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Changes in the meridional overturning circulation at 32°S in the Pacific Ocean in 2017

ABSTRACT

The meridional circulation and transports at 32°S in the Pacific Ocean in 2017 are
compared with analogous data from 2003 and 2009. The hydrographic data come from
the GO-SHIP database and an inverse box model has been applied with several
constraints. The Pacific Ocean overturning circulation pattern is similar for the three
years, but the intensity of the overturning in 2009 (43.6 + 2.3 Sv) is higher than in 2003
(32.1+£2.2Sv) and in 2017 (34.9 £ 2.4 Sv). The horizontal distribution of mass transports
at all depths in 2017 changes notably from the “bowed gyre” found in 2009 and
resembles that regular shape of 2003. Furthermore, the East Australian Current
transport decreases slightly from 2003 (51.1 + 2.0 Sv) and 2009 (-49.9 + 2.1 Sv) to 2017
(-39.2 £ 1.6 Sv). The Peru-Chile Current transport estimated in 2017 (4.4 + 0.8 Sv) is
slightly higher than in 2003 (3.3 £ 0.9 Sv) and in 2009 (3.8 £ 1.2 Sv). The Peru-Chile
Undercurrent transport estimated in 2017 (-1.5 £ 0.8 Sv) is lower than in 2003 (2.8 + 1.2
Sv) and 2009 (3.8 + 1.2 Sv). Nevertheless, the heat transport in 2017 (0.4 £ 0.1 PW) has
the same value as in 2003 (0.4 + 0.1 PW) and differs from 2009 (0.2 + 0.1 PW). The
freshwater transport results show an increase in net evaporation from 2003 (0.25 + 0.02
Sv) to 2009 (0.50 + 0.03 Sv), and a decrease in 2017 (0.34 + 0.08 Sv).

1. INTRODUCTION

The World Ocean Circulation Experiment (WOCE) was a global oceanographic
research program surveying every ocean basin with high-quality hydrographic data,
from transoceanic zonal and meridional sections of closely spaced stations. This allowed
the estimation of the oceanic transports of water mass, silicate, heat, freshwater and
other properties from the sea surface waters to the seafloor of every ocean (Chapman,
1998; Ganachaud, 2003; Ganachaud & Wunsch, 2000, 2003; Macdonald & Wunsch,
1996). As summarized in both Gordon (1986) and Schmitz (1995), the general features
of the ocean’s global overturning were long predated before WOCE. However, the
newly-developed approach of inverse modelling along with the newly collected data
allowed an improved, internally consistent, quantification of global transports
(Roemmich & Wunsch, 1985; Wunsch, 1996). From these data, a clear picture of the
Meridional Overturning Circulation (MOC) is emerged, which is a variable-in-time three
dimensional system based on all the ocean basins (Gordon, 1986; Lumpkin & Speer,
2007; Talley, 2003). Firstly, there is net deep inflow of dense Antarctic Bottom Water
(AABW) and North Atlantic Deep Water (NADW) into the Pacific Ocean. Secondly, these
waters upwell feeding the Pacific Deep Water (PDW), found in the deep layers of the
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Pacific Ocean, which flows southward into the Southern Ocean. Furthermore, diapycnal
upwelling also occurs up into the Antarctic Intermediate Water (AAIW) and thermocline
layers, with a southward transport back to the Indian and Southern Ocean (Talley, 2013;
Wijffels et al., 2001). The Indonesian Throughflow (ITF) is the main gateway of upwelled
upper layer waters from the Pacific Ocean transported westward into the surface waters

of the Indian Ocean (Hernandez-Guerra & Talley, 2016).

According to WOCE, the following step is to estimate how the property transports
and patters of circulation have changed over time. In order to accomplish this purpose,
repeat hydrographic sections in key latitudes and longitudes have been carried out in
the framework of the Global Ocean Ship-Based Hydrographic Investigation Program

(GO-SHIP) (www.go-ship.org). Horizontal sampling of different ocean properties

(including temperature, salinity, nutrients and oxygen) are collected by high accuracy
measurements from the surface to the bottom of the ocean with an approximate
decadal base, a spatial resolution related to the internal Rossby radius, and sections that
extend from coast to coast or enclosed regions. The inverse method is used to estimate
the ocean circulation and property transports from closed hydrographic sections
(Wunsch, 1977, 1996). Results from the inverse model differ depending on the prior
variance specified, and on specific constraints and initial conditions imposed in the
model. In our case, we will use the same constraints as in Herndndez-Guerra & Talley

(2016) to be able to compare our results with their results.

The South Pacific subtropical gyre is the largest in the world’s oceans, extending
zonally approximately 40% of the way around the Earth (Wijffels et al., 2001). At 32°S in
the South Pacific Ocean, the boundary currents in the thermocline layers of the
subtropical gyre are the East Australian Current (EAC) in the western boundary, and a
set of boundary flows alternating in sign in the eastern boundary: the Peru-Chile Current
and the Peru-Chile Undercurrent. The EAC is the intense western boundary current
flowing along the east Australian shelf break and slope as part of the anticyclonic
circulation of the south Pacific gyre (Hamon & Tranter, 1971; Tomczak & Godfrey, 1994).
The presence of New Zealand, near 34°S, distorts the circulation in the southern limb
(Godfrey, 1989), causing the EAC to separate from the Australian coast and flows
eastward, with its southern boundary forming a strongly eddying feature: the Tasman
Front (Stanton, 1979). The Peru-Chile Current is the wide eastern boundary current,
flowing northward along the upper waters of the west coast of South America. The Peru-
Chile Undercurrent is a subsurface current flowing southward over the slope along the
Peruvian and Chilean coasts (Strub et al., 1998).



Changes in the meridional overturning circulation at 32°S in the Pacific Ocean in 2017

The main goal of this study is to extend a previous study of the Pacific Ocean at
32°S carried out by Hernandez-Guerra & Talley (2016), as well as to estimate if the ocean
circulation has changed through different decades analyzing hydrographic data
collected in 2017. To accomplish these goals, section 2 presents de data and the vertical
sections of the different ocean properties, aimed at describing the main water masses
present at 32°S. Section 3 describes the geostrophic transport relative to the reference
level and presents the characteristics of our inverse model. The final mass and silicate
transports obtained after applying the inverse model are described in section 4,
including the estimate of the meridional overturning circulation and its variability.
Section 5 presents the horizontal circulation focusing on the upper, deep and abyssal
layers. Section 6 describes the heat and freshwater transports. Finally, section 7 gives a

discussion with conclusive remarks.

