
1. Introduction
The equatorial Pacific Ocean (15°N–15°S and 150°E–90°W) is the largest oceanic source of carbon dioxide 
(CO2) to the atmosphere, releasing an average of 0.5 PgC (petagrams of carbon, 10 15gC) annually between 10°N 
and 10°S annually (F. Chavez et  al., 1999; Takahashi et  al., 1997). The eastern Pacific (EP) CO2 source has 
increased since the 1980s due to increases in both the surface partial pressure of carbon dioxide (pCO2) and 
wind speeds (Landschützer et al., 2016; Sutton, Feely, et al., 2014; Wanninkhof & Triñanes, 2017; Yasunaka 
et al., 2019). Increasing pCO2 has been attributed to more entrainment from subtropical surface waters on decadal 
timescales, and raising oceanic CO2 faster than atmospheric concentrations in the EP, although slower in the 
western Pacific (Sutton, Feely, et al., 2014). Air-sea CO2 flux, defined here as outgassing from the ocean into 
the atmosphere, has been studied extensively throughout the equatorial Pacific and a number of gridded pCO2 
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supplies nutrients and carbon to the surface. Some of this carbon is outgassed to the atmosphere, some is 
consumed by phytoplankton and can either move through the food web or sink into the ocean interior. We are 
interested in how much carbon is removed from the surface equatorial Pacific through outgassing of carbon and 
biological consumption. We find that changes in wind speeds, surface temperatures, freshening surface water 
and changing patterns of ENSO have influenced the equatorial Pacific carbon budget. For example, between 
2000 and 2020, CO2 release to the atmosphere increased in the upwelling zone but decreased elsewhere, while 
biological consumption decreased everywhere. The western Pacific occasionally absorbs carbon from the 
atmosphere during central Pacific “Modoki” El Niño events, a particular type of El Niño that is becoming more 
frequent.
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and CO2 flux products are available for analysis (Iida et al., 2015; Ishii et al., 2014; Landschützer et al., 2016; 
Takahashi et al., 1997; Yasunaka et al., 2019).

The equatorial Pacific is also a region of globally significant primary and new production. New production 
is the amount of phytoplankton net primary production (NPP) fueled by upwelled (“new”) nitrate (Falkowski 
et al., 2003). New production plays a significant role in air-sea CO2 fluxes, because the biological carbon pump 
or export flux, removes carbon from the surface ocean (Bennington et al., 2009; DeVries et al., 2012; McKinley 
et al., 2017; Pennington et al., 2006; Strutton & Chavez, 2000). New production accounts for 0.65–0.98 PgC 
yr −1 exported from the surface ocean between 90°W and 180°, 5°N and 5°S (F. P. Chavez et  al.,  1996). No 
published decadal new production trends are available for the equatorial Pacific. However chlorophyll, as a proxy 
for phytoplankton biomass, is a good indicator of both NPP and new production, and has decreased at between 
0.33% and 1.30% decade −1 since 2000 (Pittman et al., 2019). The equatorial Pacific Ocean Climate Studies in the 
1980s and Joint Global Ocean Flux Study in the 1990s provided a comprehensive database of new production 
(Aufdenkampe et al., 2001; F. P. Chavez & Barber, 1987; Le Borgne, Feely, & Mackey, 2002; Murray et al., 1994; 
Quay, 1997). Additional new production data became available through follow-up studies, but none after the 
early 2000s (Sabine et al., 2004; Strutton et al., 2004). A number of global satellite-based primary production 
(Behrenfeld et al., 2005; Eppley, 1972; Morel, 1991; Silsbe et al., 2016; Westberry et al., 2008) and new produc-
tion models are available (Dunne et al., 2005; Henson et al., 2010; Laws et al., 2000, 2011; Siegel et al., 2014). 
There have been few specific analysis of these products in the equatorial Pacific. However, in the EP cold tongue 
and western Pacific warm pool (WPWP), interannual variability of export flux is large with a standard deviation 
that is about 70% of the average annual export (Dunne et al., 2007).

The equatorial Pacific can be separated into distinct biogeochemical provinces: the south-eastern, north-eastern, 
and western equatorial Pacific (Le Borgne, Barber, et al., 2002; Le Borgne & Rodier, 1997; Longhurst, 2007; 
Pennington et al., 2006; Radenac et al., 2013). The south-eastern equatorial cold tongue and Peruvian upwelling, 
herein called the cold tongue is defined by the 25°C isotherm, roughly 3°N–15°S, and is characterized by 
upwelled cool, dissolved inorganic carbon (DIC)- and nutrient-rich water (Fiedler & Talley, 2006; Wyrtki, 1981). 
Upwelled DIC is either outgassed to the atmosphere, consumed by biology alongside nutrients, or advected away 
from the equator by wind-driven Ekman transport (Landry et al., 1997; Liao et al., 2020). North of the equator 
lies the eastern Pacific Warm Pool (EPWP; 3°–15°N), which includes the Gulfs of Tehuantepec, Papagayo, 
and Panama, and is characterized by highly stratified waters and warm sea surface temperatures (SSTs; Fiedler 
& Talley, 2006; Pennington et al., 2006; Wyrtki, 1981). The WPWP is defined by the 28.5°C isotherm, and is 
relatively fresh, stratified and its longitudinal extent varies considerably at seasonal and interannual time scales, 
reaching between 170°W in boreal summer and 130°E in boreal winter (Cravatte et al., 2009; Le Borgne, Barber, 
et al., 2002; Radenac et al., 2013).

Air-sea CO2 flux and new production vary at seasonal, interannual and decadal timescales (F. Chavez et al., 1999; 
Feely et al., 2002; Takahashi et al., 1997). Both new production and air-sea CO2 flux are typically largest in the 
EP, and decrease toward the west and away from the equator. The largest driver of temporal variability is the 
El Niño-Southern Oscillation (ENSO), which influences tropical Pacific air-sea CO2 fluxes and new produc-
tion by impacting three main processes: thermocline depth, trade-wind strength and cold tongue extent (Feely 
et al., 2002; McKinley et al., 2004; McPhaden et al., 2006). CO2 outgassing and new production are reduced 
during El Niño and are elevated during La Niña (F. Chavez et al., 1999). The difference between pCO2 in the 
ocean and atmosphere (ΔpCO2; ocean minus atmosphere) in the EP can reach over 200 ppm during La Niña 
events, causing significant outgassing (Feely et al., 2006; Strutton et al., 2008; Sutton, Feely, et al., 2014; Taka-
hashi et al., 2002). In contrast, strong El Niño events can drive ΔpCO2 below 0 ppm in the central and west-
ern equatorial Pacific (∼140°W to 165°E), temporarily causing a weak sink for atmospheric CO2 (F. Chavez 
et  al., 1999; Sutton, Feely, et  al., 2014; Takahashi et  al., 2002). During EP “canonical” El Niño events, new 
production is depressed in the eastern equatorial Pacific and elevated west of 180°W when compared with neutral 
conditions (Strutton & Chavez, 2000; Turk et al., 2001, 2011). Central Pacific (CP) “Modoki” El Niño events 
have become more frequent relative to EP events since the 1990s (Ashok et al., 2007; Cai, Santoso, et al., 2015; 
Freund et al., 2019; Marathe et al., 2015; T. Lee & McPhaden, 2010), and have been shown to reduce new produc-
tion and CO2 flux in the western Pacific, but are similar to neutral conditions in the EP (Gierach et al., 2012; Liao 
et al., 2020; Messié & Chavez, 2013; Racault et al., 2017; Turk et al., 2011; Valsala et al., 2014). The majority 
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of export variability here is at interannual scales, emphasizing the impact of ENSO on new production and the 
carbon budget (Dunne et al., 2007).

