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RESEARCH ARTICLE

Ocean temperature change around New Zealand over the last
36 years
Philip J. H. Suttona,b and Melissa Bowenb

aNational Institute of Water and Atmospheric Research, Wellington, New Zealand; bSchool of Environment,
University of Auckland, Auckland, New Zealand

ABSTRACT
Ocean temperature changes around New Zealand are estimated
from satellite sea surface temperature (SST) products since 1981,
two high resolution expendable bathythermograph transects
(HRXBT) since 1986 and 1991, and Argo data since 2006. The
datasets agree well where they overlap. Significant surface
warming is found in subtropical waters. Greatest warming is east
of Australia and in the central Pacific. All NZ coastal waters are
warming, with strongest warming east of Wairarapa and weakest
between East Cape and North Cape. Temperature changes are
surface intensified, extending to ∼200 m in the northeast and at
least 850 m in the eastern Tasman. Significant interannual
variability is coherent over a large area of ocean north of the
Subtropical Front and modulates extreme events. NZ air
temperatures are highly correlated at interannual timescales with
SSTs over a broad region of ocean north of the Subtropical Front
from the eastern Tasman to east of the dateline.
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Introduction

Changes in the ocean around New Zealand impact New Zealand’s climate and marine eco-
systems. Due to the small land mass and the large area of surrounding ocean, New Zeal-
and’s terrestrial climate is largely influenced by the surrounding ocean temperatures
(Sutton et al. 2005; Bowen et al. 2017). The changing ocean physical environment
impacts marine ecosystems with subsequent effects on fisheries and aquaculture (e.g
Schiel 2013; Schiel et al. 2016; Law et al. 2017; Pinkerton 2017). The IPCC 5th assessment
stated with high agreement that ‘climate change is a risk to the sustainability of capture
fisheries and aquaculture development’ and with high confidence that ‘Global warming
will result in more frequent extreme events and greater associated risks to ocean ecosys-
tems’ (Hoegh-Guldberg et al. 2014). Warming off the east coast of Tasmania has resulted
in significant ecosystem changes (e.g. Johnson et al. 2011; Ridgway and Hill 2012) leading
to concerns that similar impacts could occur in the New Zealand region. Schiel (2013)
notes that temperate reef organisms in northern New Zealand could already be near
their temperature limits for effective reproduction or survival and that the primary
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habitat-forming kelp around New Zealand, Ecklonia radiata, shows apparent sensitivity to
temperature.

The main impediment to studying ocean changes and their impacts is a lack of time-
series sufficiently long to unambiguously define decadal change. The longest data with
good spatial coverage are global satellite measurements of sea surface temperature
(SST), which started in 1981. The longest time series of the subsurface ocean are from
two repeat, high resolution expendable bathythermograph (HRXBT) transects which
have been sampled about 4 times per year since 1986 (Auckland/Tauranga to Fiji) and
1991 (Sydney to Wellington) (Roemmich and Cornuelle 1990). These timeseries allow
temperature changes in the subsurface ocean down to 850 m depth to be examined,
albeit over the shorter time periods. These HRXBT timeseries have been used previously
to define the ocean temperature climate of the north-east coast (Sutton and Roemmich
2001) and focus on a large increase in temperature that occurred in the 1990s in the
eastern Tasman Sea (Sutton et al. 2005). Finally, since 2004, the Argo system of
profiling floats has measured the 0–2000 m ocean around NZ with ∼3° latitude/longitude
and 10 d resolution, providing the first coverage of the water column. With the longest
duration of these data approaching 4 decades and the time since these previous studies,
it is pertinent to examine these data to resolve longer-term changes and determine
whether any significant trends are appearing.

Previous studies have found regions of increasing temperature east of Australia in the
East Australian Current Extension (Ridgway 2007; Hill et al. 2008) and northeast of New
Zealand in the central Pacific (Roemmich et al. 2016). Surface temperature trends around
New Zealand are less extreme than these regions and have significant variability correlated
with ENSO (Shears and Bowen 2017).

Here we examine the temperature trends, variability and extremes for the surface over
the region as a whole and to 850 m depth along the two HRXBT transects. This work
identifies areas of warming and cooling since the 1980s, with the SST measurements pro-
viding spatial resolution and the longest temporal coverage and the HRXBT timeseries
allowing subsurface temperature changes to be examined along the two commercial ship-
ping routes. Finally, the Argo data give full coverage over the upper 2000 m, but only for
the last 14 years.

The paper is organised as follows. The ‘Data andMethods’ section explains the different
data products used in this analysis, along with how they are processed from raw measure-
ments. The calculation of linear trends and determination of the statistical significance of
the trends are outlined. The results section shows the surface trends calculated from the
SST product and subsurface trends from the repeat HRXBT sections, as well as comparing
results from SST, HRXBT and Argo analyses where they sample the same regions. Surface
vertical correlations are calculated from the Argo timeseries to indicate to what depth the
surface signals penetrate. The patterns of the trends are discussed. Finally, the relationship
between terrestrial atmospheric and oceanic variability is commented on. The Discussion
section concludes by discussing the results and placing them in a regional context.

