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ABSTRACT

Multidecadal trends in ocean heat and freshwater content are well documented, but much less evidence

exists of long-term changes in ocean circulation. Previously, a 12-yr increase, 1993 to 2004, in the circulation of

the South Pacific Subtropical Gyre interior was described. That analysis was based on differences between

early Argo and 1990s hydrographic data and changes in sea surface height. Here, it is shown that the trend of

increasing circulation continues through 2014, with some differences within the Argo decade (2005 to 2014).

Patterns that indicate or are consistent with increasing equatorward transport in the eastern portion of the

South Pacific Gyre are seen in Argo temperature and steric height, Argo trajectory velocity, altimetric sea

surface height, sea surface temperature, sea level pressure, and wind stress. Between 2005 and 2014 the

geostrophic circulation across 358S, from 1608W to South America, was enhanced by 5 Sv (1 Sv[ 106m3 s21)

of added northward flow. This was countered by a southward transport anomaly between the date line and

1608W. Corresponding temperature trends span the full 2000-m depth range of Argo observations. The 22-yr

trend, 1993 to 2014, in sea surface height at 358S, 1608W is 8 cm decade21. Trends in sea surface temperature

over 34 yr, 1981 to 2014, show a similar spatial pattern to that of sea surface height, with an increase of

0.58C decade21 at 358S, 1608W. These multidecadal trends support the interpretation of the 408S maximum in

global ocean heat gain as resulting from anomalous wind forcing and Ekman convergence.

1. Introduction

The subtropical gyres are the dominant large-scale

features of the midlatitude oceans. Their anticyclonic

circulations, consisting of narrow, poleward western

boundary currents (WBCs) and basinwide equatorward

interior flows, play roles in maintaining Earth’s climate

and ecosystems. TheWBCs carry warmwater of tropical

origin to higher latitudes where large quantities of heat

are released to the atmosphere (e.g., Yu and Weller

2007). The cooler equatorward interior flows are the

primary return path of the circulation in the oceanic

mass budget. These contrasting warm and cool meridi-

onal circulations combine in exporting heat from the

tropics to the midlatitudes (Zilberman et al. 2014). Most

of the world’s population lives in the latitude range of

the subtropical gyres, and the ocean’s heat transport,

together with the moderating influence of the sea

through its enormous heat capacity, contribute to setting

the terrestrial climate of the subtropical latitudes. The

subtropical gyre interiors, with their wind-driven con-

vergent surface layers, are among the least biologically

productive regions of the ocean, while the more ener-

getic western and eastern boundary regions are bi-

ologically rich (Longhurst et al. 1995). These physical

and biological attributes make the subtropical gyre cir-

culations critical components of the biosphere and the

climate system.
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Although there is conclusive evidence ofmultidecadal

changes in regional and global ocean temperature and

salinity, there is much less to support changes in ocean

circulation (Rhein et al. 2013). The net heat gain by the

ocean of about 0.7Wm22 (Wijffels et al. 2016), averaged

over Earth’s surface area, accounts for over 90% of

Earth’s excess of incoming over outgoing radiation

(Rhein et al. 2013). Changes in the global pattern of

surface salinity are consistent with intensification of the

global pattern of evaporation minus precipitation

(Hosoda et al. 2009; Durack et al. 2012) and hence of the

atmospheric transport of water vapor. In the case of

ocean circulation, a difficulty for observing long-term

variability and trends is the nature of the required ob-

servations. That is, datasets consisting of velocity ob-

servations, or indirect estimates of geostrophic velocity

based on gradients in geopotential height, are noisier

than estimates of the spatial property means—they have

‘‘whiter’’ wavenumber spectra. That means a multi-

decadal trend in temperature is easier to detect with

confidence than a trend in the horizontal gradient of

temperature. In a few locations where long time series of

transport have been obtained, such as the 50-yr record

of Florida Current transport, no trend is seen (Rhein

et al. 2013). The Intergovernmental Panel on Climate

Change Fifth Assessment Report stated (Rhein et al.

2013, their section 3.6.6, p. 285), ‘‘Given the short du-

ration of direct measurements of ocean circulation, we

have very low confidence that multidecadal trends can

be separated from decadal variability.’’ Thus, an im-

portant goal for sustained ocean observations is to ob-

tain datasets that are appropriate for resolving changes

in ocean circulation as well as the changes in tempera-

ture, salinity, and density.

