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Abstract Data reported from mid‐2014 to late 2018 by a regional pilot array of Deep Argo floats in the
Southwest Pacific Basin are used to estimate regional temperature anomalies from a long‐term
climatology as well as regional trends over the 4.4 years of float data as a function of pressure. The data show
warm anomalies that increase with increasing pressure from effectively 0 near 2,000 dbar to over 10
(±1) m°C by 4,800 dbar, uncertainties estimated at 5–95%. The 4.4‐year trend estimate shows warming at an
average rate of 3 (±1) m°C/year from 5,000 to 5,600 dbar, in the near‐homogeneous layer of cold, dense
bottom water of Antarctic origin. These results suggest acceleration of previously reported long‐term
warming trends in the abyssal waters in this region. They also demonstrate the ability of Deep Argo to
quantify changes in the deep ocean in near real‐time over short periods with high accuracy.

Plain Language Summary The coldest waters that fill much of the deep ocean worldwide
originate near Antarctica. Temperature data collected from oceanographic cruises around the world at
roughly 10‐year intervals show that these near‐bottom waters have been warming on average since the
1990s, absorbing a substantial amount of heat. Data from an array of robotic profiling Deep Argo floats
deployed in the Southwest Pacific Ocean starting in mid‐2014 reveal that near‐bottom waters there have
continued to warm over the past 4.4 years. Furthermore, these new data suggest an acceleration of that
warming rate. These data show that Deep Argo floats are capable of accurately measuring regional changes
in the deep ocean. The ocean is the largest sink of heat on our warming planet. A global array of Deep
Argo floats would provide data on how much Earth's climate system is warming and possibly improve
predictions of future warming.

1. Introduction

One of the more striking results of analyses of data from decadal repeat hydrographic sections by GO‐SHIP
(Talley et al., 2016) may be the large‐scale warming of the abyssal (depth > 4,000 m) waters (Desbruyères
et al., 2016; Kouketsu et al., 2011; Purkey & Johnson, 2010) and Southern Ocean freshening of some
Antarctic Bottom Waters (e.g., Aoki et al., 2013; Purkey & Johnson, 2013; Rintoul, 2007) since the World
Ocean Circulation Experiment survey in the 1990s. These abyssal waters are ventilated primarily by
Antarctic Bottom Waters that are formed when very cold, dense waters on the Antarctic continental shelf
descend along the continental slope, entraining warmer, lighter, older Circumpolar Deep Waters as they
flow into the abyssal ocean (Orsi et al., 1999). Antarctic Bottom Waters, albeit diluted to the north, fill the
majority of the abyssal ocean and account for a substantial fraction of the deep (2,000–4,000 m) ocean waters
as well (Johnson, 2008). The observed warming and freshening signals are largest around Antarctica, where
these bottom waters are formed, but the warming is also found throughout much of the global ocean. This
Antarctic Bottom Water warming signal also arises in high‐resolution climate models under increased
greenhouse gas forcing (Newsom et al., 2016), suggesting the possibility of future increases in abyssal ocean
heat storage.

Ocean warming accounted for about 93% of the excess heat building up in the climate system from 1971 to
2010 as a result of anthropogenic climate forcing (Rhein et al., 2013), mostly CO2 emissions from burning
fossil fuels (Hartmann et al., 2013). Since the Intergovernmental Panel on Climate Change's Fifth
Assessment Report, near‐global (first sparsely in 2005), year‐round, high‐quality temperature‐salinity
profiles from the surface to about 2,000 dbar collected by Argo floats have afforded an increasingly
accurate estimate of decadal global mean ocean warming rates in that upper half of the ocean volume,
with 5–95% uncertainty now about ±1/6th of the decadal rate estimate (e.g., Johnson et al., 2016;
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Key Points:
• Deep and bottom waters in the

Southwest Pacific Basin from 2014 to
2018 are increasingly warmer than
climatology with increasing depth

