
1. Introduction
The western tropical Pacific has a warm and relatively fresh pool of water that creates deep atmospheric convec-
tion which leads to strong ocean-atmosphere coupling. The distribution of the warm, tropical water across the 
Indo-Pacific region influences the seasonal monsoons across Asia and interannual temperature and precipita-
tion extremes globally via the interannual El Niño-Southern Oscillation (ENSO) phenomena (Clarke,  2014; 
Gordon,  1986; Schneider,  1998). The currents in the western tropical Pacific transport these warm, tropical 
waters, along with subtropical and subpolar water masses (Fine et al., 1994), westward through the Indonesian 
Throughflow (ITF; Gordon, 1986; Gordon & Fine, 1996), and eastward across the Pacific Basin. Thus, regional 
volume transport plays a significant role in both annual and interannual climatic variability. However, owing to 
a lack of synchronous observations, the annual and interannual shifts in volume transport of these currents as a 
system are not well resolved. Here, we resolve the phase, magnitude, and vertical structure of volume transport 

Abstract Interannual volume transport anomalies in the far western tropical North Pacific were calculated 
using the Western Pacific Ocean State Estimates (WPOSE; 2009–2017; 115°E−170°E, 15°S–27°N) to assess 
the magnitude, phase, and vertical structure of volume transport, and the relationship of interannual transport 
to the El Niño-Southern Oscillation phenomena. The mean velocity and thermohaline structure for the WPOSE 
were verified using Argo climatology and autonomous glider observations. Transport was calculated for both an 
upper layer (surface-26 kg m −3) and a lower layer (26–27.3 kg m −3). Annual volume transport anomalies were 
small north of 8°N but varied by 50% of the mean volume transport between the equator and 8°N. Interannual 
anomalies exceeded annual anomalies throughout the region. Volume transports of the North Equatorial 
Current, the Mindanao Current, and the South Equatorial Current/New Guinea Coastal Undercurrent increased 
beginning in September 2014, leading to a large increase in transport in the North Equatorial Counter Current 
before the mature phase of El Niño in 2015/2016. The increase in transport was related to the meridional 
gradient in thermocline depth centered at 5°N at the southern part of the Mindanao Dome, where extreme 
shoaling of the thermocline took place. Lower-layer volume transports were not always in phase with those of 
the upper-layer and made considerable contributions to total transport variability.

Plain Language Summary The Western Pacific Ocean State Estimates (WPOSE) estimate the 
ocean state by combining observations and ocean model simulations through data assimilation. These estimates 
were made from 2009 to 2017 in the far western tropical Pacific. This region encompasses warm, tropical 
surface water and subtropical thermocline water (upper-layer) and polar intermediate water (lower-layer) 
that are sourced from the North and South Pacific and spread into the Indian Ocean through the Indonesian 
throughflow. The WPOSE were used to calculate volume transports to understand the modulation of major 
ocean currents as a system. Annual volume transport variability was small to the north of 8°N, and large to 
the south of 8°N and near the equator. Interannual volume transport variability was much greater than annual 
variability for both the upper and lower isopycnal layers and had a clear relationship with the El Niño-Southern 
Oscillation phenomenon. The period encompassed two El Niño events, a weak event in 2009/2010, and a strong 
event in 2015/2016. Regional transport increased during both events, but in the 2015/2016 El Niño, an increase 
in volume transport led the El Niño event by 2–3 months.
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through the far tropical western Pacific region using an ocean state estimate 
to understand how the regional volume transport varies on annual and inter-
annual time scales.

A schematic of the circulation in the far western tropical Pacific is shown in 
Figure 1. The wind-driven surface to thermocline ocean circulation (Figure 1; 
blue) was detailed in Klaus Wyrtki's exploration of the region in the 1960s 
(Wyrtki,  1961) and further determined from ship transects and moorings 
in later decades (Gouriou & Toole, 1993; Johnson et al., 2002; McPhaden 
et al., 1998; Toole et al., 1988). In the North Pacific, the North Equatorial 
Current (NEC) transports subtropical thermocline water and subpolar inter-
mediate water into the region bifurcating near the Philippines into the equa-
torward Mindanao Current (MC) and poleward Kuroshio Current. The MC, 
a low-latitude western boundary current, then transports these water masses 
water along the island of the Mindanao, splitting to feed the ITF and the North 
Equatorial Counter Current (NECC; Wyrtki,  1961). The NECC, centered 
near 5°N, flows eastward into the tropical North Pacific. From the south, the 
NECC is fed by the South Equatorial Current (SEC), the New Guinea Coastal 
Undercurrent (NGCUC), and the seasonally varying New Guinea Coastal 
Current (NGCC; Lindstrom et al., 1987; Kuroda, 2000). Beneath the surface 
and thermocline circulation are notable subthermocline undercurrents that 
flow opposite to the direction of the upper ocean currents (Figure 1; red); 
the poleward Mindanao Undercurrent (MUC) beneath the Mindanao Current 
(MC) (D. X. Hu et al., 1991; Schönau & Rudnick, 2017), the equatorward 
Luzon Undercurrent (LUC) beneath the KC (Bingham & Lukas, 1994; Qu 
et  al.,  1997) and the eastward North Equatorial Undercurrents (NEUCs) 
beneath the NEC (Qiu et al., 2013; Schönau & Rudnick, 2015). In addition, 
along the equator, the Equatorial Undercurrent (EUC) flows eastward. These 
undercurrents have been resolved with moorings, shipboard observations, 
autonomous floats, and gliders.

The variability of annual and interannual upper ocean transport is attributed 
to changes in sea surface height (SSH) that are forced by basin-wide and 

local wind stress. Annual variability in basin-wide wind stress causes Ekman pumping that leads to Sverdrup 
transport and Rossby waves that propagate westward from the eastern and central Pacific (Kim et al., 2004; 
Qiu & Lukas, 1996). Local Ekman pumping in the western Pacific occurs in association with the East Asian 
monsoon (Masumoto & Yamagata, 1991; Tozuka et al., 2002). The interannual SSH variability in the tropical 
Pacific is dominated by the ENSO dynamics. Satellite absolute dynamic topography (ADT) from Archiving, 
Validation, and Interpretation of Satellite Oceanographic Data (AVISO), produced and distributed by Coper-
nicus Marine and Environmental Monitoring Service (CMEMS; http://marine.copernicus.eu/) and gridded, 
monthly Argo climatology (Roemmich & Gilson, 2009) show the footprint and magnitude of annual and inter-
annual variability (Figure 2). Annual anomalies in ADT peak in the eastern and central Pacific near 12°N and 
5°N, respectively, and extend in east-west streaks across the basin, indicative of Rossby waves. The annual 
anomalies are mirrored by changes in thermocline depth (Figure 2c), as calculated from the depth variability 
of the 23–24  kg m −3 isopycnal layer. The interannual anomalies of ADT exceed annual anomalies, peak-
ing along the equator in the eastern Pacific and to the north and south of the equator in the western Pacific 
(Figure 2b). This pattern is also observed in the thermocline depth (Figure 2d). These coincide with the modes 
of ENSO. The east-west tilt is the leading mode of thermocline depth variability and is typical of volume 
transport into and out of the western Pacific (Meinen & McPhaden, 2000). The second mode is asymmetric 
around the equator and typical of warm water volume (WWV) buildup and discharge at the equator (Meinen &  
McPhaden, 2000).

The SSH variability impacts circulation, causing geostrophic transport away from the equator and zonal pres-
sure gradients along the equator. During an El Niño, there is on average, an increase in transport in western 
Pacific currents and a decreased ITF transport, with the opposite occurring during La Niña (D. Hu et al., 2015). 

Figure 1. Schematic of the circulation in the tropical northwestern Pacific. 
Blue is the circulation from the surface to the bottom of the thermocline, 
typically 200–300 m depth at 26 kg m −3. Main currents are the North 
Equatorial Current (NEC), the Mindanao Current (MC), the Kuroshio 
(KC), the Indonesian Throughflow (ITF), and the North Equatorial Counter 
Current (NECC). At the equator, the South Equatorial Current (SEC) and 
seasonally reversing New Guinea Coastal Current (NGCC) enter the region. 
Subthermocline currents (red, >26 kg m −3) flow counter the thermocline 
circulation. Subthermocline currents are the Luzon Undercurrent (LUC), the 
Mindanao Undercurrent (MUC), the North Equatorial Currents (NEUCs), 
and the North Subsurface Counter Current (NSCC). In the South Pacific, the 
New Guinea Coastal Undercurrent (NGCUC) and the Equatorial Undercurrent 
(EUC) (purple) span from the lower part of the thermocline into the 
subthermocline. Cyclonic circulation occurs around the variable Mindanao 
Eddy (ME), and persistent anticyclonic Halmahera Eddy (HE). In the Spring, 
the NECC recirculates into the NEC around the Mindanao Dome (MD). The 
NGCUC surfaces in the North Pacific with the SEC to feed into the NECC 
around the HE.

http://marine.copernicus.eu/
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However, these results were based on nonsynchronous hydrographic sections across currents and were not always 
concurrent with ENSO events. The magnitude and phase of the volume transport as a system are less clear. 
Studies have found that an increased eastward NECC transport can precede an El Niño, leading to WWV to 
build in the equatorial region (Hsin & Qiu, 2012b; Johnston & Merrifield, 2000; Meinen & McPhaden, 2001). 
The  increase could be driven by greater transport in the North Pacific (i.e., increases in the NEC/MC), or by 
greater transport in the South Pacific (i.e., increases in the NGCUC/SEC) circulation.