2. DATA, VERTICAL SECTIONS AND WATER MASSES

Geostrophic velocity and transport are calculated using temperature-salinity
profiles collected at stations along section P06 at nominally 32°S in the Pacific Ocean in
2017 (Figure 1). The velocities at the reference level are initially estimated from Lowered
Acoustic Doppler Current Profiler (LADCP) and Shipboard Acoustic Doppler Current
Profiler (SADCP), and finally adjusted from an inverse box model. These data were
collected as part of the international Global Ocean Ship-Based Hydrographic
Investigations Programme (GO-SHIP) (Talley et al., 2016), and are available through the
CLIVAR and Carbon Hydrographic Data Office (CCHDO, http://cchdo.ucsd.edu) (Table 1).

The distances between stations were typically 50 km, with smaller spacing across
boundary currents and across strong topographic slopes. At each station, a temperature
and salinity every two decibars were collected for the full water column depth using a
SeaBird 911+ Conductivity-Temperature-Depth (CTD), as well as water samples for
salinity, oxygen, silicate and other chemical tracers. However, only the temperature and

salinity from CTD and silicate data are used in the inverse model.

Additionally, SADCP data, collected using a 38 kHz narrowband RDI system, were
used to geostrophic velocity referencing, complemented by some LADCP station
profiles. For both cruises, a system formed by a downward-looking (300 kHz) and an
upward-looking (150 kHz) LADCPs were used to provide a velocity profile from the
surface to the bottom of the ocean at each station. As geostrophy inherently integrates
the velocity between stations, LADCP velocities on station are a poor match with respect

to the horizontal sampling: their average approaches the true average only to the extent
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that features are well-resolved by the station spacing. While the full SADCP data set can
be used to average between stations, so it matches the integration inherent in
geostrophy (E. Firing, personal communication). For this reason, we expect the SADCP

data to be a more useful tool for our estimation of velocity at the reference layer.

Pacific Ocean (P06-32°S)

Southwest Pacific > 3

Basin S d‘?

0, Southeast Pacific
3 Basin

[ ] I I I
150°E 180° 150°W 120°W 90°W 60°W
Figure 1. Station positions for P06 cruises carried out at nominally 32°S in the Pacific Ocean in 2017.

Table 1. Hydrographic cruise information. All CTD data are available online from the CLIVAR and Carbon
Hydrographic Data Office (CCHDO, http://cchdo.ucsd.edu/). LADCP and SADCP data for PO6-West and
P0O6-East are available online from the CLIVAR archive https://usgoship.ucsd.edu/cruise-data-submit-

download/.

Cruise Dates No. CCHDO Expocode  Ship Chief scientist
stations
PO6-West  2017-07-03 to 143 320620170703 Nathaniel B. S. Mecking (Applied Physics
2017-08-17 Palmer Laboratory, University of

Washington, USA)

P0O6-East 2017-08-20 to 107 320620170820 Nathaniel B. K. Speer (Department of
2017-09-30 Palmer Oceanography, The Florida
State University, USA)

The NCEP wind stress is used to compute Ekman transports (Kalnay et al., 1996),
interpolating it to the location of each station pair where the geostrophic velocity is
calculated. The resulting surface winds for the cruise period is shown in figure 2 giving
an Ekman transport of 0.33 £ 0.16 Sv.
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Figure 2. Surface winds at 30°S in the Pacific Ocean during the cruise period.

Transpacific vertical sections of potential temperature, salinity, neutral density,
oxygen and silicate (Figures 3-7) and 8-S diagrams of all stations and of four selected
stations (Figure 8) are used to identify the existing water masses in the South Pacific

Ocean following Talley et al. (2011).
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Figure 3. Vertical section of 8 (°C) at 32°S in the Pacific Ocean for data collected in 2017. Tick-marks on
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Cristina Arumi Planas

Depth (m)

)
3 East Pacific Rise
=
oy
s Chile Basin
3 % i i
5 o
© =
4 =
s 2 =
o 3
< (%]
£
&
[ Southwest E,?
3
Louisville Pacific Basin o
Ridge
0 2000 4000 6000 8000 10000 12000  km
[ [ | | | | I
160°E 180 160°W 140°W 120°W 100°W 80°W
Longitude

Figure 4. Vertical section of salinity at 32°S in the Pacific Ocean for data collected in 2017. Tick-marks on
the top axis indicate the location of stations.
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Figure 5. Vertical section of neutral density (y") at 32°S in the Pacific Ocean for data collected in 2017.
Tick-marks on the top axis indicate the location of stations. The isopycnals labeled are the y" layers used
to estimate the geostrophic transport.
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Figure 6. Vertical section of oxygen (umol/kg) at 32°S in the Pacific Ocean for data collected in 2017. Tick-
marks on the top axis indicate the location of stations. The water masses identified are: South Pacific
Subtropical Mode Water (SPSTMW), Equatorial Subsurface Water (ESSW), Eastern South Pacific Central
Water (ESPCW), Western South Pacific Central Water (WSPCW), Antarctic Intermediate Water (AAIW),
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Figure 8. 08-S diagrams using all the stations of the cruise (a) and using only four the stations (b) at 32°S in
the Pacific Ocean for data collected in 2017. The water masses identified are: South Pacific Subtropical
Mode Water (SPSTMW), Equatorial Subsurface Water (ESSW), Eastern South Pacific Central Water
(ESPCW), Western South Pacific Central Water (WSPCW), Antarctic Intermediate Water (AAIW), Upper
Circumpolar Deep Water (UCDW), Pacific Deep Water (PDW), and Antarctic Bottom Water (AABW).

