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Abstract The Eastern Tropical Pacific (ETP) is the largest oceanic source of carbon dioxide (CO2) to
the atmosphere. Sinking particle fluxes at a depth of 4,950 m (50 m above the seafloor) in the ETP
were monitored from 2003 to 2013, during which the Pacific decadal oscillation (PDO) shifted from a
positive to negative phase. We show a disproportionate increase in the efficiency of the biological pump
in this region relative to the increase in primary production that occurred during La Niña years
following the shift of the PDO in 2008. Biogenic carbon export from the surface mixed layer was
estimated from the observed particulate organic carbon and inorganic carbon fluxes at a depth of 4,950
m and from empirical equations of the vertical attenuation of carbon flux. Enhanced biological
carbon export accounted for 2.3–5.5 mol C m–2 year–1 during the La Niña events. Despite a large
uncertainty associated with these estimates, we propose that CO2 outgassing was largely suppressed by
an enhanced biological pump during the La Niña events in the negative PDO phase.

Plain Language Summary We examined the composition and flux of particles sinking to the
deep Eastern Tropical Pacific from 2003 to 2013. This region is known as the largest oceanic source of
CO2 to the atmosphere. We observed that the flux of particulate organic and inorganic carbon to a depth of
4,950 m increased as the climate variability called the “Pacific decadal oscillation” shifted from a positive
to negative phase (i.e., more La Niña events) in 2008. The biological pump efficiency (i.e., how
efficiently biological production of organic matter is transported to the deep ocean) also increased during La
Niña years. To investigate how biological production affects the CO2 exchange with the atmosphere, we
estimated the export of carbon from the surface layer based on our flux data at 4,950 m and the current
understanding of carbon flux attenuation with depth. CO2 outgassing was largely suppressed by an
enhanced biological pump during the La Niña events in the negative PDO phase.

1. Introduction

Upwelling in the Eastern Tropical Pacific (ETP) reportedly contributes up to 50% of new biological produc-
tion in the global oceans (Barber & Chavez, 1991; Loubere, 2000) and thus plays a critical role in Earth's car-
bon cycle. This region is also known to be the largest oceanic source of CO2 to the atmosphere due to the
upwelling of CO2‐rich deep water (Feely et al., 2006; Takahashi et al., 2003, 2009). The Pacific decadal oscil-
lation (PDO) is the dominant source of sea surface temperature (SST) variability in the Pacific on low‐
frequency, decadal timescales (Newman et al., 2003), and influences the physical and biological conditions
of the ETP (Folland et al., 2002; Peterson & Schwing, 2003). SST in the ETP is higher/lower during
positive/negative PDO (Figure 1). Therefore, it is important to understand how biological processes and
CO2 outgassing in the ETP are influenced by the PDO. The biological response to natural climate variability
in the ETP is poorly understood because of the paucity of long‐term observations. In particular, the role of
enhanced upwelling in CO2 cycling in this region has not been addressed.

The ETP underwent a switch from a positive PDO to a negative phase in the late 2000s (Litzow & Mueter,
2014; Figures 1 and 2a). Frequent La Niña events have occurred since 2008 and have strengthened the
impact of the negative PDO (Tollefson, 2014; Wang et al., 2014). Enhanced upwelling during a La Niña per-
iod may stimulate two processes in this region with opposing consequences for CO2 flux between the ocean

©2019. American Geophysical Union.
All Rights Reserved.

RESEARCH ARTICLE
10.1029/2019JC015287

Key Points:
• Fluxes of biogenic particles were

much higher during La Niña years
in the deep Eastern Tropical Pacific

• Biogenic carbon export was
estimated based on the observed
particle fluxes and empirical
equations for the vertical
attenuation of carbon flux

• CO2 outgassing was considerably
suppressed by an enhanced
biological pump during La Niña
years

Correspondence to:
J. Hwang,
jeomshik@snu.ac.kr

Citation:
Kim, H. J., Kim, T.‐W., Hyeong, K.,
Yeh, S.‐W., Park, J.‐Y., Yoo, C. M., &
Hwang, J. (2019). Suppressed CO2