Data and methods

i) OI-daily SST (1981-present)
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The sea surface temperature (SST) product used in this analysis is an objectively-analysed
SST product based on satellite measurements (Reynolds et al. 2007; Banzon et al. 2016),
provided by NOAA (NOAA OI SST V2 High Resolution Dataset). These data are 0.25°
latitude and longitude spatial resolution and daily-average temporal resolution and are
available for the period since September 1981 when Advanced Very High Resolution
Radiometer (AVHRR) satellite measurements began (Reynolds et al. 2007; Banzon et al.
2016). The AVHRR-only product which uses Pathfinder AVHRR data for January 1985
to December 2005 and operational AVHRR data for 2006 onward was used in this analy-
sis. The AVHRR-only product was chosen in order to ensure a consistent dataset through
the entire time period avoiding discontinuities that can occur in merged products as
different instruments are either incorporated or discontinued (Reynold et al. 2007). The
retrieval of the AVHRR SST uses cloud-detection, and two or three satellite channels to
minimise atmospheric water vapour effects before regressing against quality-controlled
in situ drifting buoy measurements to tune the algorithms and convert the temperature
from being a measurement of the ocean ‘skin’ (∼1 µm) to a ‘bulk’ (∼0.5 m) estimate.

NOAA OI SST products have been found to have good agreement with in situ coastal
temperature records (Shears and Bowen 2017; Chiswell and Grant 2018). In a recent
report, Chiswell and Grant (2018) compared all available long-term coastal in situ SST
measurements with proximate offshore SSTs from the NOAA OI SST. They found that
the offshore SSTs accurately reproduced the variability at the coastal sites for interannual
timescales. The agreement was particularly good for sites along open coasts but deterio-
rated for sites in harbours and enclosed waters.

ii) HRXBT (1987-present PX06; 1991-present PX34)

Two HRXBT transects in the New Zealand region have been sampled ∼4 times per
year. A northern transect between either Auckland or Tauranga and Suva has been
sampled since late 1986, while a second Tasman Sea transect between Sydney and Well-
ington has been sampled since 1991. These transects are World Ocean Circulation Exper-
iment (WOCE) HRXBT lines PX06 and PX34 respectively and are the longest timeseries
of the sub-surface ocean around New Zealand. The measurements are made from ships of
opportunity (container ships) using XBTs and have a horizontal resolution of 17–25 km.
The data were made available by the Scripps High Resolution XBT programme (www-hrx.
ucsd.edu). The HRXBT data are not used in the OI-SST processing and are therefore
independent.

The raw sections consist of profiles of temperature with 2 m vertical resolution. The
individual HRXBT sections were initially objectively mapped onto a regular grid at
spacing of 0.1° in latitude (PX06) or longitude (PX34) by 10 m in depth, using the pro-
cedure described by Roemmich (1983). This mapping process is designed so the shallowest
data are associated with 5 m depth, avoiding errors associated with XBT technical issues in
the upper 2.5 m of the water column. Next, the spatially-gridded sections were mapped
onto a regular temporal grid using a least-squares harmonic analysis technique as
described in Sutton and Roemmich (2001) and Sutton et al. (2005) (modified from Roem-
mich and Cornuelle 1990). This technique is more complicated than, for example, linear
interpolation, but is necessary because the approximately-quarterly sampling barely
resolves the annual cycle. The harmonic analysis directly calculates the seasonal cycle
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using the full timeseries, thereby enabling harmonic interpolation through years with
insufficient temporal resolution to resolve the annual cycle.

The harmonic analysis was set up such that the shortest period fitted was 6 months, and
the longest was 60 years. In addition, as in Sutton et al. (2005), a mean and linear trend were
fitted to the data at each grid point and then removed before the remaining anomalies were
interpolated. A random error of 0.2°C was assumed for the XBT measurements to account
for both errors in the temperaturemeasurement and errors in the fall rate (Georgi et al. 1980;
Roemmich and Cornuelle 1990). The harmonic analysis has an associated power spectrum
related to the amplitudes of the harmonics. The a priori power spectrum was defined as a
function of depth and frequency, with an e-folding scale with depth chosen to be 200 m
(e–z/200), reflecting observed decaying variability with depth, and a red frequency depen-
dence. Spectral peaks were added at the annual and semi-annual cycle with amplitudes
based on the seasonal variability in the data and with vertical e-folding scales of 200 m,
to account for the upper ocean seasonal cycle and its asymmetry. This a priori power spec-
trum was developed to be consistent with the spectral behaviour of the data. The red spec-
trum lowers high-frequency responses, allowing the interannual variability to be focused on,
and limits spurious behaviour in data gaps. The data minus fit residuals were consistently
less than 1 standard deviation. The result of the interpolation and harmonic analysis is a
regularly-gridded temperature product in space and time.