In the upper layer, between the surface and y"=27.00 kg/m? (above ~500 m
depth, figure 5) the South Pacific Central Water (SPCW) is found with high salinity values
(Figure 4 and 8), which is characterized with subtropical thermocline waters formed by
subduction (Talley et al., 2011). The SPCW can be divided into two different water
masses: Western South Pacific Central Water (WSPCW) and Eastern South Pacific
Central Water (ESPCW). The WSPCW (S>35) is separated from the eastern boundary by
the fresher ESPCW (35<S<34.3), advected northward from fresher high latitude surface
waters (Emery, 2001; Emery & Meincke, 1986; Sprintall & Tomczak, 1993).

Furthermore, the South Pacific Subtropical Mode Water (SPSTMW) is found
between the surface and y"=26.45 kg/m? (Figure 5), that corresponds to ~0-300 m
depth. SPSTMW is formed by the subduction of thick winter mixed layer and
characterized in the vertical by low levels of oxygen (<200 pumol/kg, figure 6) and
temperatures of about 15°C-19°C (Figure 3 and 8). This water mass -found in the west
side of the vertical sections- is present north of the Tasman Front and East Auckland
Current (Roemmich & Cornuelle, 1992; Talley et al., 2011). The Tasman Front extends

across the Tasman Sea to the northernmost point of New Zealand and forms the East
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Auckland Current that flows the northeast coastline of New Zealand’s North Island
(Heath, 1985; Tilburg et al., 2001).

The Equatorial Subsurface Water (ESSW), found in coastal regions between
26.45 kg/m3< y"<27.00 kg/m3 from about 300 to 370 m depth (Figure 5), is formed near
the equator by vertical mixing of waters. The ESSW is carried eastward by the Equatorial
Undercurrent and the Southern Subsurface Countercurrent, and then the Peru-Chile
Undercurrents and Peru-Chile Countercurrents transport ESSW southward to
approximately 48°S (Montes et al., 2010; Neshyba, 1979; Stramma et al., 2010; Tsuchiya
& Talley, 1998; Wyrtki, 1967). ESSW is characterized with temperatures of about
8.5°C-10.5°C (Figure 3 and 8), relatively low salinities (34.4-34.8, figure 4) and extremely
low oxygen values (<150 umol/kg, figure 6) (Brink & Robinson, 2005; Silva et al., 2009).

Below this layer, in the intermediate waters (between 27.00 kg/m3< y"<27.58
kg/m3, figure 5), that corresponds to ~500-1000 m depth, the Antarctic Intermediate
Water (AAIW) is located, which is formed by advection of fresh Subantarctic Surface
Waters (SASW). The AAIW is a relatively cold water mass with temperatures of about 5-
10°C (Figure 3 and 8), and it is characterized in the vertical by the minimum salinity
values (<34.5, figure 4), high oxygen concentration (>220 umol/kg, figure 6), and low
silicate concentration (<20 pmol/kg, figure 7) (Talley et al., 2011; Tsuchiya, 1990;
Tsuchiya & Talley, 1996).

In the deep layer, with a neutral density range of 27.58 kg/m3< y"<28.10 kg/m3
(Figure 5), extending from about 1000-4000 m depth, is found the Pacific Deep Water
(PDW), which is formed by mixing and aging of deep waters that flow into the Southern
Ocean. Because of PDW formation, the waters in the PDW are the oldest of the global
ocean. The PDW is characterized in the vertical by low levels of oxygen (~150 pumol/kg,
figure 6), salinity values of about 34.5-34.7 (Figure 4 and 8), and the maximum silicate
concentration (~125 pmol/kg, figure 7) (Knauss, 1962; Talley et al., 2011; Wijffels et al.,
2001).

Specially in the South Pacific, PDW and Upper Circumpolar Deep Water (UCDW)
are horizontally juxtaposed. According to Talley et al. (2011), the UCDW is located
between 27.58 kg/m3< y"<28.10 kg/m3 (Figure 5), and extends from about 1000 to 3000
m depth. The UCDW is formed by the mixture of deep waters into the Southern Ocean
and is characterized in the vertical by low levels of oxygen (~150 pumol/kg, figure 6),
silicate concentration of about 40-115 umol/kg (Figure 7), and salinity values of ~34.4-
34.65 (Figure 4 and 8) (Callahan, 1972; Talley et al., 2011).
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The densest water mass in the Pacific, y">28.1 kg/m?3 from approximately 3000
m depth to the seafloor (Figure 5), is called the Lower Circumpolar Deep Water (LCDW),
which can also be called as Antarctic Bottom Water (AABW) for global discussion. As
stated in Talley et al. (2011), this water mass comes from the Southern Ocean formed
by a mixture of the deep waters of all three Oceans: North Atlantic Deep Water (NADW),
PDW and Indian Deep Water (IDW). AABW is identified in the Pacific Ocean by low
temperatures (<1°C, figure 3 and 8) and high salinity (>34.7, figure 4). Moreover, if
compared with PDW, the higher oxygen concentration (200 umol/kg, figure 6) and lower
silicate concentration (~115 pmol/kg, figure 7) of the AABW, indicate that it is
significantly younger than the PDW (Kawano et al., 2006; Talley et al., 2011).

Furthermore, the rising isotherms and isoneutrals in the transatlantic vertical
sections allow us to identify the effect of the East Australian Current (EAC) in the western

basin, and the Peru-Chile Current in the eastern basin (Figures 3-5).

The East Australian Current (EAC) is an intense western boundary current, with
strong velocity shear in the upper 1000 m, flowing southward along the east Australian
continental boundary. The common EAC core width has been reported to be
approximately 30 km, and recent studies, at approximately 32°S, indicate that most of
the EAC poleward transport is confined between the coast and ~155°E, with a
northward return flow to the east of the boundary current (Chiswell et al., 1997;
Herndndez-Guerra & Talley, 2016; Ridgway & Godfrey, 1994; Talley et al., 2011).
Moreover, the EAC is associated with most of the very strong eddies and instabilities
found in the P06 section, and occasionally it is difficult to define the continuous path for
the current (Mulhearn, 1987; Wijffels et al., 2001).

The Peru-Chile Current is a narrow eastern boundary current. It is evident in the
upward slope of the isotherms and isoneutrals surfaces in the upper water (>700 m) off
the west coast of South America (Strub et al., 1998; Tsimplis et al., 1998). Below this
current, approximately between 200-1000 m depth (Wooster & Reid, 1963), is found
the Peru-Chile Undercurrent, a subsurface poleward flow associated with the ESSW
(Wooster & Gilmartin, 1961) marked in the downward slope of the isotherms and
isoneutrals (Shaffer et al., 1999).