Below the wind-forced upper-layer, the subthermocline volume transport is often overlooked. However, the 
transport variability of this layer can be large. For example, in the North Pacific, the variability of the subther-
mocline transport beneath the MC and NEC exceeded that of the surface to thermocline layer (Schönau & 
Rudnick, 2015, 2017). There is large annual and interannual variability in the depth of this layer (Figures 2e 
and 2f), particularly in the MD region, suggesting that transport variability may also be large. However, there is 
a sparsity in deep historical transport observations, and the dynamics of the subthermocline are not well under-
stood. Some subthermocline dynamics have been attributed to eddies (Chiang & Qu, 2013; Chiang et al., 2015) 
and Rossby wave interactions (Qiu et al., 2013), but how these translate into transport variability, particularly on 
annual and interannual timescales is less clear.

This study examines the magnitude and phase of the upper-layer (surface to base of thermocline) and lower-
layer (subthermocline to a depth of ∼1,000 m) volume transports in the far western tropical Pacific to assess the 
vertical transport structure, how transport changes as a system, and the relationship of these changes to ENSO. 
The mean, annual, and interannual transport across discrete transects are derived from a data assimilating West-
ern Pacific Ocean State Estimate (WPOSE), which spans the western North Pacific tropical circulation, the 
ITF, and inflow from the South Pacific (Figure 3). The transects across the NEC, MC, ITF, NGCUC/SEC, and 

Figure 2. Annual (a, c, e) and interannual (b, d, f) standard deviation of (a, b) absolute dynamic topography (ADT) from AVISO (1993–2015), (c, d) the depth of the 
23–24 kg m −3 isopycnal layer from Argo climatology, and (e, f) the depth of the 26–27.3 kg m −3 isopycnal layer from Argo climatology (ARGO). The depths of the 
23–24 kg m −3 layer and 26–27.3 kg m −3 layer represent an average depth of the thermocline layer and subthermocline layer (defined from base of the thermocline to 
roughly 1,000 m depth), respectively.
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NECC bisect the inflow and outflow of the region. The WPOSE period of 
2009–2017 encompassed a moderate El Niño in 2009/2010, the “failed” El 
Niño in 2014 (McPhaden, 2015), and a strong El Niño in 2015/2016 (Santoso 
et  al.,  2017). The period was also concurrent with equatorward transport 
observations in the North Pacific (Schönau & Rudnick, 2015, 2017), South 
Pacific (Kessler et al., 2019), and the Makassar strait (Gordon et al., 2019), 
the main channel of the ITF. WPOSE provides a dynamically consistent 
solution to better understand how the volume transport changes as a system, 
providing resolution in space and time beyond current observational capabil-
ities. The relationship of local and remote wind-forcing, thermocline shifts, 
and changes in volume transport to ENSO will be examined. The manuscript 
is organized as follows: Section 2 describes WPOSE and observational data; 
Section  3 compares ocean structure and velocity of WPOSE with obser-
vations; Section 4 provides annual and interannual volume transports; and 
Section 5 examines the magnitude and phase of interannual volume transport 
with respect to ENSO. Section 6 provides a discussion of these results, and 
Section 7 summarizes the main conclusions.

2. Data
2.1. Western Pacific Ocean State Estimates

Mean, annual, and interannual velocity and volume transports in the western Pacific were calculated from the 
data assimilative WPOSE through the region bounded by 125°–150°E and 5°S–16.5°N (Figure 3). The WPOSE 
were produced for the period 1 January 2009, to 31 December 2017, using a regional implementation of the 
Estimating the Circulation and Climate of the Ocean (ECCO) package (Stammer et  al.,  2002) for the north-
western tropical Pacific that uses the MIT General Circulation Model (MITgcm; Marshall et al., 1997) and its 
adjoint-based four-dimensional variational assimilation (4D-Var) system. The WPOSE model domain extended 
from 115°–170°E, and 15°S–27°N (Figure  3). Temperature and salinity observations from Argo Conductiv-
ity Temperature and Depth (CTD) sensors, Expendable Bathythermograph (XBT) and gliders, satellite-derived 
along-track SSH, and gridded sea surface temperature (SST) covering the region from 122° to 170°E and 5° to 
20°N were assimilated into the model. The horizontal resolution of WPOSE is 1/6° and it has 50 vertical z-lev-
els. The vertical level spacing varies by depth, increasing gradually from 2.5 m at the surface to 300 m near the 
bottom, with a maximum depth of 6,500 m. The model initial conditions and open-ocean boundary conditions for 
horizontal velocities, temperature, and salinity were interpolated from the data assimilative Hybrid Coordinate 
Ocean Model (HYCOM/NCODA) 1/12° daily global analysis (Chassignet et al., 2007) and model atmospheric 
forcing fields were obtained from the NCEP/NCAR reanalysis project (Kalnay et al., 1996). The wind, specific 
humidity, air temperature, precipitation, and net downward shortwave and longwave radiation were prescribed at 
the ocean surface.

ECCO uses a four-dimensional variational assimilation (4D-Var) method (Heimbach et al., 2002) that adjusts 
model control variables to create a model simulation that minimizes the misfit between the model solution and 
real observations at the places and times of the observations. The model controls are temperature and salin-
ity initial conditions, open-ocean boundary conditions, and atmospheric forcing fields. Each state estimate is 
a free-running dynamically consistent solution forced using adjusted model controls and conserves heat, salt, 
mass, and momentum. The WPOSE solution for the period 2009–2017 was created by combining 27 sequential, 
non-overlapping 4-month estimates. Each 4-month-long state estimate was initialized using HYCOM/NCODA 
solutions (reference state or “first guess” solution). The 4DVAR data assimilation is an adjustment of the data 
assimilative HYCOM/NCODA solution for a 4-month period before it is reinitialized from HYCOM/NCODA. 
To evaluate the benefits of data assimilation, SSH from WPOSE and HYCOM/NCODA were compared with 
AVISO gridded SSH (not shown). The Root-Mean-Square-Difference (RMSD), averaged over the data assimila-
tion region and the 27 state estimates was 0.05 m for the first 30 days, similar to that of HYCOM/NCODA, and 
slowly increased to 0.07 m after 120 days. It should be noted that WPOSE matches data over a 4-month model 
run, whereas HYCOM/NCODA solutions are updated daily. Comparisons of data assimilative hindcasts and fore-
casts with dependent and independent observations, and discussions on the importance of data assimilation using 

Figure 3. Domain of the Western Pacific Ocean State Estimates (WPOSE). 
Blue box shows the region of data assimilation. Daily model output is 
produced at 1/6° horizontal resolution from January 2009 to December 2017, 
with 50 vertical levels.
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a similar MITgcm-ECCO 4D-Var system can be found in Gopalakrishnan et al. (2013). WPOSE solutions have 
previously been compared to glider observations (GOs) and the Parallel Ocean Program (POP) model (McClean 
et al., 2011) across the NEC (Qiu et al., 2015), and the MC (Schönau et al., 2015), to independent observations 
of the mean velocity across the Kuroshio from moorings near the Luzon Strait (Lien et al., 2015), and to inde-
pendent temperature observations at the western Pacific islands of Palau and Pohnpei (Schramek et al., 2019). 
The WPOSE were archived as daily averaged fields for temperature, salinity, and absolute horizontal and vertical 
velocities. The daily output was averaged by month to compare to ARGO and to extract annual and interannual 
transport anomalies.

2.2. Observations

Autonomous underwater glider observations (GO; 2009–2014; Schönau & Rudnick, 2015) and Argo climatol-
ogy (ARGO; 2004–2018; Roemmich and Gilson, 2009) were used to verify WPOSE stratification and absolute 
velocity. Temperature and salinity profiles from GO and Argo were assimilated into WPOSE and the comparison 
of these observations with WPOSE is perforemd in the following section to assess how well the state estimate 
hindcast matches the observations. Autonomous underwater Spray gliders, equipped with a Sea-Bird CTD and 
Seapoint fluorometer, were deployed from Palau at 7.5° and 134.3°E from June 2009 to January 2014. These 
gliders made 19 transects across the NEC (Schönau & Rudnick, 2015) and 16 transects across the MC (Schönau 
& Rudnick, 2017; Figure 3) at all times of the year and during one full ENSO cycle. There were a slightly greater 
number of transects of the NEC from June to November, and of the MC from September to February; however, 
overall seasonal bias was low. The gliders profiled in a horizontal saw-tooth pattern from the surface to a depth 
of 1,000 m and recorded observations during each ascent. Observations were binned vertically by 10 m and had 
a horizontal resolution of roughly 6  km. Depth-averaged velocity was obtained from dead-reckoning (Davis 
et al., 2008; Todd et al., 2011) and used as a reference velocity for geostrophic velocity. For the comparison of 
mean velocity structure across the NEC, all glider observations were objectively mapped together along 134.3°E 
using a Gaussian autocovariance with a length scale of 80 km (Schönau & Rudnick, 2015).