A prominent feature of the spatial pattern of global

ocean heat gain since the 1990s World Ocean Circula-

tion Experiment (WOCE) is that most of the global

warming has occurred south of 208S (Sutton and

Roemmich 2011; Chen and Tung 2014) with a maximum

in zonally averaged heat gain at 408S in Argo data

(Roemmich et al. 2015). This maximum is because of the

warming at midlatitudes in all three Southern Hemi-

sphere oceans, with the midlatitude South Pacific

anomaly being especially strong. The present work is a

‘‘downscaling’’ from the global perspective to a regional

one, as this will help to understand the advective

mechanism of heat redistribution in the ocean that

plays a prominent role in the spatial pattern of global

ocean heat gain (Cai et al. 2010).

In previous work, Roemmich et al. (2007) compared

steric height and trajectory data from earlyArgo profiles

(2003 to 2005) with that from the WOCE (1991 to 1996)

hydrographic survey. An increase in the subtropical gyre

circulation was described based on a positive steric

height anomaly centered at 408S, 1708W. This analysis

had observational limitations that included a temporal

spread of 6 yr in the WOCE one-time survey together

with a seasonal bias toward summertime, and the limited

number of Argo profiles available at that time in the

subtropical South Pacific domain. A total of 8751 Argo

profiles were used, with an average of fewer than two

profiles per 18 square for the 3-yr period. Altimetric sea

surface height (SSH) provided the spatial and temporal

context to link the WOCE and Argo datasets as well as

confirmation of the steric height signal. SSH changes

showed a similar pattern to steric height changes, with

an increase over the 12-yr period from 1993 to 2004 of

about 10 cm near the center of the feature.

The present study exploits the enormously expanded

Argo dataset to demonstrate that the anticlockwise

ocean circulation anomaly has continued to grow during

the 2005 to 2014 Argo decade. With Argo near its

designed coverage density, there are about four

temperature–salinity profiles per 18 square added every

year (Riser et al. 2016) plus a similar number of

trajectory–velocity estimates. This higher data density

diminishes the limitations of the earlier study with re-

spect to spatial and temporal coverage. As in the earlier

study, the SSH time series provides valuable context for

steric height and extends the record to 22 yr. Even lon-

ger time series are available for sea surface temperature

(SST), sea level pressure (SLP), and wind stress, and

these provide evidence that the oceanic signal is wind

driven and extends over more than 30 yr, although some

changes in the spatial pattern are seen in the recent

decade relative to the earlier study.

The oceans respond more readily to low-frequency

wind forcing (interannual to decadal periods) than to

higher-frequency wind forcing and thus act as a low-pass

filter for atmospheric variability (e.g., Anderson and

Corry 1985). As a result, multidecadal changes in at-

mospheric circulation may be more apparent in the

oceanic responses than directly as changes in the noisier

atmospheric forcing. In the South Pacific region, at-

mospheric observations are very sparse. There is lim-

ited evidence of a multidecadal southward shift and

intensification of the midlatitude zonal westerly winds,

although atmospheric reanalyses differ from one an-

other on this issue (Swart and Fyfe 2012). Ultimately,

confidence in and understanding of any possible long-

term trend, together with implications for climate

variability and change, will depend on consistent ob-

servations of both the atmospheric forcing and the

oceanic response.

In the following section, the datasets used in the

present analysis are described. Section 3 presents
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results, beginning with the temporal extension of SSH

and steric height records in relation to the Roemmich

et al. (2007) analysis, and then considers accompanying

changes in circulation, both for relative geostrophic

velocity and 1000-dbar velocity derived from Argo tra-

jectory data. Finally, patterns in sea surface temperature

and sea level pressure trends over 34 yr are compared

with those in the recent 10-yr Argo and 22-yr SSH re-

cords to suggest that the South Pacific anomaly has a

multidecadal time scale. Discussion and conclusions are

presented in the final section.

2. Data

a. Argo profiles and trajectories

Argo temperature–salinity (T–S) profile data and

trajectory-based velocity data were used for the period

from 2004 to 2015. The T–S data were subjected to

quality control procedures as described in Roemmich

and Gilson (2009), with best quality data being retained

and interpolated onto a 18 3 18 monthly grid using op-

timal interpolation (Roemmich and Gilson 2009). Over

200 000 Argo profiles and trajectories from the domain

608 to 108S and 1458E to 708W, distributed fairly uni-

formly, were used in this study (Fig. 1).

