The
vector diagram was demonstrated as useful for both
diagnosing how these four ocean carbon pumps operate
and affect atmospheric CO2 concentration in each model
and illustrating the differences among the models and
their biases from the observation.
In summary, the vector diagram analysis introduced in

this study was shown to be a useful tool for quantifying
the individual contributions of ocean carbon pumps on
atmospheric CO2 concentration. The method was also
demonstrated as useful for evaluating the reproducibility
of ocean carbon cycle models, and thus, it could serve as
a simple method for evaluating and comparing the vari-
ous model outputs amongst themselves and against the
observation. Although the vector diagram analysis
shown here was introduced as a tool for diagnosing the
present-day ocean carbon pumps, this method could be
widely applicable to various other problems. For ex-
ample, the ocean carbon cycle is expected to continue to
change in the future, and therefore, it is important to
discuss the future changes in ocean carbon pumps and
their roles in atmospheric CO2 concentration; applying
the carbon pump decomposition and the vector diagram
analysis to CMIP ESM future climate predictions will be
an interesting approach. Extending the method to time-
varying field, and for example, applying it for under-
standing the seasonal variation of the oceanic pCO2

(Gallego et al. 2018) might be also interesting. Discuss-
ing the changes in ocean carbon pumps in paleoclimate
such as glacial climate by using the method proposed
here is another interesting application.
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