XBTs are relatively simple instruments. The temperature is measured by a thermistor
with an accuracy of ± 0.2°C while the depth of the measurement is calculated using a fall-
rate equation with errors of the order of 2% of depth or 5 m. Considerable efforts have
been made to understand and improve XBT data by correcting for biases and fall rate
errors, which have both been found to vary with probe type and time of manufacture
(e.g. Cowley et al. 2013; Cheng et al. 2014). The errors are mitigated in this analysis
because all of the probes used are of the same type (Sippican Deep Blue) deployed from
similar platforms (container ships). In addition, the temperature and fall rate coefficient
biases have been relatively constant since 1987, i.e. through the time period of these
measurements (Cheng et al. 2014). Finally, the results presented here are based on
anomalies, thereby removing the impacts of time-mean biases. For these reasons, we
have not applied time-dependent corrections, but chosen the approach of using the
Hanawa et al. 1995 fall-rate equation followed by the horizontal and temporal objective
analyses, analogous to previous analyses of these data (e.g. Roemmich and Cornuelle
1990; Sutton and Roemmich 2001; Sutton et al. 2005).

iii) Argo (2004-present)

Argo is a programme with more than 3500 profiling floats deployed in all of the world’s
oceans (e.g. Roemmich et al. 1998). Each float typically measures and transmits profiles of
temperature and salinity between the surface and 2000 m every 10 days, and adequate cov-
erage in the New Zealand region was achieved in 2004. The analysis here is based on the
objectively-mapped Argo product from Roemmich and Gilson (2009), which uses the
nearest 100 Argo profiles to estimate monthly temperature and salinity between the
surface and 2000 m at each degree of latitude and longitude from 2004 to the present.
The result is a gridded product of temperature between the surface and 2000 m depth
with monthly time resolution and 1°latitude/longitude spatial resolution. The Argo
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timeseries is too short to identify significant trends, but can be used to corroborate the SST
and HRXBT results and to investigate the coherence of changes through the water column,
thereby indicating the depths to which SST changes may reach. Argo data are not used in
the OI-SST processing, and so are independent.

Determining the trends and their statistical significance

The trends were calculated using a least-squares fit on data after the seasons were removed,
that is fitting a model:

}x(t) = a+ bt, for t = 1, . . . , nt (1)

The statistical significance of the calculated trends was determined as described by Santer
et al. (2000). Firstly, the regression residuals, e(t) are defined as:

e(t) = x(t)− x̂(t); for t = 1, . . . , nt (2)

For statistically independent values of e(t), the standard error of the slope, b, is defined as:

sb = se
∑nt

i=1 (t −�t)2
[ ]1/2 (3)

where s2e is the variance of the residuals about the regression line, given by:

s2e =
1

nt − 2

∑nt

t=1

e(t)2 (4)

However, the values of e(t) are not statistically independent. The temporal autocorrelation
in e(t) is accounted for by using an effective sample size (Bartlett 1935; Mitchell et al. 1966)
using an effective sample size ne based on r1, that lag-1 autocorrelation coefficient of e(t):

ne ≈ nt
1− r1
1+ r1

(5)

Where

r1 =
∑nt−1

i=1 (xi − �x)(xi+1 − �x)∑nt
i=1 (xi − �x)2

(6)

The alternative approach of defining the autocorrelation time scale by the time at which
the autocorrelation fell to 1/e of the zero lag value was also tested. The answers were effec-
tively identical, both indicating a SST decorrelation time over the region of about 30 days.

The subsurface HRXBT autocorrelation time scales were calculated from a linearly-
interpolated dataset rather than the harmonically-analysed dataset, to ensure the results
were not a reflection of the correlations assumed in the harmonic analysis. The 1/e
approach was preferred because it gave more consistent results, perhaps because of the
linear interpolation. The decorrelation times for the subsurface HRXBT data ranged
from ∼3 months (roughly equivalent to the temporal resolution of the data) to 2 years.

Substituting the estimated effective sample size ne for nt in (4) and adjusting the sum-
mation to only sum over nt spaced, independent samples gives an adjusted estimate of the
standard deviation of the regression residuals (s

′
e) and therefore of s

′
b.
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Whether a trend is x(t) is significantly different from zero is then tested by computing
the ratio between the estimated trend and its standard error:

tb = b
s′b

(7)

Under the assumption that tb is distributed as Student’s t and using ne degrees of freedom.
This approach is the ‘Adjusted Standard error + Adjusted Degrees of Freedom’ approach
in Santer et al. (2000).

While there are some heterogeneities across the domain, for the long time series of the
Reynold’s OI-daily SST the outcome is that trends with magnitude greater than ∼0.05°C/
decade are statistically different from zero.