3. RELATIVE GEOSTROPHIC TRANSPORT AND INVERSE MODEL

The thermal wind equation is used to compute the relative geostrophic velocity

profile at each station pair, with a reference layer of no motion chosen at the neutral

10
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density y"=28.1 kg/m?3 (dashed contour in figure 5). This layer, also known as ZVS “Zero
Velociy Surface”, is the same used in previous studies carried out using hydrographic
data at 30°S in the Atlantic, Pacific and Indian Oceans (Ganachaud, 2003; Herndndez-
Guerra & Talley, 2016; Hernandez-Guerra et al., 2019). If the deepest common level of
the stations pairs is shallower than the reference layer, the bottom is used as the initial
reference level of no motion. Below the deepest common depth of each station pair,
velocities are considered to be constant. In addition, to estimate the velocity at the
reference layer and to constrain the mass transport in the boundary currents, SADCP
and LADCP data are used (Comas-Rodriguez et al., 2010; Joyce et al., 2001; Wijffels et
al., 1998).

Figure 8 shows a comparison between the initial geostrophic velocity (dashed black
lines), the SADCP velocity between stations (red line), LADCP velocity (blue line)
calculated as the mean of the LADCP velocities in each hydrographic station, and the
geostrophic velocity adjusted to the SADCP or LADCP velocity (black solid line), with four
different adjustment examples. Either if both LADCP and SADCP data agreed (Figure 8a),
or just SADCP data do (Figure 8b) with the pattern of the geostrophic velocity, the initial
geostrophic velocity is adjusted with SADCP data. While if only LADCP data agree with
the pattern of the geostrophic velocity, the initial geostrophic velocity is adjusted with
LADCP data (Figure 8c). Nonetheless, if none LADCP and SADCP data agree, the initial
geostrophic velocity is not adjusted (Figure 8d).

Following Hernandez-Guerra & Talley (2016), Hernandez-Guerra et al. (2019) and
Talley (2008), mass and property transports are computed for the different isoneutral
layers that divide the water column (Figure 5). Ekman transport, which is introduced
into the first layer, is computed from the NCEP wind stress (Kalnay et al., 1996)

corresponding to the time of the cruise following Hernandez-Guerra & Talley (2016).

The initial zonally-integrated mass and silicate transports per layer through 32°S in
the Pacific Ocean are shown in figure 9. The total mass transport presents a northward
initial imbalance of 26.3 Sv (Table 2) and presents a northward transport for the upper
and bottom layers, and a southward transport at deep layers. The initial silicate
transport structure is similar to the mass transport and presents a northward initial
imbalance of 801.4 kmol/s (Table 2).

11
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In order to reduce this large imbalance, we apply an inverse model to estimate a
velocity at the reference layer, subject to chosen constraints and uncertainties (Wunsch,

1978, 1996). The subsequent equation has to be solved:

ff pbdxdz = —ff pV.dxdz + E|,

where p is the density, b is the unknown reference velocity, V. is the relative geostrophic
velocity obtained from the thermal wind equation, E is the Ekman transport normal to
the section, and x and z designate the along-section and vertical coordinates,

respectively.

This procedure provides one single equation for each vertically integrated mass and
silica conservation with 248 unknowns (the number of station pairs). In addition to total
mass and silica conservation, we introduced several regional constraints for different
longitude and depth ranges, listed in table 2. Previous studies of earlier occupations of
these sections in the Pacific (Hernandez-Guerra & Talley, 2016; Wijffels et al., 2001)
included assorted mass transport constraints in specific longitude ranges and depths
from independent data. These come from independent estimates of ITF (Gordon et al.,
2010; Sprintall et al., 2009), large northward transport for the narrow Deep Western
Boundary Current (DWBC) just east of the Tonga-Kermadec Ridge (TKR) (Whitworth et
al., 1999), and silica transport constraint (Talley & Sprintall, 2005).

The solution of the inverse model follows the first approach developed in Joyce
et al. (2001) and subsequently carried out by Hernandez-Guerra & Talley (2016) and
Herndndez-Guerra et al. (2019) with some specific differences. The closed box for the
inverse model is formed by the transpacific 32°S section plus the ITF and Bering Strait
transport. The full matrix equation and its derivation is provided in the Appendix A.
Following Wunsch (1996), the inverse problem is solved through the Gauss-Markov
method, which asks a priori variance for each equation and solution. The a priori velocity
variance for the solution is (2 cm/s)? throughout, exept in regions with strong shear that
is (4 cm/s)?, corresponding to the EAC and the DWBC. The a priori variance of each

equation is shown in table 2.

The velocity at the reference level estimated from SADCP and LADCP data and
from the inverse model are presented in figure 10. The adjusted velocities from ADCP
data (Figure 10a) are higher than the velocities from the inverse model (Figure 10b),

which are not significantly different from zero at all stations as in previous inverse
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models (Herndndez-Guerra & Talley, 2016; Hernandez-Guerra et al., 2019). Thus, ADCP

data adjustment has definitely more relevance.

Table 2. Regional transport constraints and inverse model results for the Pacific Ocean (P06) at 32°S in
2017. Positive transports are northward and negative transports are southward. Initial transports relative
to the ZVS at y"=28.1 kg/m? and final transports are listed.

P06 - 2017 Property Longitude Layers Constraint Initial Final

Total mass?! ITF and Bering Strait  All 1:10 15+5 26.3 15.3+10.4
transport (Sv)

Silicate Total Silicate All 1:10 120+ 20 801.4 0.1+256
conservation? (kmol/s)

Deep transport3? Tasman Sea (Sv) 150-161°E 9:10 0.5+0.5 0.1 1.2+0.5
Deep transport? Tasman Sea (Sv) 161-173°E 7:10 0+0.5 1.2 0.0+0.5
Deep transport? Tasman Sea (Sv) 173-181°E 7:10 0+0.5 1.5 0.0+0.5
Deep transport3? Eastern Basin (Sv) 110-70°W 8:10 0.75+0.75 -0.8 0.7+0.7
DWBC constraint* Tonga-Kermadec 180-168°W 8:10 15+4 13.5 13.5+3.1

Ridge (Sv)

UTF transport from Gordon et al. (2010) and Sprintall et al. (2009).
2Silicate conservation from Talley & Sprintall (2005).