Recent improvements have been made in the quality

and completeness of Argo trajectory data (Ollitrault

and Colin de Verdière 2014), and most Argo Data

Assembly Centers are now creating data files contain-

ing the position and timing data needed for accurate

velocity estimation. We included trajectory data from

the southwest Pacific for the period 2004 to 2015, re-

moving cycles that lacked necessary position or timing

data. For the region 408 to 208S and 1408E to 708W, a

total of 1113 floats were examined, and 801 of these

yielded 83 747 individual trajectories used in the ve-

locity estimation. Primary reasons for rejection were (i)

insufficient surface positions for extrapolation, (ii) drift

pressure not in the range 900 to 1200 dbar, (iii) no po-

sition accuracy information, and (iv) float on the APEX

notification list for bad ascent end time or clock drift.

For Argos-communicating floats that were retained, the

surface trajectory was estimated using the method of

Park et al. (2005). For Iridium floats, which have short

surface times, first and last GPS fixes were used for the

surface displacement.

b. Sea surface height

Gridded SSH anomaly products are provided by

Archiving, Validation, and Interpretation of Satellite

Oceanographic Data (AVISO). The delayed time

product from two satellites was used, in which data have

been merged for consistency at crossing points (Ducet

et al. 2000). SSH data are continuous over the period

January 1993 to December 2014. The SSH product was

smoothed and regridded to the same to 18 3 18monthly

resolution as the gridded Argo profile data.

c. Sea surface temperature, wind stress, and sea level
pressure

NOAA Optimum Interpolation Sea Surface Tem-

perature version 2 (OISSTv2; Reynolds et al. 2002) for

the period December 1981 to June 2015 was obtained

from the NOAA Earth System Research Laboratory,

Physical Sciences Division, on 21 July 2015.

Surface zonal wind stress and SLP are from the ERA-

Interim product (Dee et al. 2011). Wind stress and SLP

for the period coinciding with the SST product, 1981 to

2015, were extracted on 11 March 2015.

3. Results

a. The anomalies in sea surface height, steric height,
and temperature

In the earlier work (Roemmich et al. 2007) the South

Pacific SSH differences, consisting of 2-yr averages

FIG. 1. (a) Total number of Argo profiles per 58 square in the South Pacific, 2004 to 2015. Light gray regions are shallower than 1000m.

(b) Argo profiles per month in the South Pacific domain 608 to 108S, 1458E to 708W.
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relative to a base period of 1993 to 1994, were examined

(their Fig. 1). A spatially nonuniform increase in SSH

was seen in the differences, culminating in a maximum

of 10 cm around 408S, 1708W, decreasing eastward to

about 2 cm along the South American coast for the 10-yr

difference. The same 10-yr SSH change, 2003 to 2004

minus 1993 to1994, is reproduced here in Fig. 2, along

with the subsequent 2-yr intervals relative to the same

1993 to 1994 base period. During the second decade of

observations the maximum difference in SSH has

grown a further 10 cm to about 18 cm, with the strongest

increases now centered around 358S, 1608W. Thus, the

pattern of SSH increase has continued through both

decades of the 22-yr dataset, although its maximum has

shifted eastward. Given that the difference in the mean

steric height of the sea surface (0–2000 dbar) between

the center of the South Pacific Gyre and the coast of

South America is about 70 cm (Reid 1986; Roemmich

and Gilson 2009), the 18-cm temporal SSH increase is a

large anomaly, about 25% of the gyre interior topogra-

phy. The pattern of SSH increase is robust. Similar

spatial patterns are obtained (not shown) using a variety

of analytical methods, including (i) differences calcu-

lated relative to the 22-yr mean rather than the initial

2-yr mean, (ii) the first empirical orthogonal function

(EOF) of SSH, or (iii) the linear trend over 22 yr of SSH.