Here, we use over 20 years of satellite- and mooring-based physical and biogeochemical observations of the 
equatorial Pacific. They include satellite and shipboard productivity and temperature data, and surface ocean 
observations of temperature, wind speed and pCO2 from six TAO-TRITON equatorial moorings (F. P. Chavez 
et al., 1998; Sutton, Feely, et al., 2014). Until now, no climate-scale studies have combined these data to assess 
the variability of new production and air-sea CO2 flux relative to each other. Here, we combine a gridded CO2 
product and satellite derived new production alongside mooring observations to answer the following questions:

1.  What are the decadal trends of new production and air-sea CO2 flux? How are they related in the equatorial 
Pacific?

2.  What is the relationship between new production and CO2 flux in the different phases of ENSO?

2. Methods and Data
2.1. Mapped pCO2 and Air-Sea CO2 Flux

Monthly, 1° global gridded (Landschützer et al., 2014, 2016, 2020) pCO2 and air-sea CO2 flux products (2020 
reprocessing), herein referred to as Landschützer, were used throughout this analysis (https://www.nodc.noaa.
gov/ocads/oceans/SPCO2_1982_present_ETH_SOM_FFN.html, downloaded August 2020). The Landschützer 
product spans 1982–2020, uses data from the Surface Ocean CO2 Atlas Version 2, including data from the TAO/
TRITON moorings, and interpolates these data to a 1° grid using the ETH-SOM-FFN method (self-organizing 
map and a feed-forward network). The interpolation method uses SST, sea surface salinity, mixed layer depth, 
chlorophyll-a and climatological sea surface pCO2 from Takahashi et al. (2009). Positive CO2 fluxes indicate that 
CO2 is outgassed into the atmosphere.

2.2. Primary Production Estimates

Four NPP models were obtained from http://sites.science.oregonstate.edu/ocean.productivity (accessed August 
2020): CAFE (Carbon, Absorption, and Fluorescence Euphotic-resolving model; Silsbe et  al.,  2016), VGPM 
(Vertically Generalized Production Model; Morel,  1991), Eppley-VGPM (Eppley,  1972; Morel,  1991), and 
CbPM (Carbon-based Production Model (Behrenfeld et al., 2005; Westberry et al., 2008). These products were 
regridded using Python xESMF (https://doi.org/10.5281/zenodo.1134365) from 0.1° to 1° to be consistent with 
the air-sea CO2 flux products. We used a first-order conservative spatial averaging method which averages the 
mean of all source grid boxes.

2.3. New Production Estimates

New production is the fraction of NPP that is fueled by upwelled nitrate (NO3) as opposed to recycled ammo-
nium (NH4). We assume that new production and carbon export are equivalent when averaged at spatial scales 
of about 1,000 km and seasonal time scales in the tropical Pacific Ocean (Dugdale & Goering, 1967; Eppley 
& Peterson, 1979; Falkowski et al., 2003; Plattner, 2005; Sarmiento & Gruber, 2006). The f-ratio is the ratio of 
new production to total NPP. Several authors have provided estimates of the f-ratio or vertical POC fluxes and 
equations to calculate the biological export of carbon out of the upper ocean (DeVries & Weber, 2017; Dunne 
et al., 2005; Henson et al., 2011; Laws et al., 2000, 2011). For simplicity, we refer to all of these algorithms as 
new production, however this may overestimate export flux due to missing the lateral advection component of 
the carbon budget (Landry et al., 1997). The time-series depicted here were calculated from the equations in each 
paper, except the SIMPLE-TRIM models (DeVries & Weber, 2017), which were obtained from https://tdevries.
eri.ucsb.edu/models-and-data-products/ (downloaded August 2020). We calculated the mean (climatology) and 
one standard deviation of the 12 SIMPLE-TRIM models. f-ratio calculations generally use a polynomial rela-
tionship between SST and NPP, which is then multiplied by NPP to estimate new production. Laws et al. (2011) 
provides two f-ratio formulations, where their Equation 2 (called L2011a here) is based on nitrogen uptake in the 
surface, and their Equation 3 (called L2011b here) is based on a combination of global particle export measure-
ments as well as nitrogen uptake. The f-ratio for (Dunne et al., 2005) was calculated using the Z. Lee et al. (2007) 
monthly euphotic depth products for SeaWiFS and MODIS-Aqua, and was regridded to 1°. This euphotic depth 
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data set was provided by NASA Ocean Biology Processing Group, Greenbelt, MD, USA, and maintained by 
NASA Ocean Biology Distributed Active Archive Center, accessed March 2021 (NASA Goddard Space Flight 
Center, Ocean Ecology Laboratory, Ocean Biology Processing Group, 2018a, 2018b). The regridded 1° models 
were compared with published values to decide on the most accurate model combination of NPP algorithm and 
f-ratio to use.

2.4. Physical, Biological, and Climate Data Sets

The Reynolds 1° monthly Optimal Interpolation Sea Surface Temperature (OISST; Reynolds et al., 2002) product 
was provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their website https://psl.noaa.gov/
data/gridded/data.noaa.oisst.v2.html, downloaded August 2020. The OISST was used to calculate f-ratios for 
the new production algorithms. Temperature profiles from the surface to 200 m were obtained for six equato-
rial TAO-TRITON moorings at 165°E, 170°W, 155°W, 140°W, 125°W, and 110°W, accessed from the NOAA 
National Data Buoy Centre (NDBC, https://tao.ndbc.noaa.gov/tao/data_download/search_map.shtml, down-
loaded January 2020). Ocean and atmospheric pCO2 and surface winds were obtained to calculate CO2 flux 
for the equatorial moorings between 2004 and 2019 from PMEL (Pacific Marine Environmental Laboratory; 
Sutton, Sabine, et  al.,  2014; Sutton et  al.,  2019) https://www.ncei.noaa.gov/access/ocean-carbon-data-system/
oceans/Moorings/Pacific.html and https://www.pmel.noaa.gov/co2/timeseries/, downloaded October 2020). 
This CO2 flux data was used for comparison with the Landschützer product. The Tropical Pacific Chlorophyll 
Algorithm (TPCA; Pittman et al., 2019) was accessed from https://researchdata.edu.au/tropical-pacific-chloro-
phyll-reprocessing-v10/1438905 (downloaded January 2020). Monthly 0.25° wind speeds were obtained for the 
Cross-Calibrated Multi-Platform (CCMP) product Version 2 due to its superior performance in the equatorial 
Pacific (Chiodi et al., 2019). CCMP (Wentz et al., 2015) was obtained from http://www.remss.com/measure-
ments/ccmp/, downloaded January 2021. This product was regridded to 1° using xESMF as per NPP.