3Deep transport constraints from Wijffels et al. (2001).

4DWBC constraint from Whitworth et al. (1999).
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Figure 10. Geostrophic velocity (cm/s) adjusted to the SADCP or LADCP data (a) and reference velocities
from the inverse model (b) at each station pair for 2017 P06 section at nominally 32°Sin the Pacific Ocean.
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4. FINAL ADJUSTED TRANSPORT
4.1 Meridional transport per layer

Figure 11 shows the final mass and silicate transports per neutral density layer from
the inverse model. The net initial mass and silicate transports imbalances using a
reference level of y"=28.1 kg/m?3 (26.3 Sv and 801.4 kmol/s, respectively) are greatly
reduced (15.3 + 10.4 Sv and 0.1 + 256 kmol/s, respectively) as seen from the total
transports in table 2. Thus, the final transports satisfy the constraints within the applied
uncertainty. Results show the same pattern as previous analyses of the meridional
overturning circulation at this latitude for 2003 and 2009 (Hernandez-Guerra & Talley,
2016): northward mass transport in the upper (Layers 1-5) and abyssal layers (Layers 9-
10), and southward mass transport in the deep layers (Layers 6-8). In 2017, the layer 8
has a slight northward transport due to the warming in abyssal layers (Purkey et al.,
2019), but it has been included in the deep layers according to its density following
Herndndez-Guerra & Talley (2016). It is worth nothing that 2003 and 2017 show a
roughly similar transport and different to 2009.
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Figure 11. Final zonal-integrated meridional mass transport (Sv) (a) and silicate transport (kmol/s) (b) per

layer, with error bars, across 32°S in the Pacific Ocean for data collected in 2003, 2009 and 2017.
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Inverse model results show that deep northward flow in the Pacific section is bottom
intensified (Figure 11), with a northward flow of 16.8 + 7.8 Sv for 2017. This deep Pacific
transport is consistent with previous estimates. At 32°S from WOCE sections, Tsimplis
et al. (1998) and Wijffels et al. (2001) estimated a net northward inflow of about 12 and
18 + 2 Sv, respectively. Using the 1968 Scorpio sections Wunsch et al. (1983) estimated
an inflow of 12 Sv in the lower layers. Using Reid (1997)’s absolute geostrophic velocity
for the Scorpio sections, Talley et al. (2003) estimated a deep inflow of 10 Sv. However,
a more moderate inflow of 7 + 2 Sv at 32°S in 1992 was estimated with a global inverse
model by Ganachaud & Wunsch (2000). More recently, with a global inverse model,
Lumpkin & Speer (2007) presents a stronger inflow of 14.9 + 3.4 Sv. Also, using an inverse
model in the Pacific for the 2003 circumpolar section, Katsumata & Fukasawa (2011)
obtained a Pacific deep inflow of 10 Sv below y"=28.0 kg/m3, which was larger than their
8 Sv result for the 1993 WOCE occupation. Most recently, Herndndez-Guerra & Talley
(2016) estimated a net northward deep inflow of 15.5 + 6.9 Sv for 2003, 10.8 + 6.5 Sv
for 2009 from hydrographic data in the P06 section.

The adjusted silicate transport (Figure 11b) follows the same structure of mass
transport (Figure 11a). There is a northward silicate transport in the deepest layers
(Layers 8-10) and a southward transport in the mid-depth layers (Layers 6-7) that
extends up into the upper layers (Layer 5). Low silicate transports in the uppermost
layers (Layers 1-4) result from very low silicate values in the first 1000 m of the water
column. Again, silicate transport results show the same pattern as 2003 and 2009 results
computed by Hernandez-Guerra & Talley (2016), with a roughly similar transport in
years 2003 and 2017.

4.2 Meridional Overturning transport

The meridional overturning transport across 32°S for the Pacific Ocean is
computed by vertically integrating the mass transport from the bottom to the surface
of the ocean (Figure 12). The intensity of the overturning is generally described as the
maximum in the overturning stream function (zonally averaged transport integrated
from the surface down), comprising northward flowing within the South Pacific Ocean
and returning southward flow as PDW (~1500-3000 m). The resulting overturning
stream function for 2003 and 2009, computed by Hernandez-Guerra & Talley (2016),
present a nearly zero net flow in layer 3, which is probably a balance between net
northward flow for the ITF and net southward flow in the thermocline associated with

the shallow overturn of the subtropical gyre (Talley, 2008, 2003), that cannot be
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observed in our results for 2017. The overturning circulation in 2017 shows the same
pattern as in 2003 and in 2009, but the intensity of the overturning in 2009 (43.6 + 2.3
Sv) is higher than in 2003 (32.1 £ 2.2 Sv) and in 2017 (34.9 £ 2.4 Sv), showing these two

years a non-significant overturning difference.
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Figure 12. Overturning mass transports stream function across 32°S in the Pacific Ocean for 2003, 2009
and 2017. This function is computed as the zonally- and vertically-integrated mass transports in isoneutral
layers (along the entire section and from the seafloor to the sea surface).

5. HORIZONTAL DISTRIBUTION OF FINAL ADJUSTED TRANSPORT

Figure 13 shows the horizontal distribution of meridional transport in isopycnal
layers for 2017 and for 2003 and 2009 computed by Hernandez-Guerra & Talley (2016).
This distribution is obtained by integrating the mass transport in each layer eastward
from zero at the western boundary, and then summing transports in layers that have
overall transport to the north and to the south. Thus, the Pacific Ocean is divided into
three-layer sets (Figure 13): northward transport in the uppermost layers (1-5),

southward in the deep layers (6-8), and northward in the bottom layers (9-10).
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5.1 Upper ocean circulation

The accumulated upper ocean mass transport (Figure 13a), consisting of thermocline
and intermediate waters (surface to y"=27.58 kg/m3, about 1140 m depth), shows the
usual subtropical gyre feature: an intense western boundary current flowing poleward,
an equatorward recirculation east and close to the western boundary, and a net
equatorward transport across the ocean interior with a wide and slow Peru-Chile
Current in the eastern boundary. Alternating transports due to eddies are not very
strong, but are intensified in the westernmost part of the circulation, corresponding to
the Tasman Sea (as noted in both Herndndez-Guerra & Talley (2016) and Wijffels et al.
(2001)).