Monthly and mean Argo climatology (ARGO; Roemmich & Gilson, 2009) are produced by mapping Argo float 
observations in space and time. Argo floats are equipped with CTDs and maintain a drift depth of 1,000 m for 
9 days and then profile from a depth of 2,000 m to the surface. There were roughly 35,000 profiles from 300 floats 
in the WPOSE domain from January 2004 to December 2017, the period over which we examine the WPOSE. The 
mean climatology for temperature and salinity are available at 1/6° resolution, annual cycle at 1/2°, and monthly 
anomalies at 1° (https://sio-argo.ucsd.edu/RG_Climatology.html). Geostrophic velocities were calculated from 
the climatology using the thermal wind equation, referenced to a level of no-motion at 2,000 m, which provides an 
accurate transport in the subtropical gyre (Schönau & Rudnick, 2015), but may underestimate the transport nearer 
to topography (Schönau et al., 2015). ARGO provides estimates of velocity and transport across the NEC, and 
part of the NECC to compare to WPOSE, as well as good spatial coverage of steric height and thermocline depth.

3. Comparison of WPOSE to ARGO and GO
Using 4D-Var data assimilation, WPOSE provides a dynamically consistent solution while trying to create a best-
fit to assimilated observations. Although ARGO and GO are not independent observations, they provide the best 
observational estimates of the mean velocity and stratification. It is of interest to see how the mean thermohaline 
structure, velocity, transports, and time-varying sea-surface height compare between WPOSE and observations, 
as even with sophisticated models can contain biases. Moreover, WPOSE 4D-Var 4-month state estimates do not 
guarantee an exact match to the observations, and this model-data comparison verifies that the 4D-Var assimila-
tion system performs as expected, moving the model trajectory close to the observations.

3.1. Velocity, Transport, and Thermohaline Structure

The mean velocity, transports, and thermohaline structure are compared between WPOSE, ARGO (from 1/6°, 
mean fields), and GO along a longitudinal transect at 134.3°E, spanning the NEC, NECC, and SEC/NGCUC from 
1°S to 16.5°N (Figure 4a). The transect aligns with glider observations of the NEC from Palau at 8°N–16.5°N 
(Figure 4b). Although the observations and WPOSE are averaged over different periods (ARGO: 2004–2017, 

https://sio-argo.ucsd.edu/RG_Climatology.html
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GO: 2009–2014, and WPOSE: 2009–2017), their spans overlap, and are likely lengthy enough that a reasonable 
comparison can be made.

North of 8°N, GO (Figure 4b) and ARGO (Figure 4f) show a mean westward NEC that is strongest between 8° and 
13.5°N from the base of the thermocline (26 kg m −3) to the surface. Two subthermocline undercurrents, centered 
at 9.6° and 13.1°N, respectively, flow eastward deeper than 26 kg m −3. WPOSE has similar velocity structure but 
with slightly weaker velocities (Figure 4d), and the core of the second subthermocline undercurrent is slightly 
shifted to the south (12°N). To the south of Palau, between 2.5° and 7.5°N, both WPOSE and ARGO show a 
strong eastward NECC, extending as deep as 27 kg m −3. Geostrophic velocity calculations were not made within 
±2.5° of the equator for ARGO, but WPOSE captures the westward inflow of the NGCUC/SEC from the island 
of New Guinea to 2°N. At this longitude, the NGCUC/SEC currents of WPOSE are in a combined state and are 
indistinguishable. A similar transect along 145°E of the WPOSE shows NGCUC as a subsurface westward current 
close to the island of New Guinea, and surface westward flow from the SEC at the equator (Schönau, 2017).

Integrating across the NEC (8°–16.5°N), the total mean volume transport for WPOSE (−37.9 Sv) compares favora-
bly to observational estimates from GO (−37.6 Sv) and ARGO (−35.0 Sv). Volume transports for each of the upper 

Figure 4. Comparison of velocity and thermohaline transport at 134.3°E. (a) Schematic of transport at 134.3°E. Mean zonal velocity and potential temperature-salinity 
(TS) binned transport from (b, c) Glider Observations (GO), (d, e) WPOSE, and (f, g) ARGO. Velocity scale is provided in panel (f). For the TS transport diagrams 
(panels c, e, g) ARGO and WPOSE transports were binned by 0.02 psu and 0.4°C for each month in the annual cycle, summed, and divided by the bin size and the 
number of months (12). For GO, transport was binned by 0.02 psu and 0.4°C for each objectively mapped transect across the NEC and divided by the bin size and 
number of transects (19). Positive (red) is eastward velocity or transport. Negative (blue) is westward velocity or transport.
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(surface to 26 kg m −3) and lower (26–27.3 kg m −3) layers are similar (Table 1). Table 1 also provides mean transports 
across the NECC, from 2.5° to 8.0°N, and across the MC. For the NECC, ARGO and WPOSE mean transports are 
comparable within a difference of 4 Sv. At 145°, as a comparison where no data assimilation occurs, the transports 
from 2° to 5°N between ARGO and WPOSE are in statistical agreement. For the MC, WPOSE and GO transports 
are similar, within a difference of 3.9 Sv. It should be noted that for the MC, ARGO has an erroneous transport as it 
does not capture the depth penetration of the equatorward subthermocline MC near the coast (Schönau et al., 2015).

The thermohaline characteristics of volume transport impact the heat transport in and out of the western Pacific. 
However, models often have biases in subsurface temperature and salinity. A comparison of WPOSE to ARGO 
and GO water mass transport shows that the volume transport is accurately distributed by temperature and salin-
ity. The volume transport is plotted as a function of thermohaline structure in a composite temperature-salinity 
(TS) diagram by binning volume transport by temperature and salinity along 134.3°E from 8.0°N to 16.5°N 
(Figures 4c, 4e, and 4g). For each objectively mapped GO transect, the volume transport for each grid cell was 
binned by temperature and salinity, then normalized by the bin size (yielding units of Sv psu −1ºC −1). The bin 
size for temperature was 0.4°C and for salinity was 0.02 psu. The volume transport in each bin was then summed 
over the transects and then divided by the total number of transects (19). For WPOSE (Figure 4e) and ARGO 
(Figure 4g), the “transects” correspond to the volume transport for each month of the annual cycle. Following the 
GO transport analysis, the volume transport of WPOSE and ARGO of each grid cell was binned by the temper-
ature and salinity, summed over all months, and divided by the number of months (12) and bin size (0.4°C and 
0.02 psu; Figures 4e and 4g). Each TS diagram for WPOSE, ARGO and GO thus shows the expected thermo-
haline transport of the NEC over a typical year and integrates over temperature and salinity to the respective mean 
transport of the NEC. Greater variance in temperature and salinity was expected and observed in the TS transport 
diagram for GO, as it was made from synoptic transects and not monthly averages, as those from WPOSE and 
ARGO. Additional composite TS transport diagrams along 145°E and 8.5°N can be found in Schönau (2017).

TS transport diagrams from observations and WPOSE show the westward transport of the North Pacific Tropical 
Water (NPTW; 23.5 kg m −3), identified by its subsurface salinity maximum (Fine et al., 1994; Tsuchiya, 1968). 

NEC
134.3°E,  
8°–16.5°N Total Surface – 26 kg m −3 26–27.3 kg m −3 Annual standard deviation Interannual standard deviation

GO −37.6 −33.1 −4.5 – –

ARGO −35.0 −27.4 −7.5 4.2 5.1

WPOSE −37.9 −30.9 −7.0 4.3 10.0

NECC
134.3°E,  
2.5°–8°N Surface – 26 kg m −3 26–27.3 kg m −3 Annual standard deviation Interannual standard deviation

ARGO 35.0 28.4 6.6 8.5 11.6

WPOSE 31.0 26.5 4.4 8.9 16.9

MC
8.5°N,  
126.6°–130°E Surface – 26 kg m −3 26–27.3 kg m −3 Annual standard deviation Interannual standard deviation

GO −25.6 −21 −5.1 – –

ARGO −7.7 −6.0 −1.7 – –

WPOSE −29.5 −20.4 −9.0 3.7 7.6

NGCUC/NGCC/SEC
134.4°E,  
−2°S to 2°N Surface – 26 kg m −3 26–27.3 kg m −3 Annual standard deviation Interannual standard deviation

WPOSE −12.9 −13.7 0.9 8.6 14.0

Note. Standard deviations are for total annual transport, and the total interannual transport with the annual cycle removed.

Table 1 
Mean Volume Transports and Standard Deviations Across the NEC, NECC, MC, and SEC/NGCUC/EUC for Each Gliders (GO), Argo Climatology (ARGO), and 
WPOSE (the Western Pacific Ocean State Estimates)
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Below the thermocline, there is a subsurface salinity minimum indicative of North Pacific Intermediate Water 
(NPIW; 26.5 kg m −3; Fine et al., 1994; Talley, 1993). The temperature and salinity characteristics of the subther-
mocline undercurrents are visible as eastward transport at densities greater than 26 kg m −3. GO and ARGO have 
two distinct undercurrents, with the saltier core corresponding to the lower latitude undercurrent (Figures 4c 
and 4g). WPOSE has an eastward undercurrent transport with one salinity core (Figure 4e). Thus, although the 
undercurrent velocities are weak in the mean transect (Figure 4d), the TS transport diagram shows that WPOSE 
has significant undercurrent transport. This implies that the lower-layer transport for ARGO and WPOSE, −7.5 
and −7.0 Sv, respectively, may have similar eastward and westward components.