Outgassing by an Enhanced Biological
Pump in the Eastern Tropical Pacific.
Journal of Geophysical Research:
Oceans, 124, 7962–7973. https://doi.
org/10.1029/2019JC015287

Received 15 MAY 2019
Accepted 28 SEP 2019
Accepted article online 25 OCT 2019
Published online 19 NOV 2019

Manuscript revised for Journal of
Geophysical Research: Oceans

KIM ET AL. 7962

https://orcid.org/0000-0002-3690-2263
https://orcid.org/0000-0002-4236-0720
https://orcid.org/0000-0002-4134-1886
https://orcid.org/0000-0003-4549-1686
https://orcid.org/0000-0002-9232-0356
https://orcid.org/0000-0002-0834-0224
http://dx.doi.org/10.1029/2019JC015287
http://dx.doi.org/10.1029/2019JC015287
mailto:jeomshik@snu.ac.kr
https://doi.org/10.1029/2019JC015287
https://doi.org/10.1029/2019JC015287
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019JC015287&domain=pdf&date_stamp=2019-11-19


and atmosphere. Upwelling of CO2‐rich deep water will facilitate the efflux of CO2 to the atmosphere. In
contrast, the biological pump, which facilitates sequestration of atmospheric CO2 into the deep ocean via
primary production, can be boosted by additional nutrient supply. The biological pump is a critical system
in the ETP and needs to be evaluated quantitatively to improve our understanding of its role in
modulating the atmospheric CO2 level. By measuring the export of particulate organic carbon (POC)
using time‐series sediment traps and determining concurrent net primary production (NPP), one can
better evaluate the functioning of the biological pump. In the mid‐1990s, primary production and carbon
flux responses to the ENSO (El Niño Southern Oscillation) were studied in the ETP as a part of the
United States Joint Global Ocean Flux Study (Bacon et al., 1996; Buesseler et al., 1995; Murray et al.,
1996). These studies found that the ratio of POC export to primary production (e‐ratio) varied from 0.03 to
0.23, with potentially higher values during a cold period (non‐El Niño) than during the preceding El Niño
event. Attenuation in POC flux with increasing depth has been extensively studied in the ETP (Berelson,
2001; Buesseler & Boyd, 2009) and has been simulated using an equation known as the “Martin curve”
(Berelson, 2001; Martin et al., 1987). Therefore, the POC export may be estimated from POC flux measure-
ments at depth. Because continuous data for export and production over an extended time period are diffi-
cult to obtain, time‐series POC flux measurements at depth may provide an alternative way to estimate the
POC export.

We obtained time‐series data for the biogenic particle composition and particle flux at a depth of 4,950 m in
the ETP from July 2003 to July 2013. This study period spanned a regime shift in the PDO in 2008 from a
positive to a negative phase (Figure 2a) and provided us with an opportunity to examine the biological
response. We investigated how the role of biological pump changed as the PDO phase shifted, based on
our particle flux data and the knowledge of particle flux attenuation from previous studies (Berelson,
2001; Buesseler & Boyd, 2009; Martin et al., 1987).

2. Methods

The Korea Institute of Ocean Science and Technology has maintained a long‐term monitoring station in the
ETP (Station KOMO; 10.5°N and 131.2°W; Figure 1) since 2003 to investigate the biogeochemical cycling of
organic carbon (Kim et al., 2011). SST, sea surface salinity (SSS), and wind speed at this site are largely influ-
enced by seasonal and interannual migration of the intertropical convergence zone and ENSO events
(Amador et al., 2006; Kim et al., 2011).

Figure 1. Sea surface temperature (SST) anomalies observed during (a) 2003–2007 in a positive PDO and (b) 2008–2013 in
a negative PDO. The anomalies are defined as deviations from the monthly means over the period 2003–2012 and were
averaged over December–May. The SST data were obtained from the NOAA optimum interpolation SST product that
combines observations from satellites, ships, and buoys (https://www.esrl.noaa.gov; Reynolds et al., 2007). The triangle
represents Station KOMO, where particle samples were collected monthly from 2003 to 2013.
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Sinking particles were collected monthly by a sediment trap (PARFLUXMark 78H‐21; McLane Laboratory)
moored at 4,950 m depth (50 m above the seafloor). Samples were collected monthly from July 2003 to July
2013 (supporting information, Data Set S1). The trap mooring array was recovered and redeployed once a
year. Sinking particles were also collected intermittently at depths of 1,200 and 4,500 m (Data Set S1).
Each sampling cup was filled with filtered seawater collected from the deployment depth and treated with
sodium borate‐buffered 10% formalin solution. Recovered samples were stored in a refrigerator at 2−4 °C.
Sample analyses were performed within a few months of sampling.