2.5. Analysis and Timescale Methods

A kernel density estimate was used to calculate the frequency distribution of new production and CO2 flux. To 
calculate trends from monthly averaged data, 60 rolling, 17 years linear regressions were performed, staggered 
by month and spanning 1998–01 to 2002–12 through 2015–01 to 2019–12. These are referred to as mean rolling 
trends. The intention of using the mean of 60 rolling 17 years trends rather than using single regression was to 
understand the influence of interannual variability, and time series start and end points on this short 22 years 
time-series. To reduce the number of panels in figures, we discuss but do not show the standard deviation. It 
is expressed as a % of the total trend and is referred to as trend sensitivity, and significant trends are indicated 
with stippling. These trends were calculated at the mooring locations, and for each pixel on spatial maps. Maps 
of the Pearson correlation coefficient (r 2) for each variable and time were produced. Significant trends were 
defined where p-values were <0.05. Two sample independent t-tests were performed on maps of ENSO anom-
alies compared with neutral conditions to identify significant (p < 0.05) differences. January 2000 was chosen 
as the start date for calculating trends, to eliminate any potential influence of the 1997–1998 El Niño. Annual 
new production rates were calculated for the area integrated between 150°E and 100°W, 10°N and 10°S. A 
cross-correlation lag analysis was performed on the full new production and air-sea CO2 flux time series for each 
mooring, and between adjacent moorings. New production and air-sea flux were correlated at between −6 and 
+6 months lag to one another to identify relationships between them. Correlations were also performed on pairs 
of variables, and also their linearly detrended time series.

This research used open source data sets and processing libraries. Python 3.7 was used for the analysis, using 
Numpy, Scipy, Pandas, and xarray. The full source code to reproduce this analysis is available at https://doi.
org/10.5281/zenodo.5120943.

2.6. Classifying ENSO

The Multivariate ENSO Index v2 (MEI) was downloaded from https://www.esrl.noaa.gov/psd/enso/mei/ (August 
2020). The EMI (El Niño Modoki Index; Ashok et al., 2007) estimates were downloaded from http://www.jams-
tec.go.jp/virtualearth/data/SINTEX/SINTEX_EMI.csv (August 2020, offline as of January 2022 but available 
via their email). CP El Niño events were classified by an EMI ≥ 0.5 for five consecutive months. EP events were 
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classified by an MEI ≥ 0.5 for 5 months and not co-located with a CP event 
during December, January or February. La Niña was classified as any five 
consecutive months with an MEI ≤ −0.5.

3. Results
3.1. New Production Model Selection

Selecting optimal NPP and f-ratio models was challenging due to a lack of 
POC flux or nitrate uptake measurements in the equatorial Pacific during the 
satellite era. Therefore, we compared four satellite-based NPP products at 
140°W (Figure 1a) in order to inform our choice. CAFE is the best perform-
ing model across global in situ NPP data (K. Bisson et al., 2020; K. M. Bisson 
et al., 2018; Kahru, 2017; Silsbe et al., 2016). At 140°W, in situ NPP esti-
mates range between approximately 58.3 and 75.0 mmolC m −2 day −1 (F. P. 
Chavez et al., 1996; Le Borgne, Feely, & Mackey, 2002; Lefèvre et al., 1994; 
Strutton et  al.,  2004). CAFE averages 67.2 mmolC m −2  day −1 throughout 
the satellite record, and was selected for use here. The averages for the other 
models were 39.8 mmolC m −2 day −1 for VGPM, 52.0 mmolC m −2 day −1 for 
Eppley and 76.0 mmolC m −2 day −1 for CbPM.

We compared five f-ratio estimates in Figure 1b. At 140°W, the overall mean 
f-ratios for these models were 0.03 for Henson et al. (2011), 0.10 for Laws 
et al. (2000), 0.14 for L2011a, 0.15 for Dunne et al. (2005) and 0.15 (±0.01) 
for SIMPLE-TRIM, where the standard deviation is based on the 12 model 
members. In-situ f-ratios in this region range between 0.04 and 0.46 with a 
mean of approximately 0.15 (Aufdenkampe et al., 2001, 2002; F. P. Chavez 
et al., 1996; McCarthy et al., 1996; Murray et al., 1994; Strutton et al., 2004; 
Turk et al., 2011). The L2011a model fits this mean well and provides similar 
estimates to both Dunne et al.  (2005) and the SIMPLE-TRIM climatology 
(DeVries & Weber, 2017). L2011a was one of the best performing models 
in the global analysis of Li and Cassar (2016), so we used it with the CAFE 
model to calculate new production for the rest of our analysis.

The L2011a f-ratio is presented through time for 150°E–80°W, averaged 
from 15°N–15°S in Figure 1c. The f-ratio ranges between 0.08 in the west-
ern Pacific and 0.22 in the east, with a mean of 0.12. The f-ratio increase 
toward the east is consistent with shipboard observations (Aufdenkampe 
et al., 2001; Turk et al., 2011). At 140°W, mean new production is 9.9 mmolC 
m −2 day −1 (Figure 1d), slightly lower than the 13.5–20.3 mmolC m −2 day −1 
found by Chavez et  al.  (1996), but they used f-ratios of 0.18–0.27, higher 
than is expected (Le Borgne, Feely, & Mackey, 2002). On the other end of 
the spectrum, Le Borgne, Feely, and Mackey  (2002) calculated an aver-
age value of 9.6 mmolC m −2 day −1 for their export flux at 140°W, which 
is toward the  lower end of the estimates here. DeVries and Weber  (2017) 
SIMPLE-TRIM, Dunne et  al.  (2005) and the selected L2011a model have 
similar magnitudes, but vary in regard to seasonal and interannual variability. 
However, it must be noted that the SIMPLE-TRIM model has no seasonal 
or interannual variability due to it being a steady-state model climatology 

(DeVries & Weber, 2017). Henson et al. (2011) is low compared with the other estimates because it is based on 
particle flux at 100 m, which may be biased due to some shallow remineralization. However the general inter-
annual variability of NPP, f-ratio and New Production are similar for the different approaches (Figures 1a, 1b 
and 1d; DeVries & Weber, 2017; Siegel et al., 2014).