3.2. Isopycnal Depth Variability

The equatorial region (2°S to 2°N) has strong, variable zonal currents and cross-equatorial flow. WPOSE did not 
assimilate observations south of 5°N, therefore a comparison of WPOSE in this region to observations builds 
greater confidence in the solution for the regions outside the assimilation domain. As geostrophic transport 
depends on the meridional gradients of isopycnals, one method is to compare the mean depths of isopycnal layers 
and perform cross-correlation in the isopycnal depth variability between WPOSE and ARGO. Isopycnal depth 
is relevant not only to transport but also to the heat content of the equatorial region (e.g., Rudnick et al., 2021).

The depth-averages of isopycnal layers are shown in Figure 5 for both ARGO and WPOSE for each a thermocline 
(23–24.5 kg m −3) and a subthermocline (26–27.3 kg m −3) layer. In the thermocline, shoaling between 5° and 
10°N stretches eastward from the island of Mindanao at 126.6°E. This is indicative of the Mindanao Dome (MD), 
caused by Ekman suction associated with the East Asian Monsoon (Masumoto & Yamagata, 1991). For ARGO, 
the shoaling extends to 140°E (Figure 5a), whereas for WPOSE the shoaling extends to 134°E (Figure 5b). There 
is also a depth discrepancy between ARGO and WPOSE south of 5°N, from 130° to 135°E, that disappears grad-
ually moving eastward and southward. In the subthermocline (26–27.3 kg m −3; Figures 5c and 5d), WPOSE and 
ARGO have a similar depth structure, with WPOSE shoaling near topographic features that are unresolved by 
ARGO. ARGO also has a shallower isopycnal layer to the south of 5°N.

Taking a monthly time series of these depth-average isopycnal layers and calculating the correlation coefficient 
between WPOSE and ARGO provides a measure of the agreement of their low-frequency variability (Figures 5e 
and 5f). In the thermocline there was good agreement, with correlations exceeding 0.8 throughout most of the region 
(Figure 5e). The correlation was the lowest (∼0.5) centered at 5°N, 133°E, near the location of the Halmahera Eddy. 
This is unsurprising, given the strong currents and barotropic instability in the region (L. Chen et al., 2014; X. Chen 
et al., 2015). Similar cross-correlation analysis using the entire upper layer (surface-26 kg m −3) yields similar results 
(not shown). In the subthermocline, the correlation between ARGO and WPOSE was greater than 0.8 north of 5°N, 
and lower to the south (Figure 5f). The subthermocline currents are relatively strong and highly very variable to the 
south of 5°N (Figures 6 and 7), with evidence of subthermocline eddies (Azminuddin et al., 2021).

Overall, WPOSE has good agreement with observations, providing reasonable estimates of mean velocity, trans-
port, thermohaline characteristics, and depth structure. The greatest discrepancies with observations appeared in 
the subthermocline and will be further discussed in Section 6.

4. WPOSE Velocity
4.1. Annual Cycle

The WPOSE annual velocity and mean isopycnal depth for the upper (surface-26 kg m −3) and lower (26–27.3 kg 
m −3) layers are shown in Figure 6. The upper layer encompasses the surface flow to the base of the thermocline, 
while the lower layer flow extends from the base of the thermocline to an isopycnal that is at about 1,000 m 
depth. The base of the thermocline was chosen at 26 kg m −3 as a reasonable separation between upper and lower 
layers, as it separates the thermocline and subthermocline transport in the NEC (Schönau & Rudnick, 2015), the 
MC (Schönau & Rudnick, 2017), and the NECC (Hsin & Qiu, 2012b; Johnson et al., 2002). Figure 4 provides 
additional evidence, with the mean velocity of the NGCUC/NGCC/SEC, NECC, and NEC above the 26 kg m −3 
isopycnal. The lower limit of the subthermocline layer was chosen at 27.3 kg m −3, which is the deepest isopycnal 
surface that was consistently shallower than 1,000 m across the domain (Schönau & Rudnick, 2015, 2017).



Journal of Geophysical Research: Oceans

SCHÖNAU ET AL.

10.1029/2021JC018213

9 of 27

The velocities in the upper and lower layers have significant annual variability. Away from the equator, the mean 
flow is geostrophic, perpendicular to the gradient in depth for each layer (i.e., velocities are along the lines of 
constant depth). Several currents are identifiable. In the upper layer (Figures 6a–6d), the westward NEC flows 
north of 8°N, impinging on the Philippines and bifurcating between 13° and 14°N. The highest latitude bifurca-
tion occurs between October and January, consistent with previous observational and theoretical estimates (Qiu 

Figure 5. Comparison of depth structure between WPOSE and ARGO. Mean depth of the 23–24.5 kg m −3 layer for (a) 
ARGO and (b) WPOSE. Mean depth of the 26–27.3 kg m m −3 isopycnal layer for (c) ARGO and (d) WPOSE. Correlation 
coefficient between monthly averaged ARGO and WPOSE for the mean depths of the (e) 23–24.5 and (f) 26–27.3 kg m m −3 
isopycnal layers.
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Figure 6. Annual velocity and depth averaged over (a–d) the upper (surface-26 kg m −3) and (e–h) the lower (26–27.3 kg m −3) layers for (a, e) January, (b, f) April, (c, 
g) July, and (d, h) October. The vector scale is 0.5 m s −1 for the left panels and 0.1 m s −1 for the right panels, shown at top. Solid lines at 125°E, 134.3°E, 145°E, and 
8°N are shown to help assess differences between the panels and are a few of the bounds used to assess transport variability in Section 5.
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& Lukas, 1996; Qu & Lukas, 2003). The MC flows equatorward along the coast of the Philippines, splitting at 
roughly 5°N into the westward ITF and eastward NECC. The location of this split and the amount of retroflec-
tion of the ITF flowing back to the NECC varies month to month. Currents are strong in the region from 125° 
to 134.3°E, and from the equator to 8°N, where the HE is located. Centered around 131° and 4°N, the HE is fed 
from the west by the MC and south from the NGCUC/NGCC/SEC, serving as the initiation point of the NECC.

Figure 7. WPOSE monthly zonal velocity averaged over (a, c, e) upper (surface-26 kg m −3) and (b, d, f) lower (26–27.3 kg m −3) layers along (a, b) 125°E, (c, d) 
134.3°E and (e, f) 145°E. Dashed lines show transport boundaries for annual and interannual transport calculations.
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The NECC is the strongest current in the region, exceeding 1 m s −1, and varies in both strength and location. 
After its strong start in the HE, the NECC is northernmost in winter (Figure 6a), and southernmost in summer 
(Figure 6c), consistent with observations (Hsin & Qiu, 2012a). The latitude of the NECC appears to be related 
to the build-up of the MD (Kashino et al., 2011), centered at 8°N between 127°E and 144°E (Figures 6a and 6b), 
that occurs in late winter and early Spring from northeasterlies that create Ekman suction. This causes part of the 
NECC to recirculate northward, flowing back into the NEC. By July, the MD has been dissipated by the arrival 
of Rossby waves and changes in regional wind-stress (Tozuka et al., 2002). The strength of the NECC varies 
throughout the year, with the greatest eastward velocities occurring late in the second half of the year, when the 
NECC is at its southernmost point and northward recirculation to the NEC does not occur. The velocities and 
extent of the inflow from the NGCUC/NGCC/SEC are also strongest in the second half of the year, and weakest 
in January. This is consistent with synoptic observations of the reversal of the NGCC, which flows southward 
along the surface in January, and strengthens the equatorward NGCUC in summer (Kuroda, 2000; Ueki, 2003). 
Here, both the NGCUC and NGCC are averaged together in the upper layer.

In the lower layer, velocities are typically one-fifth to one-third of those in the upper layer, as noted in the 
velocity scale (Figures 6e–6h). North of 8°N, the circulation is weak, and generally flows in the same direction 
as the surface flow. It is difficult to discern the NEC undercurrents, but they could be small with respect to the 
chosen scale. South of 8°N, the velocity direction in the lower layer is more variable than that of the upper layer. 
In January, the currents are weak and the subthermocline component of the NECC is at its northernmost extent 
beneath the upper layer of the NECC. This deep component of the NECC is consistent with the North Subsurface 
Counter Current (NSCC; Gouriou & Toole, 1993). There is very little inflow from the South Pacific during this 
time, with the lower part of the NGCUC feeding directly into the eastward equatorial flow of the EUC (Tsuchiya 
et al., 1989). There is also a subsurface westward jet centered at 3°N below the NECC. By the middle to the end 
of the year, the subthermocline HE and NECC flow strengthen, combine with inflow from the NGCUC, and flow 
eastward to the EUC. However, it is not necessarily in phase or along the same latitude as the upper-layer NECC. 
By October, the eastward flow begins a northward trek, continuing to receive inflow from the NGCUC. The 
EUC moves slightly northward of the equator from 140° to 150°E. The large variability and linkages between the 
NGCUC/EUC and NECC/NSCC are consistent with previous observations and model output (Dutrieux, 2009; 
Gouriou & Toole, 1993; Kawabe et al., 2008).