Zooplankton specimens larger than 1mmwere removed using tweezers upon inspection with the naked eye.
Each trap sample was split into five equal aliquots using a McLane wet sample divider (WSD‐10). Three ali-
quots were rinsed with ultrapure (Milli‐Q) water, freeze‐dried, and weighed for gravimetric determination of
total particle flux. Total particulate carbon content was determined using an elemental analyzer (Carlo‐Erba
1110 CNS) with a precision of <1.2% relative standard deviation (RSD). Particulate inorganic carbon (PIC)
content was analyzed using a total inorganic carbon analyzer (UIC CO2 coulometer; model CM5014) with
<1% RSD. Calcium carbonate (CaCO3) content was calculated by multiplying the PIC content by a conver-
sion factor of 8.33 (the weight ratio of CaCO3 to carbon; Wefer & Fischer, 1993). POC content was estimated
as the difference between total carbon and inorganic carbon contents. A direct decarbonation method using
sulfurous acid was also used for determination of POC contents of a set of samples (n = 9; <0.5% RSD; Kim
et al., 2011; Verardo et al., 1990). Both methods agreed within 0.4%. Biogenic opal content was determined
following a sequential alkaline leaching method with <3% RSD (DeMaster, 1981). Planktonic foraminifera
flux was determined by picking individual foraminifera tests under the microscope (Zeiss Stemi SV 11; 10×)
and weighing. The presence of coccoliths was verified by examination under the microscope.
Coccolithophore flux was estimated as the difference between the CaCO3 and foraminifera fluxes.

Figure 2. (a) SST anomalies observed in the Nino 3.4 region (red and blue bars denote the positive and negative anoma-
lies, respectively). The Pacific decadal oscillation (PDO) shifted from a positive to negative phase in 2008 (Wu, 2013).
(b) Fluxes of total mass, CaCO3, and biogenic opal at Station KOMO from July 2003 to June 2013. (c) Satellite‐derived net
primary production (NPP) and observed particulate organic carbon (POC) flux. Horizontal dashed lines in (b) and
(c) indicate average values of total particle flux and POC flux from July 2003 to June 2007 and the negative PDO–La Niña
period (from July 2007 to June 2009 and July 2010 to June 2013). Blank areas indicate no data.
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NPP was estimated from 9‐km resolution monthly satellite chlorophyll data using the vertically generalized
production model (Behrenfeld & Falkowski, 1997). The model is based on a temperature‐dependent
description of MODIS chlorophyll‐specific photosynthetic efficiency, which utilizes day length, surface
chlorophyll‐a concentration, SST, and photosynthetically available radiation (www.science.oregonstate.
edu/ocean.productivity). The median value of NPP in the 1° × 1° grid box surrounding our study site was
taken to examine biological activity in the ETP and for comparison with the particle flux data. The monthly
SST data were obtained from the NOAA optimum interpolation SST product that combines observations
from satellites, ships, and buoys (http://www.esrl.noaa.gov; Reynolds et al., 2007), with a spatial resolution
of 1° × 1°. The monthly SSS data were obtained from the Global Ocean Data Assimilation System, produced
at the National Center for Environmental Prediction (Behringer & Xue, 2004). The data are estimated by
assimilating ocean observations from Argo floats to a physical ocean model with a spatial resolution of 1°
× 0.333° (longitude × latitude; Behringer & Xue, 2004).