5.1.1 Interior gyre circulation

The Pacific Ocean interior circulation (Figure 13a) for 2003 and 2017 differ noticeably
from 2009. These marked differences are also found in deep and bottom layers mass
transports (Figure 13b and c). West of the TKR, located at approximately 178°W
encompassing the Tasman Sea and South Fiji Basin, the horizontal mass transports for
the three years are similar, with net southward transport dominated by the southward
EAC and a major eddy field. The circulation from the surface to the bottom of the ocean
of 2009 significantly diverges across the mid-Pacific, between the TKR and the East
Pacific Rise (EPR) at 110°W, from 2003 and 2017. In the upper layers, the 2003 transport
is a “classic gyre” with a northward transport from the TKR to the EPR, whereas in 2009
the structure of the mass transport is a “bowed gyre”, reaching maximum southward at
155°W, then rebounding with compensating northward transport (Herndndez-Guerra &
Talley, 2016). The pattern of the circulation in 2017 has changed from the “bowed”
circulation found in 2009, and ressembles that “classic gyre” of 2003. The transports for
the three years seem to coalesce at the EPR, reaching northward transports in the
eastern boundary of 13.2 £ 2.2 Sv in 2003, 12.3 + 2.3 Sv in 2009 and 16.9 * 2.4 Sv in
2017. Thus, the net norward transport obtained in 2017 is comparable with the
estimated transport of both 2003 and 2009. The “bowed gyre”, subject to significant
interannual variability (McCarthy et al., 2000), was previously observed by Wyrtki (1975)
with a classic surface dynamic, and by McCarthy et al. (2000) and Wijffels et al. (2001)
in the original WOCE P06 section in 1992. While Reid (1997)’s surface circulation instead

of showing the “bowed gyre”, showed a circulation similar to both 2003 and 2017.
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5.1.2 Western boundary current: East Australian Current

The East Australian Current (EAC) recirculation results in a relative intense net
southward transport near the western boundary in the South Pacific Ocean. According
to Hernandez-Guerra & Talley (2016), the EAC is summed over both upper and deep
layers (Layers 1-8) and has a net transport of -39.2 + 1.6 Sv in 2017 (Table 4, figure 13a).
The maximum of southward mass transport is found at 156.6°E in 2017 in a roughly
similar location found in 2003 by Hernandez-Guerra & Talley (2016), showing a shift
from the maximum position in 2009 as also reported by Chiswell et al. (1997). Moreover,
our EAC transport for 2017 is comparable to previous estimates for the 1992 WOCE P06
section as the -40 + 8 Sv reported by Macdonald et al. (2009) using an inverse model of
all of the Pacific Ocean WOCE data, and the -36 + 10 Sv reported by Ganachaud &
Wunsch (2003) using a global inverse model with WOCE data. However, Wijffels et al.
(2001) reported a much weaker EAC transport for the early 1990s of 22.1 + 4.6 Sv, with
an rms variability of 32 Sv estimated from altimetry, based on their 1991-1994 current
meter study accompanied by ten EAC hydrographic sections from the coast of Australia
to 154.4°E (Mata et al.,, 2000). Most recently, Hernandez-Guerra & Talley (2016)
estimated a stronger EAC transport of -51.1 + 2.0 Sv and -49.9 + 2.1 Sv using an inverse
model with GO-SHIP data for 2003 and 2009, respectively (listed in table 4).

5.1.3 Eastern boundary current: Peru-Chile Current and Peru-Chile Undercurrent

As the variability induced by the eddy field in any eastern boundary current is strong,
similar but more intense than the Canary Current in the North Atlantic Subtropical Gyre
(Hernandez-Guerra et al., 2017, 2005; Vélez-Belchi et al., 2017), the eastern boundary
current in the Pacific Ocean is difficult to discern in the transport figures. The
equatorward Peru-Chile Current is evident in the upward slope of the surface isotherms
and isoneutral surfaces off the west coast of South America (Figures 3 and 5) (Strub et
al., 1998; Talley et al., 2011). The Peru-Chile Undercurrent is found below it and extends
over the continental shelf and slope, where the isotherms and isoneutral surfaces slope
downward (Shaffer et al., 1999). Following Herndndez-Guerra & Talley (2016), the Peru-
Chile Current is estimated from the surface to y*=27.0 kg/m?3(Layers 1-3) and from 85°W
to the coast of Chile, and the Peru-Chile Undercurrent from layers 4-5 and from 75°W
to Chile (Table 4). Additionally, the flow of Peru-Chile Current is estimated to be 4.4 +
0.8 Sv in 2017, which is slightly higher but not significantly different from the result of
2003 (3.3 = 0.9 Sv) and significantly different from 2009 (2.3 + 0.8 Sv) estimated by

Hernandez-Guerra & Talley (2016). Otherwise, the Peru-Chile Undercurrent is estimated
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to have a mass transport of about -1.5 + 0.8 Sv, which is lower but not significantly
different from the transport of 2003 (2.8 + 1.2 Sv) and significantly different from 2009
(3.8 £ 1.2 Sv) (Hernandez-Guerra & Talley, 2016).