Results

i) SST Trends and Variability

The regional trends in SST are shown in Figure 1, with areas where the trend is not sig-
nificant at the 95% level shaded in white. The strongest surface warming signals are seen in
the East Australian Current (EAC) and EAC Extension regions and an area in the central
Pacific centred on ∼35°S, 200°E, east of North Cape. The strong warming in the EAC
Extension region has been noted by numerous earlier studies (e.g. Ridgway 2007; Hill
et al. 2008) and has been cited as a global ‘hotspot’ with warming 3–4 times greater
than the global average (Ridgway 2007; Wu et al. 2012). The central Pacific area of
strong surface warming centred on ∼35°S 200°E has also been described in earlier
studies, with Roemmich et al. (2007) and Roemmich et al. (2016) discussing the manifes-
tation of this signal in sea surface height. South of the Subtropical Front, at about 45°S,
there has been little to no surface warming since 1981, while Subantarctic Water south
east of New Zealand has shown significant surface cooling.

The warming trends are generally weaker but still statistically significant closer to New
Zealand (Figure 2), with eastern Tasman warming of ∼0.1–0.3°C/decade. There is very
weak warming along the northeast coast of the North Island north of East Cape, which
is consistent with the lack of trend detected in the recent analyses of the University of
Auckland Leigh coastal SST time series by Shears and Bowen (2017) and Bowen et al.
(2017). The strongest warming along the New Zealand coastline occurs on the east
coast of the North Island south of East Cape.

Figure 3 focuses further on changes near the coast. Pixels close to the coast were selected
(Figure 3A) and annually-smoothed temperature anomaly timeseries from these locations
are shown in Figure 3B with the coastline ‘unwrapped’ so that the y axis begins with
Stewart Island before running northward up the east coast to North Cape and then south-
ward along the west coast to complete the circuit at Stewart Island. Correlation length
scales implicit in the daily OI-SST product are of the order of 100–150 km (Reynolds
et al 2007) or about half the distance between Banks Peninsula and Cook Strait,
meaning that Figure 3B is effectively smoothed over this length scale. The OI-SST corre-
lation time scales are much shorter than the annual smoothing and so will not impact
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Figure 3B. Strong coherence over the entire coastline is clear in Figure 3B, consistent with
the finding of Bowen et al. (2017) that interannual changes are correlated over large areas.
The general pattern is that 1982–1983 is relatively cool, with a second cool period occur-
ring in the 1990s. There was strong warming in the later 1990s (e.g. Sutton et al. 2005) with
1998 being the warmest year on record in the New Zealand air temperature seven station
record until it was surpassed in 2016 (https://www.niwa.co.nz/our-science/climate/
information-and-resources/nz-temp-record/seven-station-series-temperature-data). The
banding in Figure 3B indicates significant interannual variability. Within the large-scale
pattern of variability, there are subtle changes around the coastline. The section of coast
between Cook Strait and East Cape shows more warm events through the 2000s, consist-
ent with it being near the region of strongest trends. Conversely, the coast between East
Cape and North Cape was not as cool in 1982–1983 and does not show the warm
events between 2001 and 2015, consistent with it being a local minimum in warming
(Shears and Bowen 2017). The west coast varies largely in unison, which indicates that
the eastern end of the HRXBT section is representative of much of the eastern Tasman.

The SST changes at six locations shown in Figure 1 are examined in Figure 4. Daily
temperature anomaly timeseries with means and seasons removed indicate variability on
all timescales, with the particularly noticeable cool period around New Zealand during

Figure 1. The linear trend in SST 1981–2017 calculated from the NOAA OI SST V2 High Resolution
Dataset (Reynolds et al. 2007; Banzon et al. 2016). Regions where the trends are not statistically signifi-
cant are shaded in white. Contour intervals are 0.05°C/decade. Locations where anomalies are shown
later are highlighted.
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the early 1990s followed by rapid warming through the late 1990s (Sutton et al. 2005).
The interannual variability and linear trends for each location are also shown. The
top two panels show the warming associated with the EAC Extension and central
Pacific warming and are the largest trends in the southwest Pacific. In contrast, the
strongest warming near the New Zealand coast is the 0.32°C/decade signal east of Wair-
arapa. There is weak warming off the northeast coast of the North Island, and even
weaker on Campbell Plateau. The last panel on the bottom right shows the timeseries
from the region with cooling to the southeast of New Zealand. These daily timeseries
indicate the changing levels of interannual and decadal variability throughout the
region, with the EAC Extension timeseries having the most variability, consistent with
its association with the highly-variable EAC and the Campbell Plateau having the
least variability.

To investigate interannual variability and different regional behaviours, three represen-
tative areas around New Zealand were identified from Figures 1 and 2. These are a north-
east region, north of the Subtropical Front and east of New Zealand; an eastern Tasman

Figure 2. As for Figure 1, but focusing on the New Zealand region. Contour intervals are 0.02°C/decade.
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Sea region, north of the Subtropical Front and east of the EAC and a region east of New
Zealand and south of the Subtropical Front, largely over Campbell Plateau (Figure 5A).
Average daily SST anomalies with means and seasonal cycles removed, along with
annually-smoothed (one-year running mean) and linear fits for these three regions are
shown in Figure 5B.