3. Results

Details of the particle flux, composition, and their controlling factors for part of the observation period have
been reported elsewhere (Kim et al., 2011, 2012). In this paper, we focus on the overall interannual variation
of the particle flux and composition. Over the study period from July 2003 to July 2013, the total particle flux
at 4,950 m varied from 3.5 to 130 mg·m–2·day–1 with an average (±1 standard deviation) of 31.5 (±26) mg·m–

2·day–1 (Figure 2b). Total particle flux data exhibited a unimodal seasonal pattern: an average flux of 49.2 ±
31.0 mg·m–2·day–1 for December–May and 18.8 ± 9.3 mg·m–2·day–1 for June–November (Figure 2b). Fluxes
of biogenic particles such as POC, opal, and CaCO3 exhibited seasonal and interannual variations similar to
that of the total particle flux (Figure 2). Average fluxes of CaCO3, biogenic opal, and POC over the entire
study period were 12.9 ± 11.6, 6.2 ± 5.7, and 2.5 ± 2.3 mg·m–2·day–1, respectively. The ratio of PIC flux to
POC flux varied between 0.2 and 1.7, with an average of 0.65. The fluxes of planktonic foraminifera and coc-
colithophores accounted for ~39% and ~61% of the CaCO3 flux, respectively (the coccolithophore flux is the
difference between the CaCO3 and foraminifera flux).

A notable feature of the interannual variations in total particle flux is a shift from a low‐flux period (2003–
2007) to a high‐flux period (2008–2013). POC flux varied in proportion to the total particle flux and there was
a clear shift in POC flux toward higher values after 2007 (Figure 2c). The increase in all biogenic particle
fluxes from a positive to negative PDO phase was most conspicuous over December–May (Figure 3). The
average POC flux for December–May increased from 1.5 to 4.7 mg·m–2·day–1 between the two periods.
The ratio of PIC flux to POC flux did not show any significant temporal trend between the two periods.

Figure 3. Monthly averaged fluxes of (a) total particle mass, (b) particulate organic carbon POC, (c) calcium carbonate
(CaCO3), and (d) biogenic opal at Station KOMO. Data are presented separately for two periods: July 2003 to
June 2007 (open circles) and July 2007 to June 2009, July 2010 to June 2013 (solid circles). Error bars are one standard
deviation of the monthly data.
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The contribution of CaCO3 increased in the latter period, resulting in a slight decrease in the opal flux to
CaCO3 flux ratio from 0.54 to 0.45 and the opal flux to coccoliths flux ratio from 1.25 to 0.99.

4. Discussion
4.1. Sources of Sinking Particles

The POC flux has shown a marked increase since mid‐2007. We first examined the possibility of an
allochthonous source of POC to the mooring site. Seasonal pulses in POC flux agree well with the temporal
variation in satellite‐derived NPP, particularly in years of high POC flux. Although coupling between biolo-
gical production in the surface ocean and particle flux at depth is clear at a seasonal scale, the timing of each
annual peak in POC flux does not exactly match that in NPP (Figure 2c). This might reflect time lags of 20–30
days related to particle sinking (Berelson, 2001; Honjo et al., 1995).

We used satellite‐NPP data over a 1° × 1° area around Station KOMO for comparison with the particle fluxes.
Horizontal distribution of the NPP was homogeneous within 2−3° from Station KOMO, and hence our 1° ×
1° data can represent the NPP at the mooring site. Subsurface lateral transport of particles was also consid-
ered. Based on the current speeds measured at a depth of 120 m (80 cm/s) at a Tropical Atmosphere Ocean
array (Kessler, 2006; Kessler et al., 1995) and at a depth of 1,235 m (10 cm/s) at the mooring site, the maxi-
mum range of lateral transport of particles during vertical transit would be <100 km. Northward transport
of particles from more productive equatorial regions is not likely because of the strong eastward North
Equatorial Countercurrent between 5 and 10°N.