For the past decade, with goodArgo coverage, between

2005 and 2014, SSH and steric height (0–2000 dbar)

show similar spatial patterns in their linear temporal

trends (Figs. 3a,b). The trends in SSH and steric height

FIG. 2. Sea surface height anomaly (cm) for 2-yr averaging periods, as labeled in the upper-

right corner of each panel; all are relative to the base period 1993 to 1994. Contour lines are

drawn for 10 and 16 cm.
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both have zonally elongated structure extending from a

maximum northeast of New Zealand with diminishing

amplitude along an axis aligned toward the east-

southeast. The trend is greater in SSH than in steric

height, but even some details of the spatial patterns are

similar in these independent datasets, such as the ed-

dylike feature on the south side of Chatham Rise1 near

its eastern end. The increases in South Pacific SSH and

steric height span most of the width of the midlatitude

South Pacific Ocean. The density changes responsible

for the steric height increase also extend over the full

0- to 2000-dbar range of Argo profiling, though dimin-

ishing in amplitude with increasing depth, so that the

500–2000-dbar steric height increase is much smaller

than for 0–2000dbar (Figs. 3b,d).

Near the maximum of the anomaly, at 358S, 1608W,

time series of the 12-month running mean of SSH and

steric height are similar (Fig. 4) in their year-to-year

variability as well as on the longer time scale but with

larger magnitude in the SSH changes as noted above.

The changes in SSH and steric height at this location

were relatively small from 2005 to 2009 followed by

large increases in 2010 and again in 2013. Since 2005, the

overall increase in steric height is about 7 cm and about

10 cm in SSH. This proportionality in steric height to

SSH variability is consistent with results from Sutton

and Roemmich (2011) in the same latitude range. The

SSH changes include the upper-ocean steric change

observed by Argo plus deep steric change, below

2000 dbar, and changes in ocean mass.

The observed increases in steric height are predomi-

nantly (;90%) due to increases in temperature rather

than to decreases in salinity. The linear trend in steric

height at 358S, 1608W for 2005 to 2015 is 8.0 cmdecade21.

FIG. 3. Trends (cm decade21) during the period 2005 to 2014 in (a) SSH and in steric height

(b) 0–2000, (c) 200–2000 , and (d) 500–2000 dbar. Contour lines are drawn at 4-cm intervals for

SSH and 2-cm intervals for steric height.

1 ChathamRise is the ridge extending east of New Zealand at

about 458S.
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This trend is not significantly different if the time-mean

salinity is substituted for the time-varying salinity. The

heat gain (Fig. 5a) reaches a maximum of 6 6 1Wm22

at 358S (0–2000dbar), averaged from 1708 to 1308W,

decreasing to zero at 508 and 158S. This strong heating rate
along 358S is an order of magnitude greater than the rate

of global ocean heat gain during the Argo era (0.7Wm22;

Wijffels et al. 2016). Indeed, the global zonally averaged

heat gain also is a maximum at this latitude, about

2.7Wm22 at 358S (Roemmich et al. 2015). The linear

trend (2005 to 2014) in subsurface temperature, averaged

through the region of peak anomaly between 1708 and
1308W, has a maximum value of 18Cdecade21 at 358S
(Fig. 5b). Thismaximum is found at about 200-m depth on

the su 5 26.5 potential density surface.

The occurrence of a maximum in heat gain along 358S,
either globally or regionally in the central Pacific, cannot

be attributed to anomalous air–sea exchange (Cai et al.

2010) and must be caused mainly by vertical and/or

horizontal displacement of the mean temperature field,

most likely due to anomalous wind forcing. At 358S,
1608W, the T–S relation at thermocline densities shifted

toward higher temperature or lower salinity between

initial (2005 to 2006) and final (2013 to 2014) 2-yr pe-

riods (Fig. 5c). This T–S shift, if resulting from anoma-

lous property changes when the water parcels were on

the sea surface, would require a ‘‘pure warming’’

(Bindoff andMcDougall 1994) of 0.258C or conversely a

‘‘pure freshening’’ of 0.025 in salinity. The 18Cdecade21

FIG. 4. Time series (cm, 12-month running mean) of SSH (red) and

steric height (black, 0–2000 dbar) anomaly at 358S, 1608W. The steric

height series is adjusted to nearly coincide with SSH in 2005 to 2006.