Figure 1. (a) Four satellite derived net primary production (NPP) algorithm 
estimates at 0°N 140°W. Expected NPP values are between 58 and 75 mmolC 
m −2 day −1 (F. Chavez et al., 1999). (b) Five f-ratio estimates at 0°N 140°W. 
Values of between 0.1 and 0.25 are expected (F. P. Chavez et al., 1996; 
McCarthy et al., 1996; Strutton et al., 2004). The model selected for this 
analysis is L2011a in black. The magenta point is the SIMPLE-TRIM (DeVries 
& Weber, 2017) climatology with 1 standard deviation shown. (c) Hovmöller 
plot of the L2011a f-ratio, 1997–2019, averaged from 15°N to 15°S. (d) New 
production at 0°N 140°W for the five f-ratio estimates multiplied by CAFE 
primary production. Expected new production values are between 10 and 20 
mmolC m −2 day −1.
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Figure 2.
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3.2. Air-Sea CO2 Flux, New Production and Upper Ocean Temperature Temporal Patterns at the 
Mooring Locations

The largest air-sea CO2 flux mean is 6.3 ± 2.4 mmolC m −2 day −1 at 140°W. It decreases toward the east and west 
and ranges from 1.6 ± 1.6 mmolC m −2 day −1 at 165°E to 5.3 ± 2.6 mmolC m 2 day −1 at 110°W (Figure 2). Mean 
new production increases west to east, from 5.3 ± 1.6 mmolC m −2 day −1 at 165°E to 11.0 ± 2.6 mmolC m −2 day −1 
at 110°W (Figure 2). In general, the air-sea CO2 flux estimates of Landschützer et al. (2014, 2016) are similar in 
magnitude and variability to in situ air-sea CO2 flux observations, and are within ±15% mean absolute percentage 
error of the mooring fluxes, except the east Pacific is 69% overestimated, likely due to the poor observational 
record here (Figure 2), Landschützer underestimates in situ mooring observations by −0.7 mmolC m −2 day −1 at 
170°W and overestimates observations by 2.2 mmolC m −2 day −1 at 110°W. Good coherence between these two 
products is expected as the mooring data is assimilated in the Landschützer interpolation, and is confirmed by the 
distribution plots (Figure 2, right hand side).

Air-sea CO2 flux and new production have a complex relationship with ENSO, but generally peak during or soon 
after La Niña events, particularly in the west when stratification is weak (170°W, Figure 2). During and following 
El Niño events, basin-wide new production is suppressed by 10.3% (Table 1), followed by a rapid increase at all 
locations (Figure 2). The equatorial Pacific Ocean becomes a weaker CO2 source during strong EP and CP El Niño 
events and a stronger source during La Niña. The western Pacific (165°E) CO2 flux is small, except during La Niña 
events. This location infrequently becomes a weak CO2 sink. This has occurred for 8 months total in the 20 years 
considered here (small red triangles in Figure 2). The average drawdown of these events is 0.058 mmolC m −2 day −1, 
which is ∼3% of the mean flux at this location. These sink periods occurred before the 2007 CP and 2010 EP El 
Niño events, and also during boreal summer and autumn during neutral conditions in 2012 and 2014. The temper-
ature time series (Figure 2) confirms that El Niño causes warmer upper ocean temperatures and a shallower 20°C 
isotherm, compared to cooler surface temperatures and strong upwelling during La Niña. Thermocline shoaling 
during La Niña occurs together with increases in both new production and CO2 flux. At 165°E, the 20°C isotherm 
shoaled significantly at 0.48 ± 0.16 m yr −1 between 2000 and 2020 (Figure 2). At 125°W, the 20°C isotherm deep-
ened at −0.53 ± 0.24 m yr −1, and everywhere else the thermocline changes  are  not statistically significant.

The seasonal variability of new production and CO2 flux is largest in the EP, and weakens toward the west (Figure 2). 
SST is warmest at 110°W during March and April (boreal spring, weaker winds), and cools until August, decreasing 
by over 3.5°C in four months. At 165°E, the peak in temperature occurs between September and November (boreal 
fall) and the magnitude of the seasonal cycle is less than 1°C. New production in the east is lowest during April and 
highest during August and September. Air-sea CO2 flux varies similarly. It's minimum in March and maximum is 
in July (not shown). At 165°E, the largest peaks in new production occur in March and to a lesser extent in October. 
Seasonality of ΔpCO2 is similar to that of new production, ranging between 95 μatm in May and 70 in December.

3.3. Spatial Patterns and Decadal Trends of Carbon, Biological, and Physical Variables

For the analysis in this section, 17 years rolling trends between the initial start dates of 1998–2002 and end dates 
of 2015–2020, were used to quantify the decadal trend and its uncertainty.

The SST decadal trend increased significantly throughout the equatorial Pacific at an average of 0.016°C yr −1 
(Figure 3b). Trend sensitivity, that is 1 standard deviation of the mean rolling trends, was about 50% of the mean 
17-year trend in the cold-tongue, but close to 100% near the dateline, which is the largest sensitivity of any vari-
able (not shown, Figure  3 stipples indicate significant trends). The WPWP (defined by the 28.5°C isotherm) 
expanded toward the east between 2000–2005 and 2015–2020, from near the 165°E mooring to the 170°W moor-
ing (Figure 3a). The location of the 25°C isotherm (dashed line), which defines the cold tongue, was correlated 
with spatial patterns in other variables. Wind speeds were largest in the south-east where they are south-easterly in 
the central northern Equatorial Pacific where they are typically north-easterly (Figure 3c). The mean rolling trends 

Figure 2. Air-sea CO2 flux and Carbon, Absorption, and Fluorescence Euphotic-resolving model (CAFE) × L2011a new production for six mooring locations (1° 
pixel) across the Pacific. Red lines are new production. Gray lines are Landschützer CO2 flux, Blue lines are in situ CO2 flux from moorings when available. Vertical 
shaded bars indicate eastern Pacific El Niño (red), central Pacific El Niño (orange), and La Niña (blue) events persisting for at least 5 months. Red triangles are months 
when CO2 flux was into the ocean. Bottom panels show temperature as a function of time and depth and the black contour is the 20°C isotherm depth. Right hand 
side shows the frequency distribution of the three products as a percentage, with the same y-axis and data as the left hand-side in mmolC m −2 day −1. The area of each 
distribution integrates to 100.
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here are uncertain, where only a few locations in the eastern and central northern Pacific changed significantly, 
however increased and became more southerly in the cold tongue region but converged and decreased significantly 
in the central region north of the equator around 115°W, 4°N (Figure 3d). There is also high uncertainty between 
different wind speed products in the equatorial Pacific (Chiodi et al., 2019; Roobaert et al., 2018). TPCA chlo-
rophyll (Figure 3e) is largest in the cold tongue and decreases toward the west. Chlorophyll spatial variability is 
similar to new production and decreased between 2000 and 2020, except in the cold tongue and a small region in 
the western Pacific around 165°E (Figure 3f). Chlorophyll trends are not significant anywhere, with sensitivity 
roughly 90% of the observed trends in the coastal upwelling zones of South America. New production (and f-ratio, 
not shown) exhibit a similar mean state to chlorophyll, are inversely correlated with SST and decreased throughout 
the northern equatorial Pacific, especially in the EPWP, and western Pacific (Figures 3g and 3h). New production 
trend sensitivity was less than 25% of the total variability, hence the most significant stippling of any variable, 
except in the western equatorial Pacific. New production weakened significantly over the timeseries at −0.037 
mmolC m −2 day −1 yr −1 at 165°E, −0.081 mmolC m −2 day −1 yr −1 at 110°W and −0.072 mmolC m −2 day −1 yr −1 at 
125°W. However, there were no statistically significant new production trends in the CP and cold tongue. ΔpCO2 
is largest in the EP and decreases toward the west (Figure 3i). Overall, the equatorial Pacific basin surface ocean 
accumulated carbon at 1.85 μatm yr −1 between 2000 and 2020 (pCO2 from the Landschützer product, not shown). 
ΔpCO2 increased throughout the EP, fastest in the cold tongue at 1–1.5 μatm yr −1. However, the ΔpCO2 basin 