5.2 Deep ocean circulation

Figure 13b shows the accumulated mass transport for the PDW layers, considered
as those depths layers that flow south (Layers 6-8). The net southward mass transport
of PDW through 32°S in 2017 (-17.7 = 7.5 Sv) is slightly higher but not significantly
different than in years 2003 (-15.5 + 7.9 Sv) and 2009 (-10.5 + 7.3 Sv). The overall
horizontal structure for the 2017 was remarkably different from 2009, but similar to
2003. In 2003 and in 2017, the “straight” gyre years, net southward transport was
mostly accomplished by gradual accumulation across the width of the section. While in
2009, the “bowed” gyre year, the large southward transport in the Southwest Pacific
Basin (of about 25 to 40 Sv) was compensated by northward flow across most of the
Pacific to about 78°W, and next a southward flow in the Peru—Chile Current system,

restoring the net transport to its overall level (Hernandez-Guerra & Talley, 2016).
5.3 Abyssal ocean circulation

Figure 13c presents the accumulated mass transport for the AABW layers. The mass
transport for layers 9 and 10 shows a northward flow into the Pacific between the TKR
and the EPR (Figure 11a), and therefore, these layers are considered as the bottom
layers (y">28.1 kg/m3). The net abyssal northward transport in 2017 is 16.1 + 6.8 Sy,
which is not significantly different from those of 2003 (15.5 + 6.9 Sv) and 2009 (10.8 +
6.5 Sv) estimated by Herndndez-Guerra & Talley (2016). In 2017, the northward
transport was broadly distributed over the deepest part of the Southwest Pacific Basin
as in 2003. However, most of the northward transport in 2009 was in the narrow DWBC,
which resembles Reid (1997)’s abyssal circulation maps based on a 1968 hydrographic
section (with a strong northward DWBC) and Wijffels et al. (2001) solutions for the 1992
WOCE P06 section.
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Figure 13. Eastward accumulated mass transport (Sv) at 32°S for (a) upper, (b) deep, and (c) bottom layers

for 2003, 2009 and 2017. Bottom plot shows the bathymetry for reference.
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Table 4. Mass transports inverse model results and uncertainty (Sv) for the East Australian Current, Peru-
Chile Current and Peru-Chile Undercurrent for the Pacific Ocean (P06) at 32°S in 2003, 2009 and 2017.
Positive transports are northward and negative transports are southward.

Mass Transport (Sv) Longitude Layers Final 2003 Final 2009 Final 2017

East Autralian Current Coast to 156.7°E (2003) 1:8 -51.1+2.0 -46.1+2.1 -39.2+1.6
158.9°E (2009)
156.6°E (2017)

Peru-Chile Current 85°W to coast 1:3 3.3+0.9 2.3+0.8 4.4+0.8
Peru-Chile 75°W to coast 4:5 -2.8+1.2 -3.8+1.2 -1.5+0.8
Undercurrent

IFinal mass transports computed by Herndndez-Guerra & Talley (2016).
5.4 Origin of the change in zonal structure of the transports

The Hovmoller diagram (Figure 14) presents the AVISO Absolute Dynamic
Topography (ADT) Sea Surface Height (SSH) along 30°S from January 1993 to April 2019,
which shows a high SSH in the western boundary and low at the eastern boundary,
hence yielding equatorward transport in the upper ocean. It is also observed an overall
trend toward higher SSH between New Zealand (NZ) and EPR. The high SSH found
between 150°E to 170°E is associated with topography just north of NZ, and the Tasman
Sea to the west of this is much more eddy-rich than the interior of the South Pacific
Ocean. Superimposed on these signals are large-scale, west-propagating disturbances
of 10-15 cm amplitude, with time scales of several years as noted in Hernandez-Guerra
& Talley (2016). These disturbances are initiated in the eastern Pacific, at 90-100°W and
propagate westward, taking approximately 7-10 years to cross the 7000 km to NZ, hence
a speed of ~3 cm/s. This is approximately the speed of the long baroclinic Rossby waves
at this latitude (Chelton et al., 2011). As indicated in Herndndez-Guerra & Talley (2016)
for 2003 and 2009, the 2003 P06 section was occupied when an anomalously lower SSH
was centred over the EPR and a high SSH over the Southwest Pacific Basin; while the
2009 P06 occurred when the particularly high ridge had arrived at the central Pacific
between 160°W and 140°W, with lower SSH to the east and to the west. The 2017 P06
occurred during a period with a similar 2003 distribution of SSH, lower SSH over the EPR

and high SSH over the Southwest Pacific Basin.
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Figure 14. South Pacific absolute dynamic topography (m) along 30°S for the altimetry complete time
series from January 1993 to April 2019. The P06 cruise periods in 2003, 2009, and 2017 are indicated. The
longitudes of New Zealand (NZ) and East Pacific Rise (EPR) are also indicated. Merged AVISO product
(http://las.aviso.oceanobs.com).

6. HEAT AND FRESHWATER TRANSPORTS

Table 5 shows a comparison of our heat transport (PW) and freshwater flux (Sv)
results for the Pacific Ocean (P06) in 2017 with those estimated by Hernandez-Guerra &
Talley (2016) for 2003 and 2009. Meridional heat transports across the P06 section from
our inverse model indicate that the northward heat transport in 2017 (0.4 £ 0.1 PW) has
the same value as in 2003 (0.4 + 0.1 PW) and differs from the heat transport obtained
in 2009 (0.2 £ 0.1 PW), both estimated by Herndndez-Guerra & Talley (2016).

The freshwater flux is estimated following Joyce et al. (2001):

where Tj; is the absolute mass transport, Sl-’j is the anomaly of salinity (Salinity-S,), both

in layer i at station pair j. S is the global ocean mean salinity (34.9 used by Hernandez-
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Guerra & Talley (2016) and Talley (2008)). Net freshwater transport (Sv) is equivalent to
the net evaporation minus precipitation. Hence the positive freshwater values are
caused by higher evaporation than precipitation (freshwater flux from the ocean to the
atmosphere). The freshwater results in 2003 (0.25 + 0.02 Sv) and in 2009 (0.50 + 0.03
Sv) showed an increase in net evaporation (Hernandez-Guerra & Talley, 2016), but our

result in 2017 (0.34 + 0.08 Sv) showed a decrease in net evaporation from 2009.

Table 4. Heat transport (PW) and net freshwater transport (Sv), which is equivalent to the net evaporation
minus precipitation (positive is net evaporation), for the Pacific Ocean north of 32°S.

Year Heat Transport (PW) Freshwater Flux (Sv)
20031 04+0.1 0.25+0.02
2009t 0.2+0.1 0.50+0.03
2017 04+0.1 0.34 £ 0.08

IHeat transports and freshwater fluxes computed by Hernandez-Guerra & Talley (2016).