FIG. 5. (a) Heat gain (W m22) from the linear trend in heat content, averaged between 1708 and 1308W, for the

period 2005 to 2014, with 61 standard error (dashed line). (b) Linear trend in temperature for the period 2005 to

2014, averaged between 1708 and 1308W (colors, 8Cdecade21). Contour lines are the 2005 to 2014 mean potential

density. (c) T–S relation for part of the thermocline, averaged from 1708 to 1308W, for 2005 to 2006 (black line) and

for 2013 to 2014 (red line). Dashed blue lines indicate potential density surfaces as labelled. (d) Linear trend in

meridional geostrophic velocity (cm s21 decade21) at 358S, smoothed by a 108 longitude running mean, relative to

2000 dbar.
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maximum warming in the thermocline (Fig. 5b) is much

larger. Deeper in the water column, the fraction of T–S

change that could be attributable to pure warming de-

creases further, and the large heat gain implicates dis-

placement of the mean temperature field as the

dominant mechanism.

Southward displacement of the mean temperature

field could account for the thermocline warming signal

since the thermocline shoals toward the south at 358S
(averaged from 1708 to 1308W; Fig. 5b). However, looking

deeper into the water column, the intermediate depth

maximum warming rate occurs where the isotherms

and isopycnals (e.g., su 5 27.1 potential density) are

slightly sloping in the opposite sense. Thus, a simple

southward shift of the mean temperature field cannot

account for the observed signals. The observed shifts in

T–S demonstrate that downward displacement cannot

be the only process involved in the observed warm

anomalies, but wind-driven convergence causing down-

ward displacement of isotherms/isopycnals is probably

the largest contributor (section 4). Local trends in the

depth of isopycnals range up to 80mdecade21 at 408S on

the su 5 26.9 potential density surface.

b. The anomaly in ocean circulation

The presence of maxima in SSH and steric height in-

creases at about 358S, 1608W (Fig. 3) indicates a geo-

strophic circulation and transport anomaly consisting of

an anticlockwise rotation around that central location.

That is, on the sea surface an equatorward velocity

anomaly across 358S between 1608Wand SouthAmerica

is offset by a poleward velocity anomaly between 1608W
and northern New Zealand (1758E), where the SSH

anomaly decreases to zero. The 2005 to 2014 trend in

meridional geostrophic velocity relative to 2000dbar

(Fig. 5d) shows this pattern with surface-intensified

trends up to about 60.6 cm s21 decade21 in each of the

broad regions east and west of 1608W. West of 1758E in

the Tasman Sea, the velocity trend is mostly positive.

The change in geostrophic transport, 2013 to 2014

minus 2005 to 2006 and relative to 2000dbar, is esti-

mated by converting steric height to meridional geo-

strophic velocity, integrating the velocity in depth, and

then integrating the transport westward from the South

American coast in each time period and for the differ-

ence (Fig. 6). The equatorward transport difference

FIG. 6. Meridional geostrophic transport (Sv, 0–2000 dbar relative to 2000 dbar) integrated

from the coast of South America westward. (a) Difference between the 2-yr periods 2013 to

2014 and 2005 to 2006. (b) Mean for 2005 to 2006. (c) Mean for 2013 to 2014.
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accumulates to 5 Sv (1 Sv 5 106m3 s21) between South

America and 1458W and then decreases to zero north of

New Zealand. Maps of the transport integral for the two

time periods (Figs. 6b,c) are noticeably different from

one another, underlining that the 5-Sv difference be-

tween them is a significant fraction of the interior gyre

transport. Moreover, the transport anomaly pattern is pri-

marily superimposed on the northern half of the

‘‘C-shaped’’ subtropical gyre. The fact that themaximum

in the zonally integrated transport difference (Fig. 6a) is

farther east than themaximum inDSSH (Fig. 3a) indicates

that the center of the geostrophic velocity anomaly tends

eastward with increasing depth.