• The warm anomaly is statistically
different from zero at pressures
>2,800 dbar and reaches 11 (±1) m°C
by 5,500 dbar (1 m°C = 0.001 °C)

• Deep Argo floats measure a regional
mean warming rate of about 3 (±1)
m°C/year from 5,000 to 5,600 dbar
and from 2014 to 2018
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Roemmich et al., 2015). The lower half of the ocean, which is globally
sparsely surveyed at decadal intervals, also appears to take up a substan-
tial amount of heat, accounting for about 6% of the total global ocean
heat uptake rate since 1993, but the 5–95% uncertainties for the deep
warming are roughly the same size as the signal (Johnson et al., 2018).

The relation between ocean warming and future atmospheric warming in
climatemodels (e.g., Boé et al., 2009), as well as the importance of patterns
of deep ocean warming and freshening to regional sea level budgets and
sea level rise (e.g., Purkey et al., 2014), motivates a global Deep Argo array.
Deep Argo floats are a revolutionary new technology that allows autono-
mous ocean robots to measure vertical profiles of temperature and salinity
from the ocean surface to pressures as high as either 4,000 or 6,000 dbar
(depending on the model) and sample to within a few meters of the ocean
floor, closer than that achieved from ships. One design study (Johnson
et al., 2015) suggests that a global array of 1,224 Deep Argo floats (nominal
5° latitude × 5° longitude spacing in the seasonally ice‐free ocean deeper
than 2,000 dbar) profiling from the ocean surface to the seafloor would
reduce uncertainties of global estimates of deep warming by a factor of 5
compared to warming estimates made only with GO‐SHIP decadal repeat
oceanographic sections. Deep Argo regional pilot arrays are already
underway to demonstrate feasibility of deploying the floats, build the
capacity to do so, and illustrate usefulness of the data (Jayne et al., 2017;
Kobayashi, 2018).

Here we analyze data from one of those Deep Argo regional pilot arrays,
specifically 31 Deep Argo floats deployed in the Southwest Pacific Basin

(Figure 1), two as early as June 2014, to quantify regional deep ocean temperature changes in the region. In
section 2 we introduce the climatology and Argo data used, as well as our methods for analyzing the basin‐
averaged temperature differences from climatology, array length trends, and their confidence limits. In
section 3 we present the results, and in section 4 we discuss them. We demonstrate that even this modest
array of floats can detect statistically significant differences from a long‐term climatology, as well as trends
over 4.4 years or less, in the deep and abyssal Southwest Pacific Basin.

2. Data and Methods

We use the World Ocean Atlas 2018 (WOA18) for a temperature and salinity climatology (https://www.
nodc.noaa.gov/OC5/woa18/). From WOA18 long‐term values of temperature, practical salinity, and depth,
we calculate absolute salinity (SA) and conservative temperature (Θ) using TEOS‐10 (IOC, SCOR and
IAPSO, 2010) for the equation of state.

We downloaded Deep Argo data in the Southwest Pacific Basin from an Argo Global Data Assembly Center
(http://doi.org/10.17882/42182) on 20 November 2018. There were 31 floats that had sampled in the region
as of that date. Twowere deployed in 2014, 11 in 2016, 8 in 2017, and 10more in 2018. These floats provided a
total of 1,914 profiles (Figures 1 and 2), with 1,514 of those reaching a pressure of 3,900 dbar, 1,375 reaching a
pressure of 4,800 dbar, and 388 reaching a pressure of 5,500 dbar (Figure 3a). We used the Argo adjusted
values of temperature, practical salinity, and pressure (or the unadjusted values where the adjusted were
unavailable), linearly interpolating the data (which were sampled by the floats at a variety of vertical resolu-
tions from continuously to 5‐, 10‐, 20‐, or 50‐dbar intervals) to a uniform grid at 100‐dbar intervals, the latter
being similar to the WOA18 100‐m vertical spacing from 2,000 to 5,500 m.