Region (15°N–15°S) West (165°–180°W) Central (155°–140°W) East (125°–110°W) Basin (150°E−90°W)

Area (10 6 km 2) 5.49 5.49 5.49 43.79

NP mean (PgC yr −1) 0.105 0.159 0.193 1.213

NP neutral (PgC yr −1) 0.098 0.154 0.190 1.178

NP EP El Niño (PgC yr −1) 0.100 0.130 0.166 1.058

NP CP El Niño (PgC yr −1) 0.097 0.149 0.197 1.187

NP La Niña (PgC yr −1) 0.117 0.176 0.204 1.303

NP EP El Niño diff (%, PgC yr −1) 2.0%, 0.002 −15.6%, −0.024 −12.6%, −0.024 −10.2%, −0.120

NP CP El Niño diff (%, PgC yr −1) −1.0%, −0.001 −3.2%, −0.005 3.7%, 0.007 0.8%, 0.009

NP La Niña diff (%, PgC yr −1) 19.4%, 0.019 14.3%, 0.022 7.4%, 0.014 10.6%, 0.125

NP trends (TgC yr −2) −0.916 ± 0.19 −0.843 ± 0.25 −1.305 ± 0.30 −7.659 ± 1.56

NP trends (% yr −2) −0.873% −0.53% −0.676% −0.631%

NP p-value 3.2 × 10 −5 7.2 × 10 −3 5.2 × 10 −3 2.4 × 10 −4

CO2 mean (PgC yr −1) 0.014 0.070 0.095 0.459

CO2 neutral (PgC yr −1) 0.008 0.069 0.097 0.448

CO2 EP El Niño (PgC yr −1) 0.003 0.038 0.072 0.290

CO2 CP El Niño (PgC yr −1) 0.002 0.060 0.097 0.417

CO2 La Niña (PgC yr −1) 0.028 0.082 0.097 0.531

CO2 EP El Niño diff (%, PgC yr −1) −62.5%, −0.005 −44.9%, −0.031 −25.8%, −0.025 −35.3%, −0.158

CO2 CP El Niño diff (%, PgC yr −1) −75.0%, −0.006 −13.0%, −0.009 0.0%, 0.0 −6.9%, −0.031

CO2 La Niña diff (%, PgC yr −1) 250.0%, 0.02 18.8%, 0.013 0.0%, 0.0 18.5%, 0.083

CO2 trends (TgC yr −2) −0.473 ± 0.21 −0.281 ± 0.29 0.281 ± 0.27 −1.730 ± 1.41

CO2 trends (% yr −2) −3.3% −0.40% 0.295% −0.377%

CO2 p-value mean 0.130 0.120 0.460 0.158

CO2 p-value median 0.040 0.087 0.499 0.069

Note. Trends are the 17-year mean rolling trends. For new production (NP) and air-sea CO2 flux, we compared all time mean, neutral mean, El Niño mean, La Niña 
mean, El Niño difference from neutral (in percent and Pg, El Niño minus neutral), La Niña difference from neutral (in % and PgC, La Niña minus neutral), trends, 
percent change and p-values of the mean rolling trends. Uncertainty is 1 standard error. Red bold mean increases and blue bold means decreases. Note that the Trends 
are in TgC rather than PgC (PgC = 10 15gC and TgC = 10 12gC).

Table 1 
Overview Statistics for the Western, Central, and Eastern Regions and the Entire Tropical Pacific Basin 2000–2020 Area Integrations in PgC, as Shown by the Black 
Boxes in Figure 3k
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Figure 3.
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average trend was −0.167 μatm yr −1, meaning that pCO2 increased more slowly in the ocean than the atmosphere, 
due to pCO2 decreases in the EPWP and west of 140°W (Figure 3j). Air-sea CO2 flux is largest throughout the cold 
tongue with a maximum at around 110°W, 10°S increasing at 45 mmolC m −2 yr −1 (Figure 3k). Weaker outgassing 
occurs west of the dateline and away from the equator in a horse shoe shape, with a minimum at 140°W, 15°N. 
Air-sea CO2 flux increased most rapidly at 110°W 10°S in the east Pacific cold tongue (Figure 3l), but weakened 
everywhere off the equator, especially north of the equator in the EPWP and in the central and western Pacific. 
Trends are significant in the southern region of the cold tongue and north of the equator. At the moorings, air-sea 
CO2 flux weakened by −0.038 mmolC m −2 day −1 yr −1 at 165°E and increased by 0.073 mmolC m −2 day −1 yr −1 at 
110°W and 0.049 mmolC m −2 day −1 yr −1 at 125°W but not significantly in the CP.

3.4. Interannual Variability Anomalies

To characterize interannual variability, we individually composite the three ENSO phases (La Niña, EP and CP 
El Niño) and subtract the neutral state to get anomaly maps (Figure 4).

SST is warmest during EP El Niño (Figure 4a) and coolest during La Niña (Figure 4c). The EPWP and WPWP 
bounding isotherms join during EP events, and the WPWP extent reaches its minimum during La Niña. The 
cold tongue is almost non-existent during EP events and reaches its maximum extent during La Niña. CP events 
generate the strongest SST gradient across the Pacific, with large decreases in the spatial extent of the cold tongue 
(Figure 4b). During CP events, the WPWP and cold tongue are similar to mean conditions (Figure 3a). Wind speeds 
strengthened and reach their highest values at 170°W during La Niña (Figure 4f). During EP El Niño, the winds 
reverse and are weaker in the central and western Pacific, but increase slightly in the cold tongue (Figure 4d). CP 
events increase wind speeds in the cold tongue, and decrease winds in the EPWP and WPWP. There is a substantial 
wind speed anomaly gradient during CP events between the northern and southern equatorial Pacific, particularly 
in the central and west which are dominated by south to south-westerly wind anomalies (Figure 4e).

Chlorophyll is highest during La Niña (Figure 4i) and lowest during El Niño (Figure 4g), and the largest increases 
for both EP and La Niña events are in the far western Pacific at 165°E. CP events are most similar to neutral 
conditions, but chlorophyll increases slightly throughout the eastern and CP, and decreases in the western Pacific 
between the dateline and 165°E (Figure 4h). New production anomalies during EP and La Niña are similar to 
chlorophyll and inverse to SST (Figures 4j and 4l). Chlorophyll during CP events exhibits the smallest change 
of any ENSO phase but there is a strong east-west gradient and also north-south over the equator (Figure 4k).