4.2. Variability: 125°, 134.3°, and 145°E

From the annual cycle (Figure 6), it is evident that there are strong zonal velocities into and out of the region 
(5°S–16.5°N; 125°–145°E). To assess the velocity variability, and determine transport bounds, latitudinal tran-
sects of velocity averaged over the upper and lower layers were made at 125°, 134.3°, and 145°E (Figure 7). These 
transects encompass the ITF (125°E; Figures 7a and 7b), the NGCUC/NGCC/SEC (134.3°E; Figures 7c and 7d), 
and NEC (145°E; Figures 7e and 7f). The ITF had strong westward flow in the upper layer, and substantial 
velocity in the lower layer between 4° and 6°N. A return eastward current from the Sulawesi Sea existed between 
2° and 4°N. The annual cycle (not shown) had the strongest velocities between May and October, consistent 
with observations in the Makassar Strait (Gordon et al., 2019). There was notable interannual variability in the 
ITF, with strong velocities before January 2014 and after January 2017, and relatively weak velocities during 
the 2015/16 El Niño. These are consistent with the notion of a reduced ITF during El Niño (D. Hu et al., 2015). 
However, the eastward return velocity was not necessarily in phase with the westward flow, nor was there a corre-
spondence in the velocities between the upper and lower layers.

At 134.3°E (Figures 7c and 7d), there was westward flow north of 7°N from the NEC, and south of 2°N from 
the NGCUC/NGCC/SEC. The eastward NECC between 2°N and 7°N, had an annual north-south meander, and 
an interannual intensification from January 2014 to January 2016, preceding and during the 2015/2016 El Niño. 
Velocities were weaker but more variable in the lower layer, particularly beneath the NECC and NGCUC/NGCC/
SEC (Figure 7d). Some eastward velocities occurred beneath the NEC, which could be weak evidence of the 
undercurrents, but the flow was primarily westward.

At 145°E (Figures 7e and 7f), the eastward NECC was significantly wider in the upper layer, extending from 
the equator to 8°N with notable annual variability. There was a small increase in velocity in 2009 (3°–5°N) and 
a substantial velocity increase in 2014/2015. In the lower layer, eastward velocities were strong and organized 
along the equator, as the NGCUC outflow and subthermocline NECC/NSCC merged into the EUC.
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5. Regional Transport
Transport bounds were chosen to reflect the major circulation pathways and annual and interannual velocity vari-
ability in each of the upper and lower layers. North of 8°N, velocities are steady with little variability. Transport 
bounds along 8° and 16.5°N encompass the NEC transport and at its bifurcation, the equatorward transport of 
the MC, and the poleward transport of the KC (Figures 7c–7f). South of 8°N, the velocity variability in both the 
upper-layer and lower-layer is large making it difficult to set transport bounds. To separate the mean eastward 
outflow of the NECC from the westward inflow of the NGCUC, and to be cognizant of the different dynamics 
in the equatorial region, transport bounds were set at topography in the southern hemisphere, 2°S, 2°N, and 8°N 
(Figures 7c–7f). For the ITF, topography at 1°N and 6°N bounds the transport (Figures 7a and 7b), with a small 
transport bound taken from 0° to 1°N and along the equator, to compensate for the small leakage through this 
passageway. Transport bounds were also taken at 16.5°N to encompass the meridional extent of NEC, and at 8°N 
for the MC transport and northern recirculation of the NECC. Taken together, the bounds of transport divide 
the western Pacific into three boxes (Figures 8a and 9a). For consistency, the same lines of constant latitude and 
longitude were used as bounds for each upper-layer and lower-layer. However, the locations of currents within 
these layers may differ. The annual cycle is the mean transport for each calendar month averaged over all years 
from WPOSE (2009–2017). The interannual variability was assessed by removing the annual cycle.

Figure 8. (a) WPOSE mean velocity (arrows) and salinity (color contours) in the upper layer (surface-26 kg m −3). Boxes (Boxes 1–3) indicate the partitions for annual 
transport. Arrows label main currents. Upper-layer annual volume transport for (b) Box 1, (c) Box 2, and (d) Box 3. Transport into the box is positive and transport out 
of the box is negative. Green (yellow) lines along 134.3°E (145°E) indicate the bounds for the NGCUC/SEC west (east) transport. The red line at 145° indicates the 
bounds of the equatorial transport. Mean transport, and annual and interannual standard deviations of transport are given in Figure 10.
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5.1. Annual Transport

The annual volume transport variability was calculated for each of the upper (surface-26 kg m −3; Figure 8) and 
lower (26–27.3 kg m −3; Figure 9) layers. The transport “boxes” encompass the following areas: Box 1 is north 
of 8°N (122°–145°E, 8°–16.5°N), Box 2 is south of 8°N and west of 134.3°E, encompassing the division of 
transport from the MC and NGCUC inflow into the ITF and NECC (125°–134.3°E, 0°–8°N), and Box 3 is south 
of 8°N, and east of 134.3°E, capturing the inflow along the equator, and outflow of the NECC (134.3°–145°E, 
5°S–8°N; see Figure 8 for exact integration bounds). For the annual cycle, transport orientation was chosen such 
that volume transport into the box is positive and transport out of the box is negative. The following sections 
summarize the annual cycle of the upper (Section 5.1.1; Figure 8) and lower (Section 5.1.2; Figure 9) layers, 
with a summary of the mean and annual variability (standard deviation) of currents for each of these layers docu-
mented in Table 2 and displayed in Figure 10.

5.1.1. Upper Layer

The mean velocity and salinity averaged within the upper layer are shown with the transport bounds in Figure 8a. 
The salinity extrema decay along the direction of flow, such as that of the NPTW carried by the NEC. There is a 

Figure 9. (a) WPOSE mean velocity (arrows) and salinity (color contours) in the lower layer (26–27.3 kg m −3). Boxes (Boxes 1–3) indicate the partitions for annual 
transport. Arrows label main currents. Lower-layer annual volume transport for (b) Box 1, (c) Box 2, and (d) Box 3. Transport into the box is positive and transport out 
of the box is negative. Green (yellow) lines along 134.3°E (145°E) indicate the bounds for the NGCUC/SEC west (east) transport. The red line at 145° indicates the 
bounds of the equatorial transport. Mean transport, and annual and interannual standard deviations of transport for these bounds are given in Figure 10.
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strong salinity front across the NECC as the relatively fresh North Pacific Tropical Water meets the saline South 
Pacific Tropical Water brought in from the NGCUC/NGCC/SEC.

In Box 1 (Figure 8b), inward transport is from the NEC and, at times, the northward NECC recirculation. Outflow 
occurs in the MC and KC. The annual cycle in this box is small, with annual standard deviations on the order of 
a 1–3 Sv (Table 2, Figure 10). The NECC/NEC recirculation has the greatest transport from January to April, 
coinciding with build-up of the MD. Concurrently, the NEC and KC transports are at their greatest magnitude. 
This results in a remarkably steady MC, which maintains roughly 20 Sv of annual volume transport.

In Box 2 (Figure 8c), there is inflow from the equatorward MC and the poleward NGCUC/SEC. Net outflow 
occurs through the ITF into the Makassar Strait, and the eastward NECC. A southern portion of the ITF that flows 
into the Maluku Sea is termed “Leakage”, as annual transports are small and may reverse. The NGCUC/SEC and 
seasonal NGCC provide inflow from the southeast, with transport varying from 8 to 23 Sv. There is eastward 
outflow in the NECC with transport ranging from 20 to 35 Sv. The annual cycle is greatest for the NCGUC/
NGCC/SEC and NECC, with annual standard deviations of about 5 Sv (Table 2, Figure 10). The combined ITF 
and Leakage have a similar magnitude of annual variability, even though their combined mean transport is less 
than 7 Sv.

In Box 3 (Figure 8d), annual transport is balanced between the NECC (20–35 Sv), equatorial inflow/outflow 
(0–10 Sv), the NGCUC/NGCC/SEC (8–12 Sv), and northward recirculation in the MD (0–10 Sv). The NGCUC/
NGCC/SEC has two components, the net inflow at 145°E, and the net outflow at 134.3°E (Figure 8d). Similarly, 
the NECC has two components, the net inflow at 134.3°E and the net outflow at 145°E. Annual transport has 
standard deviations of 3–6 Sv (Table 2, Figure 10). The standard deviation in annual transport is slightly lower 
at 145°E than at 134.3°E, likely from changes in velocity or westward penetration of flow from the South Pacific 

Layer Mean transport Annual standard deviation Interannual standard deviation

NEC Upper −30.9 2.5 4.5

145°E, 8°–16.5°N Lower −7.0 1 4.6

KC Upper 9.5 3.1 3.0

16.5°N, 122°–145°E Lower −1.7 0.5 3.1

MC Upper −21.2 1.3 4.9

8°N, 126.5°–134.3°E Lower −9.2 2.0 5.2

ITF Upper −6.1 3.3 3.3

125°E, 1°–6°N Lower −3.8 1.2 1.4

LEAKAGE Upper −1.6 2.2 2.2

125°E, 0°–1°N and 0°, 125°–130°E Lower −1.2 1 1.8

NECC Upper 27.3 4.8 9.0

134.3°E, 2°–8°N Lower 5.2 5.8 9.1

NGCUC/NGCC/SEC Upper −15.1 5.0 7.7

134.3°E, 2°S−2°N Lower −0.1 7.0 7.7

NECC Upper 20.0 3.7 10.1

145°E, 2°–8°N Lower 1.2 5.0 8.8

Equatorial Upper −2.8 6.3 7.9

145°E, 2°S–2ºN Lower 10.5 9.4 8.4

NGCUC/NGCC/SEC Upper −9.8 3.4 2.4

145°E, 5°–2°S Lower −6.2 2.9 3.1

NECC/NEC recirc. Upper 3.5 3.5 3.7

8°N, 134.3°–145°E Lower −0.1 1.5 4.4

Table 2 
Mean Volume Transport, and Annual and Interannual Volume Transport Standard Deviations for Major Currents in the Far Western Pacific From WPOSE
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(Figure 6). Annual variability along the equator is also large and net transport reverses (Figure 8d). This may be 
from a combination of changes in the location and strength of the currents. The equatorial transport limits of 2°S 
to 2°N are not necessarily natural transport bounds for the upper layer at 145°E (e.g., Figures 6 and 7e).