The two subtropical regions (northeast and Tasman) show fairly similar behaviour, are
correlated (r = 0.75) and have similar trends (0.22 ± 0.04°C/decade and 0.20 ± 0.03°C/
decade, respectively). They both show the cool period through the 1990s, although this
cool event was not as pronounced but more persistent in the Tasman. Interannual varia-
bility of the order of 1°C is typical, and daily regional-average anomalies tend to be within
2°C of the mean. The southeast timeseries shows somewhat different behaviour, although
it is still positively correlated with the subtropical areas (r = 0.28 with the Tasman; r = 0.15
with the northeast). The trend is smaller, at 0.05 ± 0.03°C/decade, there is lower interann-
ual variability of typically ≤0.5°C and lower daily variability of ≤1°C. This relatively low
variability is consistent with that seen in the single point Campbell Plateau timeseries in
Figure 4.

Extreme events are also indicated in Figure 5, with regionally-averaged temperatures
more than two standard deviations from the mean marked in bold. In all regions, the
occurrences of warm and cool events are modulated by interannual variability, that is
warm extreme events almost exclusively occur during warm periods and cool extreme
events during cool periods. This modulation is clear during the early 1990s cool period
in subtropical water (the Tasman and northeast regions), particularly so for the northeast,
with the bulk of northeast cool events occurring between 1991 and 1995. Beyond this
decadal modulation, there is no clear trend in the occurrence of warm or cool events in
the northeast or southeast regions. There is the suggestion that the occurrence of warm
events in the Tasman region is becoming more frequent, and cool events look to be
becoming rarer, with only one Tasman cool event since 2008, as could be expected
given the significant warming trend.

Figure 3. A, The New Zealand Seven Station locations (green). The locations near the coast selected to
build a near-coastal timeseries (red). B, the timeseries of annually-smoothed temperature anomaly near
the coast. The y axis begins at the southern-most location south of Stewart Island, then runs north
along the east coast to North Cape (shown by the black line) before running south along the west coast.
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ii) Subsurface (HRXBT) trends

The two repeat HRXBT transects provide the longest timeseries of subsurface tempera-
ture in the southwest Pacific. The data locations for the northern (New Zealand to Fiji)
transect (PX06) are shown in Figure 6 along with the linear temperature trends as a func-
tion of depth between the surface and 850 m (the maximum depth of the XBT) and
through the latitude range between New Zealand and Fiji. Areas where the trends are
not significant at the 95% level are shaded in white.

The pattern of change along this northern transect shows an irregular upper layer of
significant warming overlaying a layer of almost entirely statistically insignificant
cooling. As with the SST analysis, shallow warming trends are small near the New
Zealand northeast coast.

Figure 4. Daily and annually-smoothed temperature anomalies together with trends for six locations
(shown on Figure 1) in the southwest Pacific. Means and seasonal cycles have been removed.
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The positions of the Tasman HRXBT data are shown in Figure 7 along with the temp-
erature trends. For this transect the position along the transect is demarked by longitude
and areas where the trend is not significant are again shaded in white. A reasonable

Figure 5. A, Three representative areas. B, Spatially-averaged daily SST anomalies for the three regions
(with means and seasonal cycles removed), together with annually-smoothed timeseries and linear
trends. Daily anomalies more than two standard deviations from the mean are shown in bold.
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proportion of the western end of the transect does not have significant trends as a result of
strong innate variability in the western Tasman associated with the EAC. This high varia-
bility impacts the XBT analysis more than the SST analysis because of the shorter record
and less frequent sampling of the XBT data. A layer between 100 and 300 m depth east of
164°E also has trends that are not significant. This is a result of longer autocorrelation
times of between 1 and 2 years (compared with 0.25 years elsewhere) decreasing the
degrees of freedom.

The eastern Tasman is seen to warm significantly in a continuation of the warming
through the 1990s discussed by Sutton et al. (2005). There is the suggestion of three
layers, 0–100 m which is consistent with winter mixed layer depths, 100–500 m and
deeper than 500 m.

iii) Intercomparison between SST, HRXBT and Argo

The three different observations: satellite SST, HRXBT and Argo can be compared
at surface locations along the HRXBT transects. Figure 8 shows SST, 5 m HRXBT and
0–5 m Argo timeseries that have been annually-smoothed with a 12 month running
mean, demeaned and deseasoned together with their linear trends for a location
north of Auckland along PX06 and a second location in the eastern Tasman along
PX34.