ΔpCO2 decreases across the Pacific during EP, particularly in the cold tongue (Figure 4m) and increases during 
La Niña, especially in the western Pacific (Figure 4o). CP events have the weakest ΔpCO2 change with a slight 
increase in the cold tongue but generally decrease everywhere (Figure 4n). Air-sea CO2 flux is depressed during 
EP across the Pacific (Figure 4p) and amplified during La Niña, particularly west of 140°W, with slight decreases 
in the cold tongue (Figure 4r). The largest CO2 flux variability between events is in the central and western Pacific 
between 140°W and the dateline (Figures 4p–4r). CP events have the smallest magnitude change of outgassing, 
however the strongest gradient between the east and west (Figure 4q). CP events amplify outgassing in the cold 
tongue, the most of any phase, and decrease outgassing west of 140°W, in the WPWP and the EPWP. CP events 
drive the weakest CO2 source conditions of any phase at 165°E, and lead to near sink conditions (Figure 4q).

3.5. Correlation Analysis

A lagged cross-correlation analysis between the air-sea CO2 flux and new production showed the maximum 
correlation occurred when new production lagged the air-sea CO2 flux by 1  month. Such a lag relationship 
was most apparent in the EP. However, the improvement in correlation at 1 month lag compared to no lag was 
extremely small. For example, in the east, r 2 increased from 0.974 to 0.980 and the average r 2 increase across the 

Figure 3. The average (left column) and mean rolling trend (60 rolling, 17 years trends starting between 1998–01 and 2002–12 and ending between 2015–01 and 
2019–12; right column, stippling indicates significant trends) for seven biological and physical variables. Black crosses are the location of the equatorial TAO/TRITON 
moorings and the data at these pixels for new production and CO2 flux are identical to that used in Figure 2. (a andb) Reynolds et al. (2002) OISST, the dotted black 
contour in panel (a) is the 28.5°C contour defining the east and western warm pool (annotated WP) for 1997–2002 and the solid black is for 2015–2020. The dashed 
line is the 25°C cold tongue isotherm (annotated CT) (c andd) Cross-Calibrated Multi-Platform surface win speed and direction, (e and f) Tropical Pacific Chlorophyll 
Algorithm chlorophyll, (g and h) L2011a new production, (i and j) Landschützer ΔpCO2, and (k and l) Landschützer air-sea CO2 flux. The black rectangular boxes in 
panel (k) are the 15°N–15°S 165°E−180°W western box, 155°–150°W central box and 125°–110°W eastern box referred to in Table 1.
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basin was 0.0007. Thus, we consider this lag difference the air-sea CO2 flux and new production to be negligible. 
The correlation at zero lag between air-sea CO2 flux and new production is lowest in the western Pacific (0.845) 
compared with the central (0.973) and east (0.974). Thus, air-sea CO2 flux and new production variability are 

Figure 4. Spatial maps for eastern Pacific (EP; left), central Pacific (CP; (middle), and La Niña (right) anomalies (El Niño-Southern Oscillation [ENSO] phase minus 
neutral conditions; red indicates a positive anomaly) for (a–c) Reynolds et al. (2002) sea surface temperature; solid line indicates the 28.5°C warm pool isotherm and 
the dashed line is the 25°C cold tongue isotherm, (d–f) Cross-Calibrated Multi-Platform surface wind speed and direction, (g–i) Tropical Pacific Chlorophyll Algorithm 
chlorophyll, (j–l) L2011a new production, (m–o) Landschützer ΔpCO2, and (p–r) Landschützer air-sea CO2 flux. CP El Niño conditions are periods of EMI ≥ 0.5. 
ENSO conditions are periods where the Multivariate ENSO Index v2 exceeds ±0.5, and for EP events, do not overlap with CP months. Black stippling indicates regions 
of significant difference (p < 0.05) for that variable between neutral and each ENSO condition.
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generally highly correlated. The relationship is slightly different depending on ENSO, for example, the lowest 
correlation occurs in the CP during CP events (not shown). A linearly detrended time-series correlation (not 
shown) is almost identical to the 2000–2020 spatial patterns, indicating that correlation variability is not due to 
the decadal trend but due to seasonal and interannual variability.

3.6. Basin-Scale Averaged Decadal Trends

Decadal trends (2000–2020) show that both new production and air-sea CO2 flux have decreased across the basin 
(Table 1, Figure 5d). The declines in new production and air-sea CO2 fluxes are greatest in the west and CP with 
a small CO2 flux increase in the EP (Figures 5a–5c). The CO2 flux trend in the EP is not significant, primarily 
due to large increases in the EPWP countering the changes in the equatorial cold tongue (Figures 3l and 5c). The 
CO2 flux 60 months mean rolling trends are relatively robust, only biased by a few outlier month combinations 
evidenced by the difference between mean and median p-values in Table 1 which are significant or close to signif-
icant except in the west. New production is always larger, and is declining faster than the rate of air-sea CO2 flux 
(Table 1). The result of this is that the difference between CO2 flux and new production is declining throughout 
the whole basin with the greatest decline in the EP (Figures 5c and 5d). The ENSO percentage differences show 

Figure 5. Air-sea CO2 flux and new production area integrations in PgC yr −1 from 15°N to 15°S, for (a) western (165°E−180°), (b) central (155°–140°W), (c) 
eastern (125°–110°W), and (d) entire tropical Pacific basin (150°E–90°W). Red line is new production and black line is the air-sea CO2 flux. Dashed lines indicate the 
2000–2020 trends. Statistics are provided in Table 1. Three additional new production models—SIMPLE-TRIM climatology from DeVries and Weber (2017; orange), 
Dunne et al. (2005; blue), and Laws et al. (2000; dashed green)—are included for comparison in the basin-wide estimates. Vertical shaded bars indicate eastern Pacific 
El Niño (red), central Pacific El Niño (Orange), and La Niña (blue) events.
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that across the basin, EP depresses new production, La Niña increases new production and CP has little influence 
(Table 1). In comparison, EP events decrease CO2 flux more than new production, La Niña increases CO2 flux 
more than new production, and CP events decrease CO2 flux slightly, primarily in the western Pacific which 
drove this region to a carbon sink during 2010 (Figure 5a, Table 1). In comparison, EP events drive the eastern 
and CP to their weakest source conditions (Figures 5b and 5c).