In addition to the relative geostrophic velocity and

transport, consistent circulation changes are also ob-

served in the absolute meridional velocity at 1000dbar

based on Argo trajectory data. The velocity data are

noisy, and it was necessary to average over broad lon-

gitude, latitude, and time bins to reduce noise. First, it

was noted that the trajectory data, averaged from 408 to
308S, show an increase in northward velocity for 208
longitude bins centered east of 1158Wand a decrease for

bins centered west of 1158W (Fig. 7a). Here, the black

line shows these bin averages for the 4-yr interval 2004

to 2007 and the red line for 2011 to 2014. Then, time

series of bin-averaged meridional velocity were con-

structed (Fig. 7b) for the 408 longitude ranges 1758 to
1358W (red line) and 1158 to 758W (black line), averaged

yearly over 2-yr time bins. The binned 10-day trajectory

estimates were assumed to contain N/2 degrees of free-

dom (Ollitrault and Colin de Verdière 2014), and the

vertical bars in Fig. 7 represent one standard error. The

northward velocity increase in the eastern longitudes and

the decrease in the western band are at best marginally

significant in individual bins. However, the similarity

over multiple adjoining bins and the consistency of these

estimates with the steric height findings of an anticlock-

wise increase in the interior ocean circulation makes this

FIG. 7. Meridional velocity (cm s21) at 1000 dbar. (a) Longitude-dependent binned average

of meridional trajectory velocity, 408 to 308S, in overlapping 208 longitude bins for 2004 to 2007

(black) and 2011 to 2014 (red). Error bars are61 standard error. (b) Time series of meridional

trajectory velocity, 408 to 308S, in overlapping 2-yr time bins for 1158 to 758W(black) and 1758W
to 1358W (red). (c) Space–time averaging as in (b), but for geostrophic velocity at 1000 dbar

relative to 2000 dbar based on Argo profile data.
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result more compelling. As noted above in the steric

height discussion, the center of the anomalous circula-

tion is farther east at 1000dbar than at the sea surface.

For a further comparison of steric height and velocity

data, the meridional geostrophic velocity at 1000dbar

relative to 2000dbar was averaged over the same 108
latitude by 408 longitude and 2-yr time bins as the tra-

jectory data (Fig. 7c). Although a small increase in the

northward velocity in the east (black line) and a small

decrease in the west (red line) are seen, the magnitude of

changes is less than in the trajectory velocity. This is at

least partially attributable to the 2000-dbar reference

level. The South Pacific Gyre extends to about 3500m

(Reid 1986), andwehave seen that the temperature trend

observed in the Argo era also extends to 2000m (Fig. 5b)

and likely deeper. On these bases, it is unsurprising that

the geostrophic velocity at 1000dbar relative to 2000dbar

and its decadal change are underestimates of the absolute

1000-dbar velocity and its change.

c. Multidecadal sea level pressure and sea surface
temperature

The 22-yr spatial pattern of SSH increase was de-

scribed in Fig. 2, along with a similar spatial pattern of

10-yr changes in subsurface temperature, steric height,

and 1000-dbar absolute velocity observed by Argo

(Figs. 3–7). An important question is whether these

changes are the result of decadal variability or whether

they are part of a multidecadal trend. For context on a

longer time-scale, linear trends in SLP (Fig. 8a) and SST

(Figs. 8b,c) are examined for the period starting in late

1981. This was the beginning of the satellite era in SST

observation and of the NOAA Optimum Interpolation

SST version 2 product that combines satellite and in situ

observations (Reynolds et al. 2002). The spatial pattern

of the SST trend over the 34-yr period 1981 to 2014

(Fig. 8b) is remarkably similar to that seen in the shorter

SSH and steric height records, with a maximum of

0.58Cdecade21 at 338S, 1588W, near the same location

as the maxima of the SSH and steric height fields. A

time series of SST at that location (Fig. 8c) shows that

the 34-yr increase is greater in magnitude than the in-

terannual and decadal variability within the record. An

increase in SST is consistent with the observed down-

ward displacement of the thermocline. The trend in SLP

also shows a broad maximum in the central South

Pacific. The maximum, about 100Pa decade21, is offset

to the southeast of those in SST, SSH, and steric height

FIG. 8. Linear trend for 1981 through 2015, in (a) SLP (Pa decade21, ERA-Interim reanalysis),

(b) SST (8Cdecade21, NOAAOISSTv2 product). (c) Time series of SST (8C, 12-month running

mean) at the location of maximum trend (338S, 1588W).

JUNE 2016 ROEMMICH ET AL . 1879

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/13/24 07:20 PM UTC



but is consistent in pattern with an anomalous anticy-

clonic anomaly in the surface wind field. The corre-

sponding anomalies in surface wind stress are also

consistent with forcing the ocean circulation anomalies

described earlier.