We also examined the potential influence of resuspended sediment on sinking particles. Biogenic mate-
rial (i.e., the sum of CaCO3, opal, and organic matter = POC × 1.88; the ratio of organic matter to POC
was taken from Lam et al., 2011) accounted for 75 ± 8% of total particulate mass. The remaining frac-
tion included aeolian lithogenic material flux and resuspended sediment. Current speed measured daily
at 15 m above the seafloor (35 m below the sediment trap) varied from 0.3 to 14.5 cm/s (average = 3.6
cm/s) over the periods from July 2003 to June 2009 and August 2011 to September 2012. These values
are not high enough to resuspend deep‐sea sediment and affect the trapping efficiency (Baker et al.,
1988; Honjo et al., 1995). Particle fluxes do not show any correlation with the measured current speed
(not shown). Moreover, POC and CaCO3 contents in the surface sediments (0–1 cm horizon) at and
around Station KOMO were only 0.7% and 0.12%, respectively (Kim et al., 2015). Therefore, the influ-
ence of resuspended sediment on POC and PIC fluxes is likely to be minimal. Based on these considera-
tions, we consider that POC and PIC fluxes were derived mainly from biological production in the
surface water at or around the study site.

4.2. Relationship Between the Particle Flux and Climate Variability in the ETP

Primary production in the ETP is influenced by the upwelling of nutrient‐rich deep water (Pennington et al.,
2006; Strutton & Chavez, 2000). As of mid‐2007, the PDO shifted to its negative phase with an increasing fre-
quency of La Niña events (Figure 2a). The Ocean Niño Index (i.e., the SST departure from monthly climato-
logical mean values in the Niño 3.4 region) also showed negative values after mid‐2007. The period from
December 2009 to May 2010 was an exception, during which there was a departure to more positive values
of Ocean Niño Index. In this period, POC flux was significantly lower than in the other years of the negative
PDO phase. Therefore, ENSO appears to influence the POC flux more directly than PDO, which has a much
lower frequency. In addition, PDO hasmore visible climatic fingerprints in the North Pacific, whereas ENSO
mainly affects the tropics (Mantua & Hare, 2002; Newman et al., 2016). It is unclear whether the La Niña
effects on the POC flux were enhanced by the negative phase of PDO. Ideally, much longer time‐series data,
including various combinations of positive and negative PDO phases and El Niño and La Niña, are needed to
understand the strengthening/weakening effects of the two climate systems. In the following discussion, we
do not consider the data from July 2009 to June 2010 and refer to the other years (i.e., from July 2007 to June
2009 and July 2010 to June 2013) as the negative PDO–La Niña period.

Increases in primary production and POC flux in December–May for the negative PDO–La Niña period
in the ETP have been suggested to be driven by strong equatorial upwelling (Kim et al., 2011; Shi &
Wang, 2014). Satellite‐derived NPP data for December–May increased by only 20% from 357 ± 46 mg
C·m2·day–1 in the positive PDO period to 440 ± 48 mg C·m–2·day–1 in the negative PDO–La Niña
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period. However, the POC flux increased threefold, suggesting higher export efficiency (i.e., e‐ratio) dur-
ing the negative PDO–La Niña period. A twofold increase in e‐ratio accompanying the ~20% increase in
NPP would result in a 2.5× increase in POC flux. Honjo et al. (1995) reported significantly higher
(~1.6×) export ratios during the post‐El Niño period than the El Niño period at 9°N and 140°W in
the Equatorial Pacific based on sediment trap results at ~2,200 m. Murray et al. (1996) reported higher
export production (i.e., double between the Equator and 13°N, except at 9°N) based on234Th measure-
ments. Therefore, a twofold increase in the e‐ratio appears feasible. Increases in phytoplankton cell size
and mesozooplankton biomass were suggested as the potential cause of the increase in e‐ratio (Murray
et al., 1996). Flourishing of foraminifers may be a factor in the higher export, along with less reminer-
alization due to rapid sinking. The discrepancy between NPP and POC flux might arise because the ver-
tically generalized production model cannot adequately resolve production at the subsurface chlorophyll
maximum. However, the subsurface chlorophyll maximum likely forms more strongly during higher
stratification (i.e., during El Niño years; e.g., Bruland et al., 1994; Holligan et al., 1984; McLaughlin
& Carmack, 2010).