For the 15°N–15°S region used throughout this analysis, the new production mean was 1.213  ±  0.121 PgC 
yr −1 and CO2 flux mean was 0.459 ± 0.109 PgC yr −1 (Table 1). The basin-wide mean L2011a new produc-
tion was within the range of the 1.193 ± 0.113 PgC yr −1 mean and standard deviation of the three similar new 
production models; L2011a, Dunne et al. (2005) and DeVries and Weber (2017) (Figure 5d). To compare with 
previous estimates, we also computed regional carbon fluxes. For 10°N–10°S and 180°–90°W, new produc-
tion was 0.716 ± 0.092 PgC yr −1, slightly lower than the 0.85 PgC yr −1 from F. P. Chavez and Barber (1987) 
and air-sea CO2 flux was 0.412  ±  0.097 PgC yr −1. The difference between the 10°N–10°S and 15°N–15°S 
regions are quite large, particularly for new production. For 1°N–1°S and 135°E–90°W box (Le Borgne, Feely, 
& Mackey, 2002) air-sea CO2 flux was 0.062 ± 0.017 PgC yr −1 and new production was 0.115 ± 0.018 PgC yr −1, 
which was between the upper (0.134 PgC yr −1) and lower (0.106 PgC yr −1) estimates of Le Borgne, Feely, and 
Mackey (2002) for 1980–2000. For 180°–90°W and 5°N–5°S Wyrtki (1981) box used by Chavez et al. (1996) 
who calculated 0.65–0.98 PgC yr −1, we calculated new production to be 0.40 ± 0.063 PgC yr −1, roughly 61% of 
their lower estimates and air-sea CO2 flux to be 0.25 ± 0.066 PgC yr −1.

4. Discussion
4.1. Physical Drivers of Decadal Trends in New Production and CO2 Flux

Here, we show how spatial changes in air-sea CO2 flux and new production are primarily driven by changes in 
wind speed, wind divergence driven upwelling, SST and ENSO phase.

In the EP (15°N–15°S, East of 140°W), over the mean rolling trend (1998–2002 to 2015–2019) period, increased 
wind speeds in the cold tongue (Figure 3d) have enhanced upwelling and decreased SST (England et al., 2014; 
Seager et al., 2019). The cold tongue has experienced weakly increasing southerly winds, likely driving upwelling 
there (Figure 3d). North of the equator, wind speeds have decreased and thus wind direction change is towwards 
southerlies and more convergent compared to mean conditions. Enhanced upwelling of cool water in the cold 
tongue increases the availability of nutrients and DIC at the surface, and has resulted in pCO2 increasing faster 
in the EP than in the atmosphere (Figure 3l; Sutton, Feely, et al., 2014). In addition to driving upwelling, wind 
speed increases have also enhanced gas transfer, and combined with increased pCO2, have driven increased CO2 
outgassing in the cold tongue. In the EPWP region north of the equator there were large decreases in ΔpCO2, 
wind speed and thus CO2 flux (Table 1, Figures 3d, 3j and 3l; England et al., 2014). Increasing SSTs in the EPWP 
(Figure 3b) decrease the solubility of CO2, which increases ΔpCO2 and CO2 flux (Raven & Falkowski, 1999; 
Weiss, 1974). Therefore other drivers such as wind speed, which is influenced by coastal geometry (Pennington 
et al., 2006), are causing the hemispheric asymmetry in CO2 outgassing trends north and south of the equator in 
the EP (Figure 3l). Precipitation related surface freshening may also play a minor role in reducing ΔpCO2 through 
dilution of DIC and alkalinity (Ho & Schanze, 2020; Turk et al., 2010). New production decreased significantly 
and most rapidly in the EPWP due to the same factors as CO2 flux, but did not significantly change in the cold 
tongue (Figure 3h). The f-ratio formulation has an inverse relationship with SST (Henson et  al.,  2011; Laws 
et al., 2011), so warming was a major factor in decreasing new production in the EPWP. Chlorophyll, another 
proxy for primary productivity, increased slightly but not significantly in the cold tongue (Figures 3b, 3f and 3h). 
Iron limitation (Behrenfeld et al., 1996, 2005; Coale et al., 1996; Landry et al., 1997; Minas et al., 1986; Strutton 
et al., 2011), and also silicate limitation (Dugdale et al., 2011) is likely the key reason for no change in the biolog-
ical uptake of carbon despite rising DIC and CO2 outgassing in the cold tongue. In general, the trends are robust 
in the cold tongue as trend sensitivity here is around 50% of the observed trends. The combined effect of  the 
trends in new production, ΔpCO2, SST and wind speed, is that the cold tongue increased outgassing is offset by 
reduced outgassing in the EPWP and produces a weak positive trend in the EP air-sea CO2 flux, and decreased 
new production (Figures 3 and 5c, Table 1).

The oligotrophic central and western Pacific, west of 140°W, has become a weaker CO2 source since 2000 
(Figure  3l) and can infrequently become a carbon sink (Figures  2 and  5a; F. Chavez et  al.,  1999; Hauck 
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et  al.,  2020; Sutton, Feely, et  al.,  2014). Sink events do not clearly overlap with any particular ENSO phase 
(Figure 2), but CP events cause the weakest CO2 source conditions (Figure 4q). New production is around 7 
times larger than CO2 flux in the west, compared to ∼2 times larger in the east, higher than previous estimates 
(Table 1; Cosca, 2003; Feely et al., 2002; Lefèvre et al., 1994; Quay, 1997). CO2 flux in the western Pacific has 
decreased at a faster rate (−3.4% yr −2) than new production (−0.9% yr −2) for the mean rolling trends between 
1998 and 2020 (Table 1) due to the following three key factors: wind speed decreases, warm pool freshening 
and expansion, and changing ENSO patterns. First, wind speed has decreased in the central and western Pacific 
(Figure 3d; Yasunaka et al., 2019), and ocean pCO2 increased more slowly in the western Pacific than in the 
atmosphere, causing decreased outgassing (Figure 4o, Sutton, Feely, et al., 2014). Second, the >28.5°C WPWP 
is growing larger, warmer and fresher due to anthropogenic climate change (Figure 4a; Cravatte et al., 2009; 
Weller et al., 2016). New production has decreased due to increasing SSTs because of the inverse SST to f-ratio 
formulation (Figures  2,  3b and  3h; Laws et  al.,  2011). CO2 flux is decreasing despite warmer SSTs causing 
lower solubility and higher pCO2. Third, the western Pacific experiences the largest and most widespread ENSO 
anomalies (Figure 4), and CP events have a similar east-west gradient as seen for the 20-year trends. The CP 
(140°–160°W) is a region of large interannual variability, because it is a transitional zone between the cold tongue 
and WPWP, which migrates depending on season and ENSO phase (Figures 4a–4c; Delcroix & McPhaden, 2002; 
Maes et al., 2004; Turk et al., 2001; Weller et al., 2016). In comparison to a longer comparison period such as 
1981–2015, our 17 years mean rolling trends for CO2 flux and wind speed are more similar than SST and pCO2 
which show distinct differences across the basin (Figure 3, right column; Yasunaka et al., 2019, Figure 12). These 
differences are likely due to cool and warm phases of Pacific Decadal Variability. Our analysis period 1998–2020 
was dominated by “cool phase” conditions, with 6 La Niña events and largely cool periods of Pacific Decadal 
Variability depressing equatorial Pacific SST during the early 21st century (England et al., 2014; McPhaden & 
Zhang, 2004; Meehl et al., 2021; Power et al., 2021). The shift from cool to warm Pacific Decadal Variability 
around 2015 may have further influenced the CP like trends presented (Figure 3 right column and Figure 4, center 
column). Therefore, as CP and La Niña events are becoming more frequent (Cai, Santoso, et al., 2015; Cai, Wang, 
et al., 2015; Freund et al., 2019), they could be causing or amplifying the decadal trends in the carbon budget, as 
explained in detail below.