5.1.2. Lower Layer

Mean velocity and salinity averaged within the lower layer are shown in Figure 9a. As the lower-layer circulation 
is weaker than that of the upper layer, the scales differ between Figures 8 and 9. In Box 1 (Figure 9b), the annual 
cycle of lower-layer transport is about half the magnitude or less than that of the upper layer (Figure 8b and 
Table 2). For the MC, annual transport variability in the lower layer exceeds that of the upper layer.

In Box 2 (Figure 9c), magnitudes of mean transport are half those of the upper layers but with greater variability. 
The greatest annual variability is from the subthermocline inflow of the NGCUC/SEC and outflow of the NECC 
along the eastern side of the box (Table 2). Transport from 2° to 8°N changes direction below the NECC, as does 
the equatorial flow from 2°S to 2°N. (Lower-layer transport from 2° to 8°N is labeled as “NECC” in Figure 9, 
as the lower layer transport bounds correspond to those of the upper layer, however, it is commonly known as 
the NSCC, as previously described.) The change in net transport direction from the NGCUC/SEC at 134.3°E is 
related to its westward penetration (Figures 6e–6h). The transport increase in the fall is in phase with an increase 
in the upper-layer transport and occurs when the NECC is at its southernmost position (Figures 6c and 6d)

In Box 3 (Figure  9d), annual volume transport variability is large (Table  2). Along the equator (2°S–2°N), 
the lower-layer mean transport and its annual variability exceed that of the upper-layer, indicative of a strong 
EUC. The eastward equatorial transport peaks from April to July, before the summertime southern meander and 
strengthening of the surface NECC (Figure 6c), highlighting the difference in phase of the annual cycle of trans-
port between the upper and lower layers.

5.2. Interannual Transport Variability

The interannual volume transport variability exceeds the annual variability in the region, with a few exceptions 
(Table 2; Figure 10). From 2009 to 2017, the standard deviation of interannual volume transport for the NEC 

Figure 10. Mean volume transport for the upper (surface-26 kg m −3; cyan) and lower (26–27.3 kg m −3; magenta) layers with 
annual and interannual standard deviations of transport for each layer. Each bin is labeled by current and range of integration, 
corresponding to Figures 8a and 9a and Table 2. The NGCUC/SEC (west) and NECC/NEC recirc. have mean lower layer 
transports near zero. Mean transport is positive (negative) for northward/eastward (southward/westward) transports.
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was 15%–25% of the mean transport and for the MC it was 25% of mean transport, roughly double or triple of 
the annual variability. For the NECC, the standard deviation was 30%–50% of the total mean transport. For the 
ITF and equatorial flow, annual and interannual transport variabilities were of roughly the same magnitude. 
Interannual transport variability was likely related to ENSO, the leading cause of interannual variability in 
the region. Time series of interannual transport anomalies and their correlation with ENSO are shown for the 
NEC, MC, and ITF/Leakage in Figure 11, and for the NECC, NGCUC/NGCC/SEC, and equatorial regions in 
Figures 12 (134.3°E) and 13 (145°E), focusing on the currents that displayed the greatest interannual varia-
bility. Transport anomalies were smoothed with a 5-month running mean to be more readily compared to the 
Oceanic Niño Index (ONI). Cross-correlation coefficients with the ONI were calculated for each of the total, 
upper-layer, and lower-layer transports. Note that there are different vertical scales of transport anomalies used 
in Figures 11–13.

Figure 11. WPOSE upper- (surface-26 kg m −3) and lower- (26–27.3 kg m −3) layer interannual volume transport anomalies (left panels) and their correlation with the 
ONI (right panels) for transport integrated across (a) the NEC, (b) the MC, (c) the ITF-Makassar (Strait), and (d) Leakage to the ITF. Transport bounds are provided 
in each legend. Correlation coefficients are shown for the lead/lagged linear regressions of the total transport (surface-27.3 kg m −3), the upper-layer transport, and the 
lower-layer transport with the Oceanic Niño Index (ONI). Negative (positive) indicates the ONI lags (leads) the transport.
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5.2.1. NEC, MC, and ITF/Leakage

The NEC and MC had strong interannual volume transport variability that was associated with ENSO. Transport 
anomalies were large at the peak of the 2009/10 El Niño, with a transport increase of about 8 Sv for each of the 
NEC (Figure 11a) and the MC (Figure 11b; Negative transport anomalies indicate an anomalous transport  in 
either the westward or southward direction). These anomalies occurred in each of the upper and lower layers. 
During the prolonged 2010/11 La Niña, volume transport decreased for each of these currents. In 2015, the great-
est NEC upper-layer transport anomaly preceded the peak of the 2015/2016 El Niño, with transport leading the 
ONI by almost 6 months (Figure 11a). A volume transport anomaly of lesser magnitude occurred a month later in 
the MC (Figure 11b). During these shifts, lower-layer and upper-layer transport anomalies were not in phase for 
the NEC, but were in phase for the MC. Following the 2015/16 El Niño, the NEC and MC each had the greatest 
decrease in transports, even though a La Niña did not develop. The total transports of each of the MC and NEC 
were correlated with the ONI, leading it by about 3 months even though the peak anomalies did not occur at the 
same time with respect to the El Niño events.

The relationship of the ITF transport to ENSO was not straightforward. From 2009 to 2011, over the 2009/10 El 
Niño and 2010/11 La Niña, upper-layer transport anomalies were small (Figure 11c). Then, in 2012 a prolonged 
increase in upper-layer transport through the Makassar Strait (2012–2014), was followed by an extended decrease 
(2014–2017). The ITF leakage had a large eastward anomaly in transport during the 2009 El Niño, but in general, 
anomalies were small and had low correlation with ENSO (Figure 11d). Lower-layer transport anomalies were 

Figure 12. WPOSE upper- (surface-26 kg m −3) and lower- (26–27.3 kg m −3) layer interannual transport anomalies (left) and their correlation with the Oceanic Niño 
Index (ONI) (right) integrated from (a) 2°S–8°N, (b) 2°–8°N, and (c) 2°–2°N. Correlation coefficients are shown for the lead/lagged linear regressions of the total 
transport (surface-27.3 kg m −3), the upper-layer transport, and the lower-layer transport with the ONI. Negative (positive) indicates the ONI lags (leads) the transport.
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neutral for the ITF. The upper-layer transport was correlated with the ONI, lagging it by about 3 months, whereas 
the lower-layer transports showed no correlation.

5.2.2. NECC, NGCUC/NGCC/SEC, and Equatorial

South of 8°N, interannual transport anomalies at 134.3°E (Figure 12) and 145°E (Figure 13) were roughly twice 
the magnitude of those of the MC and the NEC. Along 134.3°E, the transport anomalies of the NECC (2°–8°N; 
Figure 12b) were correlated with ENSO. The increase in transport was concurrent with the 2009/10 El Niño and 
led the 2015/16 El Niño by almost 6 months. The lower-layer transport was phase-matched with that of the upper-

Figure 13. WPOSE upper- (surface-26 kg m −3) and lower- (26–27.3 kg m −3) layer interannual volume transport anomalies (left) and their correlation with the Oceanic 
Niño Index (ONI) (right) integrated along 145°E from (a) 5°S to 8°N, (b) 2° to 8°N, and (c) 2°S to 2°N, and (d) 5° to 2°S.Correlation coefficients are shown for the 
lead/lagged linear regressions of the total transport (surface-27.3 kg m −3), the upper-layer transport, and the lower-layer transport with the ONI. Negative (positive) 
indicates the ONI index lags (leads) the transport.
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layer. Correlations of each of the upper-layer and lower-layer transports with the ONI were significant, leading 
the ONI by 2 months. Along the equator (2°S–2°N), interannual anomalies were positive in 2009, likely caused 
by a southward meander of the NECC (Figure 7c). The opposite scenario occurred before the 2015/16 El Niño; 
westward transport, in phase with the eastward NECC (Figure 12b), increased in both layers (Figures 7c and 12c).

At 145°E (Figure 13), interannual volume transport anomalies were large compared to mean transports. The 
upper layer transport anomaly of the NECC peaked at 18 Sv, roughly twice the mean transport (Figure 13b). In 
the lower layer, transport anomalies were large and synchronous with those of the upper layer. The correlation 
with the ONI was significant, with upper-layer transport anomalies leading the ONI by 3 months, and the lower-
layer anomalies in phase with the ONI.