The timeseries are consistent, given the different measurement and mapping tech-
niques: SSTs being objectively-interpolated, twice-daily radiometer-based estimates of
the upper ∼0.5 m; HRXBT results being 5 m estimates from harmonically-interp-
olated, approximately quarterly ocean measurements using a thermistor and Argo
being an objective analysis of 0–5 m data from floats spaced every ∼3°latitude/longi-
tude and cycling every 10 days making ocean measurements using a CTD. HRXBT
results from the 10 m depth level were almost identical and had the same trends to
two decimal places, confirming that near-surface artefacts are not impacting the

Figure 6. A, locations of the XBT casts used in the analysis of ocean temperatures between New
Zealand and Fiji from repeat HRXBT line PX06. B, linear trends in temperature between the surface
and 850 m along the mean HRXBT track. Regions where the trend is not significant are shaded in
white. Contour intervals are 0.05°C/decade.
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XBT results. Notable is that the PX34 timeseries was started during a cool period in
the Tasman in the early 1990s, which was followed by a period of dramatic warming
as discussed by Sutton et al. (2005). As the timeseries has continued, the cool start
time has had diminishing impact on the trends, but the HRXBT trend (0.31 ± 0.08
°C/decade) is still higher than the SST trend (0.22 ± 0.05°C/decade) in a salutary
lesson about the limitations of short timeseries and the impact of anomalies at the
ends of timeseries on calculating trends. In contrast, the HRXBT PX06 transect was
started earlier, in 1986, and the trend is not as impacted by the cool conditions
around New Zealand in the early 1990s. Indeed, at this location the SST and
HRXBT trends are the same at 0.19 ± 0.04 and 0.19 ± 0.07°C/decade.

The consistent trend calculations between the short Argo timeseries and the longer
HRXBT and SST timeseries are somewhat serendipitous. Earlier analyses based on
slightly shorter periods did not show such good agreement. The Argo dataset is not
long enough to robustly estimate decadal trends at high spatial resolution, but is
already sufficient to determine decadal trends by spatially averaging to reduce noise
(e.g. Roemmich et al. 2015).

Figure 7. A, locations of the XBT casts used in the analysis of Tasman Sea temperatures from repeat
HRXBT line PX34. B, linear trends in temperature between the surface and 850 m along the mean
HRXBT track. Regions where the trend is not significant are shaded in white. Contour intervals are
0.05°C/decade.
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iv) Depth extent of surface changes

While the Argo timeseries is still too short to calculate significant local trends, the
spatial and temporal coverage from Argo allow the relationships between 0–5 m and sub-
surface temperature variability to be investigated, in particular the correlation between 0–5
m and subsurface temperature changes. This is of interest because it informs the interpret-
ation of changes in the subsurface ocean in relation to the longer, readily-available, high-
resolution satellite SST timeseries. Previous studies have shown that 0–5 m Argo measure-
ments are a good representation of SST, with Roemmich and Gilson (2009) comparing the

Figure 8. Comparison of SST, 5 m HRXBT and 0–5 m Argo timeseries for locations along the northern
PX06 transect (A) and the Tasman PX34 transect (B). All timeseries have had means and seasonal cycles
subtracted and been annually smoothed with a 12-month running mean filter. The linear trends from
each timeseries are also shown.
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topmost depth of their Argo climatology with OI-SST and finding the variance of the
difference to be ∼0.04 (°C)2 and Roemmich et al. (2015) finding that the global mean
Argo temperature above 5 m tracks closely with SST change. Figure 9 shows the depths
at which the correlation with surface temperature changes drops to 0.7 for the four
seasons based on monthly 1°latitude/longitude, objectively-analysed data from the Roem-
mich and Gilson Argo climatology (Roemmich and Gilson 2009). It was chosen to do this
analysis on a seasonal basis because the seasonal cycle of the upper ocean with the for-
mation and decay of the mixed layer could be expected to determine the upper ocean ver-
tical length scales. Indeed, this is the case. Summer (DJF) sees the smallest r = 0.7
correlation depths (∼40 m), with deepening through autumn (MAM). The winter and
spring seasons see this correlation depth extending to more than 100 m around most of
New Zealand, meaning that changes in SST of spatial scales of the order of 1°latitude/
longitude and time scales of the order of a month are correlated (r = 0.7) with temperature
changes down to more than 100 m. The area associated with the Subantarctic Front (SAF)
south of New Zealand shows correlations to large depths, apparent across a small area in
summer expanding to a large area in winter. This is consistent with the low stratification
and very deep winter mixed layers associated with this region. Winter in this region saw
the ocean down to 2000 m (the maximum Argo depth) still correlated with the surface
changes (at r = 0.7).