4. Discussion

Similar spatial patterns were observed in the 10-yr

increase in South Pacific steric height (Fig. 3), the cor-

responding 22-yr increase in SSH (Fig. 2), and the 34-yr

increase in SST (Fig. 8). The anomaly patterns were

zonally elongated at 358S, occupying most of the basin,

withmaxima located near 1608Wof about 8 cmover 10yr

in steric height, 18 cm over 22 yr in SSH, and 1.78C over

34 yr in SST. These variables are dynamically related to

one another, but the respective observing systems are

independent as well as being of differing durations. The

similarity in spatial patterns and the continuity over time

in the 22- and 34-yr time series are indicators that the

10-yr trends in subsurface temperature, steric height, and

velocity observed by Argo are multidecadal.

Sasaki et al. (2008) suggested that the South Pacific

SSH increase in the period 1993 to 2003 was due to de-

cadal variability rather than a long-term trend. This was

based on strong similarity between the time series of a

model-derived EOF and that of SSH projected onto the

same EOF. An extended time series of the model EOF

beginning in 1970 showed no trend over the long record,

and the 1993 to 2003 increase therefore appeared to be a

decadal fluctuation (Sasaki et al. 2008, their Fig. 3).

Here, the contrary evidence is in the 34-yr SST trend and

also with the SSH time series now being two decades

long. The second decade of SSH reinforces, rather than

reverses, the signal, and the full 22-yr SSH dataset

shows a similar spatial pattern of increase. There is un-

doubtedly decadal as well as interannual variability in

the large-scale patterns, but the observational evidence

argues for an element of multidecadal change.

Subsurface variability includes downward displace-

ment of isothermal and isopycnal surfaces, at rates up to

80mdecade21, extending with decreasing amplitude

through the water column to at least 2000dbar. Maxima

in subsurface temperature change were 18Cdecade21 in

the thermocline (su 5 26.5) and 0.28Cdecade21 in the

Antarctic Intermediate Water layer (su 5 27.1). In ad-

dition to trends in temperature, a similar mid-Pacific

trend of increasing sea surface salinity was observed in

Argo data, with a maximum of 0.25 decade21 at 358S,
1258W, consistent with the 50-yr trend described by

Durack and Wijffels (2010).

The observed anomaly patterns in SSH and steric

height are largely caused by wind-driven convergence of

the surface layer and resultant downward displacement

(Ekman pumping) of the thermocline and deeper layers.

In Fig. 9a, the time-varying SSH anomaly at 358S for

1993 to 2014 is shown relative to a base averaging

period of 1993 to 2004. The Ekman pumping velocity

(Fig. 9b; myr21 downward) is calculated from wind

stress (ERA-Interim) as the wind stress curl divided by

the product of density times the Coriolis parameter. The

temporal evolution of SSH along 358S (Fig. 9a) consists

of localized wind-forced features (Fig. 9b) but with clear

indications in SSH of westward propagation (Qiu and

Chen 2006). It is seen, from comparing Figs. 9a and 9b,

that the large increases in SSH at around 1108W in 2007

and 2010 through 2013 are the result of localized Ekman

pumping, with the SSH anomalies subsequently propa-

gating westward about 108 of longitude per year.

Averaged over the 2004 to 2014 period, relative to 1993

to 2004, the anomalous Ekman vertical velocity is upward

between the date line and 1408Wand downward between

1208 and 808W. This pattern of anomalous Ekman

pumping—strengthening in the east and weakening in the

central ocean—differs from the previous decade discussed

in Roemmich et al. (2007, their Fig. 10), when the Ekman

pumping increased across all of the gyre interior. The

anomaly patterns of SSH and steric height described in

section 3a are consistent with the anomalies in wind stress

curl. To take this a step farther, Sverdrup transport is

calculated from the wind stress curl. The geostrophic

component of Sverdrup transport [e.g., Gray and Riser

2014, their Eq. (5)] is the difference between the Sverdrup

(total) transport and ageostrophic Ekman transport:

Wind-driven geostrophic transport5
k � =3 t

rb
1

t x

rf
,

where t is the wind stress and tx is its zonal component; r

is density; f is the Coriolis parameter; and ß is the me-

ridional derivative of f. The anomaly in wind-driven

geostrophic transport is estimated here as the difference

between 2013 to 2014 and 1993 to 2004 values (Fig. 9c)

and is integrated from the South American coast west-

ward. This calculation is, of course, sensitive to the years

chosen but is nonetheless illustrative. A 5-Sv northward

anomaly east of 1608W is seen as well as the largely

offsetting southward anomaly between the date line and

1608W. This is much like the pattern in steric height and

geostrophic transport anomaly from Argo (Fig. 6a). We

are not claiming that the basinwide circulation of the

South Pacific Gyre is in equilibrium with the wind

forcing. Clearly, it is not (Fig. 9a). But with large vari-

ability on time scales longer than a decade, and that

being the time scale for signals to cross the basin at 358S,
the adjustment process toward Sverdrup balance is seen
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taking place over periods comparable to those of the

10- and 22-yr datasets.

While the focus here is decadal to multidecadal vari-

ability, it is clear from the SSH and steric height time

series at 358S, 1608W (Fig. 4), and from the Ekman

pumping time series (Fig. 9b), that interannual vari-

ability is also important. The sharp SSH increases in

1998–2000 and 2010 correspond with La Niña episodes,

while decreases occurred most often in El Niño years.

There is a visual similarity between a detrended SSH

time series at 358S, 1608W and the Niño-3.4 index (e.g.,

Trenberth 1997). However, the correlation is higher

(r2 5 0.22) between a zonally averaged (1808–908W)

SSH time series and Niño-3.4. The modest correlation

increase in the zonal average reinforces the message

from SSH and wind stress forcing (Fig. 9) that locally

forced anomalies propagate westward.

In addition to the changes in circulation in the interior

South Pacific, there is also strong interest in the

boundary current region west of New Zealand. Decadal

variability in the transport of the East Australian Cur-

rent (EAC) at 348S has been described over a 15-yr

period of observations (Ridgway et al. 2008) and in-

terpreted as variability in the distribution of EAC

FIG. 9. (a) SSH anomaly (cm) along 358S for 1993 to 2014 relative to the mean from 1993 to

2003. (b) Ekman pumping velocity anomaly at 358S (m yr21, positive downward) for 1993 to

2014 relative to the mean from 1993 to 2003. (c) Meridional geostrophic Sverdrup transport

anomaly (Sv), integrated westward from SouthAmerica along 358S, for 2013 to 2014 relative to

the mean from 1993 to 2003.
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transport between the southward EAC extension and

the eastward separated flow along the Tasman Front

(Hill et al. 2011). A 60-yr trend in temperature at the

Maria Island coastal station east of Tasmania was found

to be due to a wind-forced increase in the transport of

the EAC extension (Hill et al. 2008). For the present

study, the Argo dataset resolves the interior ocean

transport and variability on interannual time scales, but

not that of the EAC. Moreover, latitude 358S passes

through northern New Zealand, which interferes with

the SSH propagation. In addition to local forcing and

westward-propagating signals, there are complex in-

teractions with topography in the west. In Fig. 5d, a

positive trend is seen during the Argo era in smoothed

meridional geostrophic velocity in the Tasman Sea. This

trend reverses at the western boundary. There, a sub-

surface maximum in increasing southward flow is con-

sistent with an increase in the EAC extension. Figure 9c

shows a similar result in the decadal change in Sverdrup

transport. That is, a northward change is seen over

most of the Tasman Sea but with a reverse to southward

in the western boundary region. These are decadal

signals, and the relationship of SSH and steric height

west of New Zealand with the pattern of long-term

trends in the ocean interior is beyond the scope of the

present study.

In Roemmich et al. (2007), we described the observed

trends in SSH and steric height as a ‘‘spinup’’ of the

South Pacific Gyre, and indeed there is an anticyclonic

circulation anomaly of basin scale. However, more

precisely, a spinup of the mean gyre circulation would

require a net equatorward anomaly in the interior bal-

anced by a poleward anomaly in the EAC. Although

such an equilibrated, intensified gyre circulation may be

the eventual result, the description here is of a transi-

tional circulation, of a gyre undergoing adjustment to

changing wind forcing and not one in equilibrium.

Nevertheless, the multidecadal patterns in mid-South

Pacific temperature, steric height, and sea surface height

account for a substantial fraction of the accumulated

heat in the global ocean and climate system (Roemmich

et al. 2015; Cai et al. 2010; Wijffels et al. 2008).
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