4.3. Estimation of Carbon Export Based on Measured Fluxes in the Deep ETP

We investigated the importance of the biological pump in controlling the CO2 flux between the ocean and
atmosphere following the scheme of Honda et al. (1997). This was carried out in two parts. First, we esti-
mated the export of POC and PIC (exported in the form of biogenic CaCO3) out of the surface mixed layer,
based on our measured fluxes and attenuation equations developed for the ETP (Berelson, 2001; Figure 4).
Second, using the estimated export values for POC and PIC, we calculated the partial pressure of CO2 (pCO2)
in the surface mixed layer in the case of no biological pump (section 4.4).

Our study site is located in the 10°N thermocline ridge area, which is the region of thermocline shoaling
(<100 m) caused by divergence between the North Equatorial Countercurrent and North Equatorial
Current. The satellite‐derived mixed layer depth around Station KOMO for December–May deepens to a
maximum of ~90 m (Kim et al., 2012). Euphotic depth (i.e., 0.1% light level) is reported to vary between
95 and 160 m in the ETP (Murray et al., 1996). We used 100 m for the reference depth of the POC and
PIC exports.

Previous studies have proposed empirical equations to describe the degree of POC flux attenuation in the
ETP (Berelson, 2001). POC export was estimated using the Martin equation (Martin et al., 1987). Given that
we did not have data obtained simultaneously at several depths, we adopted the range of exponent “b” (−0.6
< b < −0.9) for the Martin curve reported for the ETP (Berelson, 2001):

POC export ¼ POC flux obsð Þ d=zð Þ–b (1)

where z, d, and flux(obs) denote the sinking particle sampling depth (4,950 m in this study), the depth of
export (100 m in this study), and observed fluxes, respectively. The b value ranges from −0.6 to −0.82 in
the Equatorial Pacific between 5°S and 5°N, whereas it ranges from −0.73 to −0.90 at 9°N and 12°S
(Berelson, 2001). The range of b values reflects variability in parameters such as the particle sinking speed
and decomposition rate of POC. The wide range of b values resulted in a large uncertainty on the POC export
estimates (the gray bar at a depth of 100 m in Figure 4b). For example, when the average observed POC flux
(2.54 mg·m–2·day–1) at a water depth of 4,950 mwas used, the estimated POC export ranged from 26 to 85mg
C·m–2·day–1 (2.2 to 7.1 mmol·m–2·day–1; Figure 4). We used the mean value (56 mg·m–2·day–1 or 4.6
mmol·m–2·day–1) and the range (±29 mg·m–2·day–1 or 2.4 mmol·m–2·day–1) as the uncertainty. The e‐ratio
based on this estimate was about 0.15 ± 0.08, which is consistent with previous results obtained from the
ETP (0.04–0.23) and Northeast Pacific (0.11–0.13; Buesseler et al., 2007; Henson et al., 2012; Murray et al.,
1996). The T100 value (i.e., the ratio of POC flux at 100 m beneath the euphotic zone to POC export) based
on our estimation ranges from 0.54 to 0.66. These estimates are similar to values (0.5 to 0.7) obtained for
the Eastern Equatorial Pacific (Buesseler & Boyd, 2009). This suggests our estimates of the POC export are
reasonable despite the large uncertainty. The e‐ratio for December−May was about 0.25 (±0.13) in the nega-
tive PDO–La Niña period, which is more than twice that in the positive PDO period (0.10 ± 0.04).

The PIC export was estimated similarly using the empirical equation of Honda et al. (1997):
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PIC export ¼ PIC flux obsð Þ d=zð Þ–0:485 (2)

Given that the attenuation of PIC flux using sediment trap data is less well studied than POC, the range of
the b value is not available. b value of −0.485 is based on the observed CaCO3 flux during the Joint Global
Ocean Flux Study North Atlantic Bloom Experiment (Martin et al., 1993). However, PIC export is only about
a third that of POC, and the uncertainty in the estimation of PIC export contributes little to the overall uncer-
tainty in evaluation of the role of the biological pump in CO2 outgassing. The PIC export for December–May
was estimated to be 21 ± 10.1 mg·m–2·day–1 (1.7 ± 0.8 mmol·m–2·day–1) in the negative PDO–La Niña per-
iod, which is also slightly more than twice that of the positive PDO period (8.3 ± 3.9 mg·m–2·day–1 or 0.7 ±
0.3 mmol·m–2·day–1).