Figure 9. Depth at which the correlation with the surface falls to 0.7 for deseasoned, seasonal data.
Based on Argo (RG climatology). Contours are at 20 m intervals.
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i) Relationship with New Zealand air temperature

Also of interest is the relationship between New Zealand terrestrial air temperature and
SST. This was investigated using the New Zealand Seven Station air temperature series
(7SS). The 7SS is calculated by subtracting the 1981–2010 temperature averaged over
seven stations (Auckland, Masterton, Wellington, Nelson, Hokitika, Lincoln, and
Dunedin) from the monthly averages of the seven stations (Folland and Salinger 1995;
Mullan et al. 2010). The 7SS timeseries have been corrected for measurement site reloca-
tions and instrument changes to provide consistent measurements of air temperatures at 7
sites across New Zealand. Here, we correlated annual anomalies of the mean 7SS tempera-
ture with annual mean SST anomalies calculated from the OI-SST product (Figure 10).
The results indicate a large area of significant correlation between air temperatures and
SST for interannual timescales, with the highest correlations in the eastern Tasman Sea
west of the North Island. Correlations decrease west of 160°E and south of around 45°
S. The large area of high correlation is consistent with the analysis of Bowen et al.
(2017) who found significant correlations between the coastal SST measurements made
at Leigh, north of Auckland and a similarly large area on interannual timescales.

Figure 10. Correlation of annual-average SST with mean of terrestrial New Zealand Seven Station
record (annually-averaged).
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The trends and 95% confidence intervals for the individual 7SS stations and their mean
were also calculated for the period since 1981 coincident with the OI-SST product. The
individual station trends were: Auckland: 0.20 ± 0.15°C/decade; Masterton: 0.04 ± 0.18°
C/decade; Wellington: 0.06 ± 0.16°C/decade; Hokitika: 0.11 ± 0.17°C/decade; Nelson:
0.23 ± 0.15°C/decade; Lincoln 0.11 ± 0.15°C/decade; Dunedin: 0.09 ± 0.15°C/decade;
with the mean NZT7 trend since 1981 being 0.12 ± 0.15° C/decade.

Discussion

Analysis of the nearly 40-year timeseries of SST reveals that SST has warmed over most of
the southwest Pacific. However, different regions show different warming rates. The results
show significant warming over much of the ocean north of the Subtropical Front (STF),
with no warming or slight cooling south of the STF (Figures 1–5). There is weaker
warming in the tropics northeast of New Zealand, and cooling in the Southern Ocean
east of New Zealand.

Over the wider region, there are two localised areas with high warming rates. The first is
off the east coast of Australia in the southernmost extent of the EAC and the EAC Exten-
sion. This strong warming is consistent with the global observations of strongest warming
in the western boundary currents of the five subtropical gyres (Wu et al. 2012). The temp-
erature increase in this region has been noted by numerous earlier studies as a global
‘hotspot’ with warming 3–4 times greater than the global average due to changes in the
EAC and the EAC Extension extending further south in recent decades (e.g. Ridgway
2007; Hill et al. 2008).

The second area of strong warming is in the central South Pacific gyre centred on ∼
160°E, 35°S. This central Pacific signal has also been described in earlier studies, with
Roemmich et al. (2007) and Roemmich et al. (2016) identifying the manifestation of
this signal in sea surface height. Both the EAC Extension and central Pacific warming
maxima have been attributed to a spin-up of the subtropical gyre due to increased
winds (Ridgway 2007; Roemmich et al. 2007; Wu et al. 2012; Roemmich et al. 2016).

Adjacent to New Zealand, the strongest warming occurs along the east coast of the
North Island south of East Cape. This is the southernmost limit of the local western
boundary current (WBC), the East Cape Current, and so this localised warming
maximum is analogous to the warming off the southeast coast of Australia. However,
while much of the warming signal in the EAC and EAC Extension regions results from
boundary current changes with the EAC Extension strengthening and moving south,
the separation of the WBC from the New Zealand coast is geographically locked by
Chatham Rise bathymetry (e.g. Chiswell et al. 2015). Furthermore, in their study of varia-
bility in New Zealand boundary currents, Fernandez et al. (2018) found no discernable
trend in East Cape Current transport. Therefore, the underlying reason for this localised
signal remains a matter for further research. The weakest warming around New Zealand
occurs along the northeast coast of the North Island, concurring with the results of Shears
and Bowen (2017) who found no significant trend in a longer timeseries of coastal SST
measured at Leigh, north of Auckland. The difference in signals north and south of
East Cape is counter to a conventional paradigm that the East Cape Current is largely a
continuation of the East Auckland Current, which would indicate that the two regions
are strongly coupled. However, Fernandez et al. (2018) found little coherence between
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the East Cape and East Auckland Currents, consistent with the different SST trends found
here.

The regional variability in warming trends indicates that environmental and ecological
impacts could vary spatially, with the strongest trend in the region between East Cape and
Cook Strait and the significant trend in the already warm north west coast suggesting those
areas are most vulnerable to impacts.

The nearly 40 years of warming in subtropical waters since 1981 at approximately 0.12–
0.34°C/decade (Figure 2) is of similar magnitude to future regional warming predicted by
earth system models. Law et al. (2017) indicated mid-century warming rates of 0.2 and
0.25°C/decade for moderate (RCP4.5) and high emissions (RCP8.5) projections. These
projections indicating surface warming trends of 0.14 and 0.31°C/decade respectively
for the end-of-century 2100.