7. DISCUSSION AND CONCLUSION

Four major findings can be highlighted after analysing the changes in meridional
transports across 32°S in the Pacific Ocean (P06 section) in 2017 as a result of an inverse

model.

First, the zonally-averaged Pacific overturning transport in 2017 shows the same
pattern as in 2003 and in 2009, but the intensity of the overturning in 2009 (43.6 + 2.3
Sv) is higher than in 2003 (32.1 £ 2.2 Sv) and in 2017 (34.9 £ 2.4 Sv), showing these two

years a non-significant overturning difference.

The second major finding is that the changes in the shift of the horizontal structure
of the Pacific circulation within the different neutral density layers and years (whose
shape extended into the bottom layers) are independent of changes in the meridional
overturning transport, extending into the deepest layers and including the DWBC, which
is part of the overturning circulation. This result suggests that the horizontal and
overturning circulations are not coupled and are affected by processes with
independent time scales (as noted in Hernandez-Guerra & Talley (2016)). The upper
ocean shift can be characterized as a transition between a more zonal, regular shape in
2003 to a “bowed” shape in 2009 and again to a regular shape in 2017. Satellite altimetry
suggests that these changes are associated with large-scale disturbances of 10-15 cm
amplitude that propagate slowly westward at roughly the speed of long baroclinic

Rossby waves of 3 cm/s, although the associated shifts in the circulation appear to be

24



Changes in the meridional overturning circulation at 32°S in the Pacific Ocean in 2017

quasi-barotropic, extending to the bottom of the ocean. Additionally, the disturbances
seem to be generated in the eastern Pacific, between the East Pacific Rise and South

America.

Among other results for the circulation, the East Australian Current has decreased
slightly in transport from 2003 (-51.1 + 2.0 Sv) and 2009 (-49.9 + 2.1 Sv) to 2017 (-39.2 +
1.6 Sv), with a very vigorous eddy field across the topographically-complex Tasman Sea
between the Australia coast and the Tonga-Kermadec Ridge. Furthermore, the Peru-
Chile Current transport in the eastern boundary estimated in 2017 (4.4 + 0.8 Sv) is
slightly higher but not significantly different from the result of 2003 (3.3 + 0.9 Sv) and
significantly different from 2009 (2.3 + 0.8 Sv) as estimated by Hernandez-Guerra &
Talley (2016). Similar, the Peru-Chile Undercurrent transport estimated in 2017 (-1.5 +
0.8 Sv) is lower but not significantly different from the transport of 2003 (2.8 + 1.2 Sv)
and significantly different from 2009 (3.8 + 1.2 Sv) (Hernandez-Guerra & Talley, 2016).

Finally, we also find that the northward heat transport in 2017 (0.4 £ 0.1 PW) has
the same value as in 2003 (0.4 + 0.1 PW) and differs from the heat transport in 2009 (0.2
+ 0.1 PW). For the freshwater transport results, there is an increase in the net
evaporation from 2003 (0.25 + 0.02 Sv) to 2009 (0.50 + 0.03 Sv) (Hernandez-Guerra &
Talley, 2016), but our result in 2017 (0.34 + 0.08 Sv) shows a decrease in net evaporation
compared to 2009.

By way of conclusion, the pattern of the circulation in 2017 has changed from the
“bowed” circulation found in 2009 and resembles that of 2003, as demonstrated by the

comprehensive analysis performed here.
Appendix A

For a given station pair, the absolute geostrophic velocity (v,), as a function of

pressure p, is the sum of a relative velocity (v) and the velocity (b) at the reference level:

v,(p) =v(p)+b

At each station pair, the inverse model finds the optimal solution for b. Firstly,

the mass conservation is applied for the entire water column:

.Upvads =0
[fp(v+b)dS =0 (A.1a, b, c)
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i 23=1 pja(vjq + bj)ajg =0

where the area integral dS is over the entire section area, and the differential version,
area is aj, for each station pair j and isopycnal layer q. In (A.1) and consecutive
equations, the term p;, vj, is first summed over each 2 dbar interval within layer q. For
the silicate conservation, these equations are multiplied with the silicate conservation,
but additional steps are the same. When total mass is constrained to a particular non-

zero value, for instance, the Indonesian Throughflow (ITF) (A.1c) becomes:

21 a1 i (Vg + b)) ajq = Mrota (A. 1d)

where M7+, 1S the total transport constraint, and the limits for layers and station pairs
are related to the constraint. The total mass conservation is not exact because of the

noise from eddies, internal waves, aliasing, measurements errors, etc.:

N Q _ N Q
Zj:l Zq=1 qubjajq + Nrotal = — Zj:l Zq=1 quvjqajq + MTotal (A-Z)
where Ny ,¢q; is the noise.

The following equations, are obtained considering mass conservation in each

layer q:
Y 1 Pjabiajq + g = =X 1 pjqViqtiq + My q=12,..,0 (A.3)

where M, is the layer transport constraint and n, is the layer noise. Next, this equation

is written as:

Y 1ejqbi +ng ==, q=12,..,0 (A.4)
where:

€ja = Pja%q

Ya = Zj=1PjqVjq%q — Mg (A.5)

For silicate constraints, the e;, elements are multiplied at each point in the layer by

silicate concentration. Then the matrix equation is rewritten as:
Ab+n=-Y (A.6)
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where b is an N x 1 vector of the unknowns (reference velocities), Aisa (Q + 1) x N
matrix, nis a (Q + 1) x 1 vector, and Yis a (Q + 1) x 1 vector of values calculated from the
CTD data and externally imposed mass transports. (Q is for the equations for each layer

and the +1 is the equation for conservation of the whole water column.)

After that, the Ekman transport is included in the first layer and the total. Thus,

allowing the inverse model to adjust the Ekman transport to the specific conditions of

the cruise:
i1 e 1 b Y1+ Tek
€21 €n 0 :1 }{2
eq+1,1 eq+1,n1 Ek Yq+1 + TEk

To solve this matrix, the Gauss-Markov estimator is applied (Wunsch, 1996), as
in Hernandez-Guerra & Talley (2016).

For this inverse model, 7 different constraints are applied, which correspond to
mass and silica conservation for the Pacific Ocean, and 5 additional transport constraints

(boundary currents and deep flows) (Table 2).
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