Figure 4. (a) Location of Station KOMO and other stations for which data are presented in (b) and (c). Contour lines in (a) show the thermocline depth (Wilson &
Adamec, 2001). Estimated vertical attenuation of (b) particulate organic carbon (POC) flux and (c) particulate inorganic carbon (PIC) flux. POC and PIC fluxes,
measured at Station KOMO and other sites in the Eastern Tropical Pacific, are also shown. The error bars are one standard deviation of the observed time‐series
data around the averages. The gray box at a depth of 100 m in (b) indicates the range of the estimated POC export flux. POC and PIC flux data at EqPac 9°N,
5°N, and 2°N are from Honjo et al. (1995). Data for sites S and C are from Dymond and Collier (1988). Data at Station KOMO were obtained at a depth of 1,200 m
from September 2009 to April 2010 and at 4,500 m from August 2008 to February 2013 (see Data Set S1).
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4.4. Impact of Biological Processes on Surface Ocean pCO2 at the Study Site

Export of POC and PIC from the surface water affects surface water pCO2 and, consequently, CO2

exchange with the atmosphere. We therefore examined the effects of POC export as a CO2 drawdown
(the so‐called “biological pump”) and PIC export as a CO2 source (the so‐called “carbonate counter
pump”). Precipitation of CaCO3 (and removal of CO3

2–) facilitates dissociation of the bicarbonate ion
(HCO3

–) to H2CO3 and CO3
2–. Production of H2CO3 increases pCO2, and hence this process is called

the carbonate counter pump. To account for the carbonate counter pump as a CO2 source, the ratio
of released CO2 to carbonate precipitation (Ψ) was first estimated (Frankignoulle et al., 1994; Salter
et al., 2014) and then multiplied by the PIC export. In brief, Ψ was estimated from total alkalinity
(TA) and pCO2. Time‐series data of TA were estimated using polynomial algorithms based on SSS
and SST (Lee et al., 2006). Monthly pCO2 data of 1° × 1° spatial resolution, which were based on global
surface ocean maps of pCO2 reconstructed from the Surface Ocean CO2 Atlas Version 2, were obtained
from Landschützer et al. (2016). The estimated regional values of Ψ were in the range of 0.59–0.64
(average = 0.61 ± 0.01), which is consistent with the range of other reported values for the open ocean
(0.60–0.63; Frankignoulle et al., 1994; Gattuso et al., 1999; Zondervan et al., 2001). The net effect of the

Figure 5. Effects of the biological pump and carbonate counter pump on pCO2 in Eastern Tropical Pacific surface waters.
(a) The effect of particulate organic carbon (POC) export as a CO2 drawdown and CaCO3 export as a CO2 source in the
mixed layer on CO2 gas exchange in mmol·m–2·day–1. EN and LN denote El Niño and La Niña years, respectively.
Blank areas indicate no data. (b) pCO2 in the atmosphere (red dashed line) and in surface seawater (blue solid line). The
pCO2 data are modeled results based on the Surface Ocean CO2 Atlas Version 2 (Landschützer et al., 2016). Solid
circles are pCO2 values calculated for when there was no biological pump. Error bars are based on the uncertainty asso-
ciated with estimation of the POC and PIC export fluxes (see text).
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biological pump and carbonate counter pump in the 100‐m‐thick surface layer was calculated as the
difference between the export of POC and Ψ × PIC. The effect of the biological pump was
considerably higher in the negative PDO–La Niña period than in the positive PDO period
(Figure 5a). The average CO2 drawdown by the biological pump was 8.7 ± 4.6 mmol·m–2·day–1 for
the December–May interval of the negative PDO–La Niña period and 2.4 ± 1.2 mmol·m–2·day–1 for
the December–May interval of the positive PDO period. The CO2 source due to CaCO3 production
was smaller than the CO2 drawdown by a factor of 5–8 (Figure 5a).