The temperature sensors for the SeaBird Scientific SBE‐61 CTDs (Conductivity‐Temperature‐Depth instru-
ments) used on these Deep Argo floats were carefully selected to exhibit less than 1 m°C/year (1 m°C =
0.001 °C) drift prior to delivery. Even thermistors used for SBE‐41 CTDs on core Argo floats that have been
recovered after years in the field have held their calibration to order 1 m °C (e.g., Oka & Ando, 2004). Here
we focus on analysis of the Θ profiles, since the temperature data are thought to be very accurate and
stable, whereas the salinity data have not yet been subject to delayed mode scientific quality control,

Figure 1. Locations of Deep Argo float profiles in the Southwest Pacific
Basin as of 20 November 2018 deployed in 2014 (blue plus symbols), 2016
(orange cross symbols), 2017 (purple circles, except black circles around
32°S, 168°W for float WMO 5902528), and 2018 (red diamonds) with cli-
matological conservative temperature Θ values from World Ocean Atlas
2018 (https://www.nodc.noaa.gov/OC5/woa18/) contoured at 0.02 °C
intervals (see color bar) at 5,000 m. The 5,000‐m isobath (thick gray line) is
contoured from ETOPO1 (Smith & Sandwell, 1997) smoothed with a
30′ × 30′ half‐width hanning filter.
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and a very high level of accuracy and stability is needed to study salinity changes in the deep ocean (e.g.,
Purkey & Johnson, 2013).

We fit a sixth‐order polynomial to float practical salinity data as a function of temperature for all the inter-
polated float data at pressures of 900 dbar and greater. If the float practical salinity values deviated by more
than 0.1 PSS‐78 from that fit, the salinity from the fit was used rather than that reported by the float. This
step eliminated a small number of bad salinity values arising either from rapid measurement drift in one
of the CTDs or an impedance mismatch between the CTD and the float controllers in a few of the early mod-
els. It introduces no more than a 1‐m°C error in affectedΘ values. We then calculated SA,Θ, and depth from
the salinity, temperature, and pressure data. Pressure calibration errors and pressure sensor drift may also be
a concern, but the impacts of those are small in the nearly vertically homogeneous bottom layer.

For each Argo data point we calculate anomalies of Θ from WOA18 by linear interpolation in latitude‐
longitude depth coordinates. Where linear interpolation is not possible, the data points are discarded. For

Figure 2. Profiles versus pressure (P, dbar) of (a) conservative temperature (Θ; °C) for Deep Argo float WMO 5902528 (see
black circles in Figure 1 for profile locations) from 1,000 dbar to the bottom (thin black lines), (b) from 4,850 dbar to the
bottom with individual data points indicated (black plus symbols), and (c) ensemble mean (thick black line) of conser-
vative temperature vertical gradients (dΘ/dP; m°C) calculated from each profile.
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instance, WOA18 currently extends only to 5,500 m. Thus, 5,600 dbar, which is slightly shallower than that
depth, is the maximum pressure level that we can consider here.

Next we fit a linear function versus time to the data from all the floats regardless of location for the Θ anom-
aly at each pressure level (e.g., Figure 4 at 5,100 dbar). We estimate the confidence limits on that trend in the
standard fashion for unweighted least squares regressions (e.g., Wunsch, 1996, equation (3.3.10)). To esti-
mate the effective degrees of freedom for these confidence limits, we assume that each float is far enough
from its neighbors to be statistically independent (in terms of the dominant source of noise, mesoscale
eddies) but that the data collected from each float are serially correlated in time, reducing the degrees of free-
dom.We use the 60‐day decorrelation time scale estimated by Johnson et al. (2015), assuming that the values
they calculated at 1,800 dbar did not change with increasing depth, as expected for the mesoscale waves and
eddies that dominate the estimate. For example, if consecutive data points at a given pressure level from a
float are separated in time by 60 days or more, they each are considered independent, but data points sepa-
rated by 15 days would each contribute only one quarter of a degree of freedom subsequent to the single