Along the equator (145°E, 2°S–2°N), volume transport anomalies were affected by the southward meander of 
the NECC during the 2009/10 El Niño and its contraction northward during the 2015/16 El Niño (Figures 7e 
and 13c). The upper-layer anomalies switched from being mostly positive from 2009 to 2013 (increased eastward 
flow), to mostly negative from 2014 to 2017 (reduced eastward flow). The lower-layer anomalies had a greater 
correlation with the ONI, with decreased eastward flow during El Niño (Figures 7f and 13c). The South Pacific 
volume transport anomalies (5°–2°S) for each upper and lower layers were small but differed in both phase and 
direction (Figure 13d). It is ambiguous, given the time series, whether the upper layer led or lagged the ONI, but 
there tended to be increased westward flow during El Niño, with a reduction immediately following the peak. The 
lower-layer transport had a significant correlation (R > 0.7) with the ONI and lagged by about 4 months, during 
which time there was a reduction in westward flow.

Summing across all currents at 134.3°E (2°S–8°N; Figures 12a) and 145°E (5°S–8°N; Figure 13a) provides the 
net interannual transport anomalies across both the NECC and equatorial flow. Most of the anomalous inflow 
from the NGCUC/NGCC/SEC/Equator was likely compensated by the outflow of the NECC (Figure 7). However, 
in 2009, there may have been a more complicated balance of the NGCUC/NGCC/SEC, ITF, MC, and NECC. 
The interannual upper-layer total transport anomaly was well correlated with the ONI, with increased eastward 
flow leading by 2 months at 134.3°E and 3 months at 145°E. The lower-layer transport anomalies at 134.3° and 
145°E were positive (increased eastward flow) during El Niño, but they showed little correlation with the ONI.

6. Discussion
6.1. The 2009/10 and 2015/16 El Niño Events

From 2009 to 2017, interannual transport anomalies wobbled like a top; North and South Pacific transports were 
not in phase, and to the south of 8°N, the upper-layer and lower-layer were also not in phase. However, there 
was a clear association between transport and ENSO events, particularly in the anomalous increase of transport 
through the region before and during the strong 2015/16 El Niño event. The transport increase in the tropical 
North Pacific circulation cell from late 2014 to 2015 coincided with an increase in westward transport along the 
equator. The combined transports fed an exceptionally large NECC throughout 2014 and 2015, which preceded 
the peak of the El Niño in 2016.

Averaging over periods of anomalous transport or ENSO state for each the upper layer (Figure 14) and lower 
layer (Figure 15) provides a way to examine the differences in isopycnal gradients that drive geostrophic trans-
port and along-equatorial flow. These periods were chosen from January 2009 to February 2010 (Figures 14b 
and 15b), during the 2009/10 El Niño; March 2010 to March 2012 (Figures 14c and 15c), during extended La 
Niña-like conditions; April 2012 to March 2014 (Figures 14 and 15d), during ENSO neutral conditions; April 
2014 to December 2015 (Figures 14e and 15e), corresponding to transport anomalies before and during the strong 
2015/16 El Niño; and January 2016 to December 2017, during the adjustment of El Niño to neutral conditions 
(Figures 14f and 15f). The mean circulation is, in general, perpendicular to the gradients in the layers, except for 
in the equatorial region (Figures 14a and 15a).

Before, and during an El Niño, most of the region shoals, characteristic of the first EOF-mode (zonal tilt) of 
ENSO (Meinen & McPhaden, 2000). However, the magnitudes differed between the El Niño events. Shoaling of 
the thermocline was weak in the MD region during the 2009/10 El Niño (Figure 14b), and strong preceding and 
during the 2015/16 El Niño (Figure 14e). The differences in magnitude and phase of the 2009/10 and 2015/16 
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El Niño events are perhaps unsurprising. There is growing recognition that El Niño events vary in strength and 
forcing (Capotondi et  al.,  2020; Santoso et  al.,  2019). The 2009/10 El Niño has been considered on several 
metrics to be a Central Pacific (CP) El Niño event, whereas the 2015/16 El Niño was an Eastern Pacific (EP) 
event (Capotondi et al., 2020).

Figure 14. Average of WPOSE velocity and depth of upper layer (surface-27.3 kg m −3) from (a) January 2009 to December 2017, (b) January 2009 to February 2010, 
(c) March 2010 to March 2012, (d) April 2012 to March 2014, (e) April 2014 to December 2015, and (f) January 2016 to 2017. Thick black lines are contours at 40 m 
depth intervals.

Figure 15. Average of WPOSE velocity and depth of lower layer (26–27.3 kg m −3) from (a) January 2009 to December 2017, (b) January 2009 to February 2010, (c) 
March 2010 to March 2012, (d) April 2012 to March 2014, (e) April 2014 to December 2015, and (f) January 2016 to 2017. Thick black lines are contours at 50 m 
depth intervals.
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For the 2009/10 El Niño (January 2009 to February 2010; Figure 14b), the region poleward of 10°N deepened, 
increasing the NEC and MC transports and thus NECC transport. During this period, there was little change in 
the NGCUC/SEC/Equatorial flow, meaning that the increased NECC transport originated in the North Pacific. 
The deepening north of 10°N, and shoaling (in comparison to the mean) south of 10°N may indicate more of the 
meridional tilt mode (second EOF-mode) associated with ENSO.

In contrast, before and during the 2015/16 El Niño, the shoaling in the region of the MD was extreme, creating 
pressure gradients that increased zonal transport for the NEC, NGCUC/SEC, and NECC, and decreased transport 
for the ITF. The shoaling followed an extended 2010–2011 La Niña, and even further deepening of the thermo-
cline during 2013 (an ENSO neutral period), consistent with the traditional theory of warm water building up in 
the western Pacific before El Niño events (Wang & Picaut, 2004; Wyrtki, 1975). In response, the NECC shifted 
northward where the meridional gradient was strongest. The initial strengthening of the NECC was in phase 
with the annual cycle, as is typical of strong ENSO events (Clarke, 2014). This type of buildup and subsequent 
strengthening of the NECC before an El Niño event was observed before the 1982/83, 1994/95, and 1997/98 El 
Niños, and can play an important role in heat discharge (Lu et al., 2017; Meinen & McPhaden, 2001; Zhang & 
Clarke, 2017).

The far western Pacific was experiencing El Niño-like conditions (increased transport, shoaling thermo-
cline) throughout 2014 and into 2015. A few transport anomalies began in mid-2014: an anomalous decrease 
in the ITF (positive anomaly), and anomalous inflow in the equatorial pacific (2°S–2°N) and outflow in the 
NECC. However, these were largely compensatory. A positive (eastward) interannual transport anomaly began 
at 145°E in September 2014, coinciding with brief westerly wind-bursts at this longitude (McPhaden, 2015; 
Schonau, 2017). Anomalous NEC and NECC transports continued into 2015, and westerly wind-bursts reap-
peared, this time extending further east to 170°–190°E (Hu & Fedorov, 2019). The resurgence of El Niño in 
2015 suggests that the NECC transport of warm water may have helped sustain the 2015/16 event, as suggested 
by McPhaden (2015).

In contrast, the upper layer in the South Pacific did not have dramatic depth changes during the 2015/16 El Niño, 
remaining at a similar depth as during the previous La Niña and ENSO-neutral period (Figure 14e). Geostrophic 
current anomalies in the North Pacific tend to lead the ONI, whereas those in the South Pacific lag the ONI 
(Johnston & Merrifield, 2000; Schonau, 2017). This lead/lag relationship is correlated with the EOF-1 (zonal) 
mode for the South Pacific, and the EOF-2 (meridional) mode in the North Pacific with strengthening of the 
NECC and weakening of the SEC prior to the El Niño and the opposite occurring following the mature stage 
of El Niño (Johnston & Merrifield,  2000; Meinen & McPhaden,  2001). Glider observations confirmed this 
in 2015/16, with increased equatorward transport in the Solomon Sea slightly lagging the El Niño (Kessler 
et  al.,  2019). In the North Pacific, as the El Niño decayed, a rapid readjustment of the thermocline in 2016 
caused the NECC transport to decrease dramatically (Schönau et al., 2019). From January 2016 to August 2017 
(Figure 14f), interannual transport anomalies reversed in direction (Figures 11a, 11b, 12a, and 13a) and normal 
conditions resumed.

6.2. The Upper Layer

The annual and interannual dynamics associated with western tropical North Pacific thermocline and current 
anomalies are commonly linked to changes in wind-stress and north to south progression of the Intertropical 
Convergence Zone (ITCZ). These create local forcing and annual Rossby waves that arrive from the central 
Pacific (Kessler, 1990; Masumoto & Yamagata, 1991; Qu et al., 2008; Tozuka et al., 2002; Wang et al., 2000). 
These linear dynamics have been linked to annual variability in current strength and transport between the NEC 
and NECC, with strong currents/greater transports in the first half of the year for the NEC, and in second half 
of the year for the NECC (Hsin & Qiu, 2012a; Qiu & Lukas, 1996; Qu & Lukas, 2003). Similar dynamics are 
also linked to annual variability in the South Pacific, strengthening the currents and transport in boreal summer 
(Germineaud et al., 2016; Kessler et al., 2019; Ueki, 2003; Zhang et al., 2020). These impact the ITF transport, 
greater and deeper in the summer, owing to transport splits of the MC and NGCUC (Gordon et al., 2019; M. 
Li et al., 2021; X. Li et al., 2021). The upper layer WPOSE transports are in general agreement with the phases 
and magnitudes of annual transport variability (see above references). There have also been observations of the 
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increase in the NECC before the 1982/83, 1994/95, and 1997/98 El Niño events (Hsin & Qiu, 2012a; Johnston & 
Merrifield, 2000; Meinen & McPhaden, 2001).