According to a modeling study (Landschützer et al., 2016), the present study site was a very weak CO2

sink in 2003–2007, whereas it was a net source in 2008–2013 (Figure 5b). A study of CO2 exchange in
the Central and Eastern Equatorial Pacific also showed stronger outgassing of CO2 during a negative
PDO period (Feely et al., 2006). Upwelling of deep waters with high alkalinity and dissolved inorganic
carbon (DIC) concentrations would have increased pCO2 values much more if not suppressed by the
biological pump. We further examined the potential impact of carbon export on surface ocean pCO2

using the estimated exports of POC and PIC. One mole of PIC export is equivalent to the removal of
two moles of alkalinity and one mole of DIC, while POC export is equivalent to one mole of DIC with
a minor effect on alkalinity. Monthly changes in DIC and alkalinity in the 100‐m‐thick surface layer as
a result of POC and PIC export were calculated based on this stoichiometry. Because no measurements
of DIC and TA are available, the actual values for each month of the study period were determined as
follows. TA values were calculated using the empirical equation as described above (Lee et al., 2006).
DIC values were calculated from the estimated TA and pCO2 data using the CO2 SYS program
(Lewis & Wallace, 1998) and the thermodynamic constants of Mehrbach et al. (1973), as refitted by
Dickson and Millero (1987). The pCO2 data are the same as described above (Landschützer et al.,
2016). We then calculated the theoretical values of DIC and TA via addition of the biologically removed
portions. We applied a one‐month time lag between particle export and POC flux measurement at our
trap depth. The results represent TA and DIC values in the case of no POC or PIC export. Finally, the
theoretical pCO2 values, for the case of no biological pump, were calculated from these TA and DIC
values with the CO2 SYS program.

The result demonstrates that the physical and chemical effects were largely suppressed by the enhanced bio-
logical pump. If it had not been suppressed by an enhanced biological pump, then the degree of supersatura-
tion in terms of pCO2 would have been much higher (Figure 5b). But for the biological pump, the difference
in pCO2 between the atmosphere and surface water (ΔpCO2) would be 15.0 ± 5.5 μatm (the error is the pro-
pagated uncertainty on the estimate) instead of 3.4 ± 4.2 μatm in the negative PDO–La Niña period. Our

Figure 6. Schematic illustration of how a shift in the Pacific decadal oscillation from (a) a positive phase to (b) a negative
phase affects the biological pump and the oceanic carbon sink in the Eastern Tropical Pacific. CO2 gas exchange was
determined based on Landschützer et al. (2016). DIC transport by upwelling was determined using the Ekman
upwelling velocity (http://coastwatch.noaa.gov) and difference in DIC concentration between depths of 0 and 100 m
(~310 μmol/kg). DIC = dissolved inorganic carbon; NPP = net primary production; PIC = particulate inorganic carbon;
POC = particulate organic carbon.
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results imply that changes in biological processes played a major role in compensating for physical and che-
mical effects in the ETP (Figure 6).

5. Conclusions

Our data show a relationship between an increase in particle flux and a PDO phase shift. However, the time‐
series is too short for a statistically meaningful comparison with decadal variability. The particle flux shows a
good correlation with ENSO variability, as also reported by Feely et al. (2006). If the biological pump is
affected mainly by ENSO, a see‐saw trend in biological production is expected between the western equator-
ial Pacific (WEP) and ETP. POC flux obtained at a depth of 1,000m at two sites in theWEP showed a decreas-
ing trend from July 2007 to July 2013 (Kim et al., 2014, 2017). However, it is important to note that the
influence of the ENSO on the biological pump would be larger in the ETP because the primary productivity
in the ETP is much higher than in the WEP.

Our results suggest that the biological pump was considerably enhanced during the negative PDO–La Niña
period. Even though the biological pump did not surpass the physical and chemical effects of the upwelling,
it suppressed the release of CO2 to the atmosphere to a significant extent at the study site. The details of feed-
back mechanisms involving CO2 and climate change are poorly understood and remain a key uncertainty
when making predictions of future climate sensitivity to increasing atmospheric CO2. Thus, this study
may provide quantitative guidance for carbon climate modeling efforts. Furthermore, given that the fre-
quency of extreme ENSO events is expected to increase in the near future (Cai et al., 2015), this study empha-
sizes the importance of monitoring the biological pump in the Tropical Pacific to examine its role in the
global carbon cycle.
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