Figure 3. (a) Number of data points (blue line) and effective degrees of freedom (DOF) for linear fits versus time (red
line) as a function of pressure in the Southwest Pacific Basin. (b) Anomaly (m°C) from linear fits (e.g., Figure 4) eval-
uated on 7 March 2017 relative to the World Ocean Atlas 2018 climatological average (thick black line) with 5–95%
confidence limits (gray shading). (c) Trend of Θ (m°C/year) from the linear fits of Θ anomalies with 5–95% confidence
limits (gray shading).
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degree of freedom attributed to the initial data point in the time series.
The floats used here have been cycling deep at 5, 10, or 15 days, typically,
but more rapidly when making initial shallower profiles. Hence, applying
these assumptions decreases the degrees of freedom by as little as a factor
of ~3 around 5,600 dbar and as much as a factor of ~6 near 1,000 dbar,
relative to the degrees of freedom assuming that each data point is statis-
tically independent (Figure 3a).

We estimate the basin mean Θ anomalies at each pressure (Figure 3b)
from the value of the linear fit versus time evaluated at the arithmetic
mean of the profile dates (7March 2017). We also estimate the basin‐mean
trend for Θ anomalies at each pressure (Figure 3c).

3. Results

Within the Southwest Pacific Basin there is a layer of very cold, nearly
homogeneous, dense, water near the bottom (Figure 2) that is largely
derived from Antarctic Bottom Water (Johnson, 2008). This layer can be
several hundred meters thick over the abyssal plain, extending up to
nearly 5,000 dbar. This water is also relatively fresh, oxygen‐rich, and
nutrient‐rich compared to the saltier, nutrient‐poorer water just above it
(see Talley, 2007; World Ocean Circulation Experiment Section P15), indi-
cating an increasingly higher fraction of North Atlantic DeepWater in the

waters from the bottom to about 3,500 dbar (Johnson, 2008). From about 4,300 to 3,500 dbar, where salinity
increases from deep to shallow (Talley, 2007), the vertical temperature gradient is stronger than either below
4,300 dbar or from 3,500 to 2,400 dbar (Figure 2c). From 3,500 to 2,400 dbar the vertical temperature gradient
is again weaker (Figure 2c) and salinity decreases, oxygen decreases, and nutrient concentrations again
increase with decreasing pressure indicating an increasing concentration of deep waters that have not been
in contact with the atmosphere for centuries to millennia (e.g., Gebbie & Huybers, 2012; Khatiwala et al.,
2012). Shallower than 2,400 dbar, the vertical temperature gradient (Figure 2c) again increases, indicating
the gradual transition from deep waters toward intermediate andmode waters that are ventilated in the high
latitudes and in much more recent contact with the atmosphere.

The difference from the long‐term climatology is not statistically significantly different from zero from 1,200
to 2,200 dbar (Figure 3b). This absence of change is consistent with the centennial to millennial residence
times of these waters. However, shallower than 1,200 dbar, the difference increases rapidly toward the sur-
face, where it reaches several tenths of a degree Celsius (not shown) and more slowly toward the bottom
where it last becomes statistically significantly different from zero at 95% confidence for pressures exceeding
2,800 dbar and reaches 11 (±1) m°C (Figure 3b) at a pressure of 5,500 dbar. These results are consistent with
previous studies indicating both near‐surface warming (e.g., Rhein et al., 2013) and increasingly statistically
significant warming with increasing depth in the deep and bottomwaters of the global ocean (e.g., Kouketsu
et al., 2011; Purkey & Johnson, 2010).