4.2. ENSO Influence on CO2 Flux and New Production

CO2 outgassing and new production are strongly influenced by ENSO conditions (Table 1; Figures 2, 4 and 5). 
ENSO is changing character over time, toward less frequent but more intense EP events and more common CP and 
La Niña events (Cai, Santoso, et al., 2015; Cai, Wang, et al., 2015; Freund et al., 2019; T. Lee & McPhaden, 2010; 
Yeh et al., 2009). More frequent CP events are likely to drive the EP toward a stronger CO2 source, and the west-
ern Pacific into a weak source or an occasional sink, either causing, or at least amplifying the 20-year trends. 
Compared to EP El Niño events, CP events are similar to neutral conditions (Table 1; Gierach et al., 2012), but 
cause steep east-west gradients in all variables (Figure 4, center column). West of the dateline and specifically 
around 165°E, past the maximum extent of EP events (∼170°W; Figure 4p), all variables except wind speed 
reach their most neutral values during CP events (Figure 4, center column; Table 1; Messié & Chavez, 2013). 
CP events drive a strong chlorophyll decrease in the central and western Pacific and have been linked to a deeper 
thermocline, reduced surface nitrate and pCO2, and barrier layer thickening (Gierach et  al.,  2012; Messié & 
Chavez, 2013; Radenac et al., 2012; Turk et al., 2011). These factors drive weak sink periods in the western 
Pacific during CP events, stronger than the very brief EP event sink periods at 155°E (F. Chavez et al., 1999). At 
the basin scale, the weak western Pacific sink during CP El Niño is balanced by CO2 flux increases in the EP, 
where the largest outgassing of any ENSO phase is seen between 135°W and 100°W, resulting in no significant 
basin-wide changes compared with neutral conditions (Figure 4q; Table 1).

EP events reduce outgassing in the eastern and CP due to weakened trade winds and increased SSTs, which result 
in reduced gas transfer velocity, flattening of the thermocline, and increased stratification (Figures 4a and 4d; F. 
Chavez et al., 1999; Feely et al., 2002; Ishii et al., 2014; Sutton, Feely, et al., 2014; Yasunaka et al., 2019). EP 
events reduce outgassing twice as much as they decrease new production (Table 1). Thus, air-sea CO2 flux has 
a larger impact than new production on the variability of surface ΔpCO2 and the carbon budget at interannual 
scales, despite new production being larger overall.
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La Niña onset and peak enhances wind speed, upwelling, and decreases SST, predominantly west of 140°W 
(Figures 4c and 4l; F. Chavez et al., 1999; Larkin & Harrison, 2002). Interestingly, weaker winds are observed 
in the cold tongue region (Figure 4c), possibly due to divergent zonal wind anomalies, or because wind speed 
increases occur here before the onset and after maturity of La Niña events (Ryan et al., 2002). The result is that 
CO2 flux in the cold tongue is slightly weaker than neutral conditions, but this decrease is small compared to the 
overall increase throughout the basin. The largest changes of any event occur in the western Pacific where new 
production and air-sea CO2 flux are enhanced to their largest values (Figures 4l and 4r). More frequent La Niña 
events (Cai, Wang, et al., 2015) will strengthen both outgassing and new production (Figures 4l, and 4r), however 
CP patterns align more closely with the 20-year trends as they are typically closer to the mean state compared to 
La Niña events (Figures 3h, 3l, 4k and 4q).

In summary, one of the reasons the cold tongue is becoming a stronger source of carbon to the atmosphere is 
because La Niña and particularly CP events are becoming more frequent and EP events are become less frequent 
but more intense. The western Pacific is becoming a weaker source during CP events and over time, but there is 
intense outgassing there during La Niña events.

4.3. Observational Improvements Necessary to Close the Carbon Budget

Upwelled DIC can be either degassed to the atmosphere, exported to depth as biogenic particles or advected 
meridionally or zonally (Falkowski et al., 2003; Liao et al., 2020; Sabine et al., 2004). A lack of accurate horizon-
tal advection, Ekman transport and even in situ export flux data impedes our ability to close the carbon budget 
in this analysis. We use new production as a proxy for export flux and show that it is not highly sensitive to the 
f-ratio parameterization selected (Figures  1d and  5d). The L2011a, Dunne et  al.  (2005) and SIMPLE-TRIM 
models provide similar estimates of new production. However, new production estimates used here likely overes-
timate the sinking POC flux due to advection away from the equator through Ekman transport (Liao et al., 2020). 
Lateral advection has been measured to be roughly equivalent or slightly larger than new production (Landry 
et al., 1997), and has been shown to be a larger component of the equatorial Pacific carbon budget during EP 
events than was previously thought (Liao et  al.,  2020). Accurately quantifying the export flux could help to 
accurately derive the lateral flux as a residual. Future work should include more in situ POC export flux and new 
production observations to validate models, and work toward community accepted new and export production 
models. This would permit closure of the carbon budget through remote sensing, modeling and interpolation 
methods.

5. Conclusions
Our study investigates the interannual to decadal variability in tropical Pacific new production and air-sea CO2 
flux and their relationships to other environmental variables. The response of new production and air-sea CO2 
flux to interannual physical variability is consistent across the three ENSO phases. However, for the mean rolling 
trends over the 1998–2020 period, new production and air-sea CO2 flux show a different behavior. In the cold 
tongue, increases in air-sea CO2 flux outgassing are associated with increased upwelling but neither chlorophyll 
nor new production significantly change, perhaps due to iron and silicate limitation. Outside the cold tongue 
region, both new production and CO2 fluxes generally declined, however the CO2 flux rate decreased at a much 
slower rate than new production. In the western Pacific, Ocean pCO2 is increasing more slowly than the atmos-
phere (Sutton, Feely, et al., 2014), and forces 165°E to an occasional CO2 sink during strong El Niños, particu-
larly CP events. The divergent behavior in new production and CO2 fluxes suggest they are responding differently 
to Pacific Decadal Variability (Meehl et al., 2021; Power et al., 2021) and perhaps climate change.

To clearly elucidate the processes driving new production and air-sea CO2 flux variability requires a carbon 
budget approach which is not possible with existing observations. The largest uncertainty to closing the budget 
is the role of horizontal advection of DIC and nutrients (Landry et al., 1997; Le Borgne, Barber, et al., 2002, Le 
Borgne, Feely, & Mackey, 2002; Murray et al., 1994). Coupled physical and biogeochemical models, preferably 
with data assimilation, provide a way to close the carbon budget and produce the insight required to understand 
how new production and air-sea CO2 fluxes will respond to future climate variability and change.
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