Linear dynamics have often been used to explain thermocline depth variance in the region using a reduced-grav-
ity 1.5-layer Rossby model that allows for the propagation of Rossby waves from the central Pacific (Kess-
ler,  1990; Kim et  al.,  2004; Tozuka et  al.,  2002). This model has been in good agreement with transport 
anomalies in the South Pacific (Kessler & Cravatte, 2013), and SSH anomalies in the bifurcation region of 
the NEC near 13°N (Qiu & Chen, 2010). However, it performs poorly on interannual timescales in the North 
Pacific to the south of 8°N (Qiu et al., 2019; Schönau, 2017; Schönau & Rudnick, 2017). The thermocline 
depth mismatch was especially large during the 2015/16 El Niño event (Schönau, 2017). The region from 
2° to 8°N, and west of 150°E has an enormous amount of eddy kinetic energy (EKE), mostly caused by the 
barotropic instability from the influx of the NECC (X. Chen et al., 2015; Qiu et al., 2019). In a detailed anal-
ysis of energetics, Qiu et al. (2019) found that the nonlinear interaction between inward propagating Rossby 
waves and the existing NECC can create large amplitude changes in SSH. The strength of the NECC observed 
by WPOSE in 2014 and 2015 had large amplitudes of barotropic and baroclinic EKE conversion rates in this 
region, which may explain the exceptionally large mismatch of WPOSE with a linear Rossby model during 
this period.

6.3. The Lower Layer

The goal in dividing the upper-layer and lower-layer volume transports in this study was to investigate the 
spatial and temporal differences between the two layers, and their response to interannual variability. Unlike the 
upper layer, which has a primarily linear response to wind-forcing in most regions, the lower layer is dominated 
by subthermocline currents and eddies (Aziminuddin et  al.,  2021; Chiang et  al.,  2015; Chiang & Qu,  2013; 
Deutrieux, 2009; Firing et al., 2005; Zhang et al., 2021), that are generated by baroclinic and barotropic insta-
bility and nonlinear interactions caused by the breakdown of baroclinic Rossby waves (Qiu et al., 2013; Zhang 
et  al.,  2021). There has been evidence that the lower-layer transport also has a relationship with interannual 
variability, with strong impacts on total volume transports for the ITF and MC (Gordon et al., 2019; Schönau & 
Rudnick, 2017).

The nonlinear interactions and horizontal resolution of WPOSE may cause it to have difficulties in the lower-
layer dynamics; however, WPOSE provides reasonable estimates of lower-layer volume transport and its varia-
bility in comparison to ARGO and GO. Although circulation is weaker in the lower-layer, it encompasses greater 
depth (∼300–1,000 m) than that of the upper-layer. The lower-layer transport accounts for up to 15%–40% of the 
total transport in the North Pacific, and up to 40%–80% of the total transport along the equator and in the South 
Pacific inflow (Table 2, Figure 10).

The lower-layer transport was mostly in phase with the upper-layer transport on interannual timescales, as well as 
in the depth shifts during the 2009/10 and 2015/16 El Niño event (Figures 11–15). There was deepening north of 
10°N during the 2009/10 El Niño (Figure 15b), deepening of the entire region during La Niña and ENSO neutral 
periods (Figures 15c and 15d), and extreme shoaling of the MD, from 5° to 10°N, before and during the 2015/16 
El Niño (Figure 15e). The EUC was strongest along the equator during La Niña.

However, there were annual and interannual differences between the upper-ayer and lower-layer particularly in 
the region near the equator between 0°–5°N and 135°–145°E, caused by shifts in the NGCUC/SEC and equatorial 
current strength and meander, with large shifts particularly during the 2015/16 El Niño event (Figures 6, 9d, 14, 
and 15). In 2009/10 (Figure 15b), the lower layer had similar velocities and depth as the mean (Figure 15a). 
However, preceding and during the 2015/16 El Niño (Figure 15e), the equatorial eastward flow split into two 
branches, one below the NECC and one along the equator (Figure  15e), leading to low equatorial transport 
during this period (Figure 13c). The change in location and strength of the lower-layer component of the HE 
is also noticeable. During the 2009/10 El Niño (Figure 15b), the lower-layer velocities was very similar to the 
mean, whereas preceding and during the 2015/16 El Niño (Figure 15e), the HE was stronger and further north, 
indicative of greater energy, and likely baroclinic and barotropic instability that plays a large role in the lower-
layer dynamics.
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7. Conclusions
The circulation in the far western North Pacific has notable interannual volume transport variability that 
was related to ENSO extremes, increasing during El Niño events and at times before these events. WPOSE 
provided insight into the magnitude and phase of annual and interannual volume transport anomalies as a 
system, which is valuable given the influence of the western Pacific circulation in the distribution of tropical 
waters across the equatorial Pacific and Indo-Pacific region. Annual transport anomalies were, in general, 
small north of 8°N, and large south of 8°N, where annual changes in the ITF, NGCUC/NGCC/SEC, and 
NEC/MC transports combined to impact the NECC. Interannual transport anomalies were two to three times 
greater than annual anomalies for the NEC/MC and exceeded or were equal to annual anomalies for the ITF, 
NGCUC/NGCC/SEC, and NECC. The greatest interannual transport anomalies occurred before the peak of 
the 2015/16 El Niño. The transports of the NEC, MC, NGCUC/NGCC/SEC, and the NECC all increased 
beginning in September 2014, a year earlier than the mature 2015/2016 El Niño event. The transport increase 
followed 2 years of an exceptionally deep  thermocline in the region indicating a buildup of warm water. The 
persistent eastward transport of warm water by the NECC from 2014 to 2015 may have sustained WWV on 
the equator and continued to push the equatorial ocean into an El Niño in 2015. The changes in interannual 
transport depend on the relative displacement of the thermocline which can be highly nonlinear in this 
region.

Although WPOSE was in good agreement with ARGO and GO for mean velocity, transport, and thermo-
haline properties across the major currents, the lack of significant subthermocline undercurrents in WPOSE 
may mean that it did not fully capture the subthermocline dynamics and volume transports owing to its 
horizontal and vertical resolution. These dynamics are captured by the nonlinear breakdown of wind forced 
annual Rossby waves (Qiu et al., 2013), but since WPOSE is a regional state estimate, it may fail to capture 
some of these processes. North of 8°N, the lower-layer transport tended to follow that of the upper-layer flow, 
but in the equatorial region, the lower-layer flow was more variable and not necessarily in the same location 
as the upper-layer currents. The choice of 26 kg m −3 as the division between upper and lower layers may 
play a part in this. While 26 kg m −3 divides the thermocline and subthermocline in water masses originating 
in the North Pacific, transport of saline Atlantic water may extend to greater densities (e.g., Figure  4d). 
State estimates with increased model resolution that incorporate tides and assimilate data in the equatorial 
region could in the future be used to improve the model representation of subthermocline dynamics and  
transport.

Data Availability Statement
Glider data are available at spraydata.ucsd.edu (Rudnick, 2020). The WPOSE are available upon request to B. 
Cornuelle and G. Gopalakrishnan and as the Northwest Pacific State Estimate/Reanalysis (NWPac) at http://
www.ecco.ucsd.edu/nwpac.html. The 1/12° global HYCOM/NCODA Ocean Reanalysis was funded by the U.S. 
Navy and the Modeling and Simulation Coordination Office. Computer time was made available by the DoD 
High Performance Computing Modernization Program. The output is publicly available at http://hycom.org. The 
HYCOM/NCODA 1/12° global daily analysis can be obtained from the HYCOM Consortium (http://hycom.org/
dataserver/). Roemmich and Gilson Argo Climatology are available at http://sio-argo.ucsd.edu/RG_Climatology.
html. The Argo data are collected and made freely available by the International Argo Program and the national 
programs that contribute to it. (http://www.argo.ucsd.edu, http://argo.jcommops.org). The Argo Program is part 
of the Global Ocean Observing System (Argo, 2020). Aviso absolute dynamic topography MADT-H (2014), is 
available from CLS Space Oceanography Division at http://www.aviso.altimetry.fr/. The AVISO SSH maps used 
to compare to MADT WPOSE were obtained from the SSALTO/Developing Use of Altimetry for Climate Stud-
ies (DUACS) altimeter product on a ¼º longitude × ¼º latitude grid, produced and distributed by the Copernicus 
Marine and Environment Monitoring Service (CMEMS; http://marine.copernicus.eu/). The MITgcm code used 
in this study is checkpoint 64Y and can be obtained from http://mitgcm.org/. The along-track altimetry data can 
be obtained from Radar Altimetry Database System (RADS) (http://rads.tudelft.nl/rads/index.shtml). The SST 
data can be obtained from Remote Sensing Systems Inc (http://www.remss.com/). The NCEP/NCAR-Reanaly-
sis-1 atmospheric forcings can be obtained from http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.
html.
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