Subsurface trends around New Zealand over the past few decades show temperature
increases in the upper few hundred metres around the country (Figures 6 and 7) with
increases extending to 850 m in the Tasman Sea (Figure 7). Both HRXBT lines show sig-
nificant warming through the biologically-significant euphotic zone. From the Argo time
series, the changes at the surface can be correlated with the changes at depth to infer the
depth of temperature anomalies reflected by the longer time series of surface temperature.
Around New Zealand, this ranges from ∼40 m in summer down to 100 m or more in
winter. South of New Zealand near the Subantarctic Front, surface variability is correlated
to great depths (>1000 m), consistent with the weak stratification and deep mixed layers
found in this region. This coupling between the surface and deeper ocean is also a likely
contributor to the lower SST trends found to the south, with Southern Ocean heat content
changes being spread over a much thicker layer than those to the north. The vertical cor-
relations calculated from the Argo product and the agreement between the SST, HRXBT
and Argo analyses where they overlap indicate that the warming trends and seasonal to
interannual variability apparent in the SST analysis are likely to persist to at least 40–
100 m depth around New Zealand.

The HRXBT transects can also be used to examine the changes in stratification because
temperature dominates stratification in the South Pacific. A regularly-cited likely outcome
of climate change is increased stratification resulting from upper ocean warming (e.g.
Levitus et al. 2009; Rhein et al. 2013). The HRXBT analyses indicate the temperature
difference between the surface and 200 m in the eastern Tasman (165°E to 172°E) has
increased at a barely-significant rate of ∼0.10 ± 0.08°C/decade. In contrast, for the north-
ern HRXBT P06 transect, the temperature difference between the surface and 200 m south
of 30°S has decreased, i.e. the temperature stratification has decreased by –0.11 ± 0.08°C/
decade. These trends in upper ocean thermal stratification compare with the global
average of ∼0.25°C between 1971 and 2010 (Rhein et al. 2013) or 0.06°C/decade. Calcu-
lations of the mixed layer depths from the raw and harmonically-analysed HRXBT time-
series give no indication of changes in mixed layer depths along either of the HRXBT
transects. This lack of signals in mixed layer depth could be a result of the quasi-quarterly
HRXBT sampling being inadequate to accurately resolve the annual cycle in mixed layer
evolution.

New Zealand air temperatures are highly correlated with ocean temperatures over a
large area around the country (Figure 10). Similar relationships have been noted in
previous studies (e.g. Sutton et al. 2005; Bowen et al. 2017). We find the mean
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NIWA 7 station air temperature is most strongly correlated with ocean temperatures
in the eastern Tasman, as could be expected given the prevailing westerly winds in the
New Zealand region. The region of high correlation is largely limited to subtropical
water (i.e. north of the STF), coinciding with the region of significant warming.
The correlation falls off in the western Tasman but does extend past the dateline to
the west.

The mean SS7 air temperature trend (0.12°C/decade) is similar to that found in the
eastern Tasman Sea, but the variability between stations indicates significant local vari-
ations. Interestingly, Masterton andWellington have the smallest trends despite their rela-
tive proximity to the highest coastal SST trend off the Wairarapa coast. That is likely
possible because of the relative rarity of easterly winds and Masterton’s inland location.
However, these differences in trend are small compared to the large interannual variability
and considering the broad confidence intervals on the 7SS temperature trends.

The nearly 40 years of temperature observations show that interannual and decadal
variability dominate the record and their influence on the calculation of trends cannot
be neglected. The strongest interannual variability in the New Zealand region is due to
the El Niño/Southern Oscillation (ENSO) (e.g. Greig et al. 1988; Folland and Salinger
1995; Sutton and Roemmich 2001; Bowen et al. 2017). The interannual variability is
instrumental in determining extreme warm and cold events (Figure 5) and should be
expected to do so into the future.

In summary, there has been significant warming over much of the southwest Pacific
north of the Subtropical Front since 1981. There are specific regions of stronger
warming associated with the EAC and EAC Extension and a region in the central
South Pacific gyre – both as a result of gyre spin up. All of the ocean adjacent to New
Zealand has warmed, with the strongest warming occurring off the Wairarapa Coast
and the weakest along the northeast coast between East Cape and North Cape. The
HRXBT transects reveal that the ocean is warming over the upper 200 m around New
Zealand and down to 850 m in the Tasman Sea. New Zealand air temperature changes
on interannual timescales are highly correlated with a large area of ocean from the
eastern Tasman to beyond the dateline, largely over ocean north of the Subtropical
Front. Both warm and cool extreme events are modulated by interannual variability.
Five year running means of the number of days with warm and cold extremes suggest
an increase in the frequency of warm events and decrease in frequency of cool events
in the eastern Tasman, but no changes in the other regions.
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