The linear trend over the Deep Argo sampling period (4.4 years, from June 2014 to November 2018) is posi-
tive and statistically different from zero below 4,900 dbar, with average values of 3 (±1) m°C/year at pres-
sures from 5,000 to 5,600 dbar (Figure 3c). The vertical temperature gradients are near zero at the lower
portion of this pressure range (Figure 2). From 2,100 to 4,300 dbar, the trend also is statistically significant
but negative, reaching a peak value of −8 (±3) m°C/year at 3,900 dbar (Figure 3c). The vertical temperature
gradients in the layer that is cooling are larger than in the near‐bottom layer that is warming (Figure 2). The
gradients are largest near 3,900 dbar, where the peak negative value is located (Figure 3c).

4. Summary and Discussion

The abyssal layer of the Southwest Pacific Basin is at least 10 (±1) m°C warmer than the WOA18 long‐term
average (Figure 3b) in 2014–2018, as measured by 31 Deep Argo floats that are well dispersed throughout the
region (Figure 1). Since the long‐term average is a mean of maps for several decades, some of which might
rely on sparse data, the time that this long‐term average represents is difficult to determine, so the rate of

Figure 4. Anomalies of Θ for Deep Argo float data at 5,100 dbar in the
Southwest Pacific Basin (Figure 1) from floats deployed in 2014 (blue plus
symbols), 2016 (orange cross symbols), 2017 (purple circles), and 2018 (red
diamonds) with respect the World Ocean Atlas 2018 long‐term climatology
with linear fit and 5–95% confidence limits (thick solid lines).
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warming implied by this result is not clear. However, warming has been observed in the bottomwaters of the
basin at a rate around 1 m°C/year from the 1990s to the 2000s and 2 m°C/year from the 2000s to the 2010s
(Purkey et al., 2019). From 2014 to 2018 the trend observed from 5,000 to 5,600 dbar is about 3 (±1) m°C/
year, consistent with an acceleration in the rate of warming over time. The warming over the 4.4‐year period
is observed only in the coldest, densest, nearly vertically homogeneous waters, where no amount of vertical
motion of isotherms could account for it. At 5,000 m, lateral motions of between roughly 40 and 200 km/year
(roughly 1 to 6 mm/s), estimated using the range of local lateral gradients in the basin (Figure 1), are con-
sistent with the changes. Hence, a very slight slowdown in the northward spread of Antarctic Bottom
Waters could explain the contraction. A long‐term reduction of the northward transport of bottom waters
in the South Pacific has been inferred in at least two independent analyses of different data sets
(Kouketsu et al., 2011; Voet et al., 2016).

Similarly, while the Deep Argo data show a bottom‐intensified warm anomaly relative to the WOA18 clima-
tology that is statistically different from zero starting at 2,300 dbar (Figure 3b), from 2014 to 2018, they mea-
sure a statistically significant cooling trend from 2100 to 4300 dbar, with a maximum rate of −8 (±3) m°C/
year at 3,900 dbar (Figure 3c). This cooling is the equivalent of a vertical motion (in this case ascent), or
heave, of deep isotherms of order 10 m/year. That heave could indicate a buildup of near‐bottom water
and deep water in the region; it could signal a change in the density structure associated with the geostrophic
flow, or it could imply both.

We investigated the robustness of these results by subsetting the floats into six deployment periods (see sym-
bol colors in Figures 1 and 4): 2014–2018 (all 31 floats, presented here), 2016–2018 (29 floats), 2014–2017 (21
floats), 2016–2017 (19 floats), 2014–2016 (13 floats), and even 2016 only (11 floats). The 2016 only subset has
the advantage of multiple time series of similar record length all in the center of the analysis region, where
lateral gradients are smaller in the bottom water. All of those analyses estimated similar statistically signifi-
cant bottom‐intensified warm anomalies, near‐bottom warming trends, and deep cooling trends that largely
overlap those presented here within 5–95% uncertainties. These results increase confidence in the findings
presented here.

While the temperature sensors are thought to be accurate to order 1 m°C, results presented here are robust
even if random normally distributed temperature offsets with a standard deviation of 5 m°C (substantially
larger than expected calibration errors) are applied to data from each float. As already mentioned, for data
from the few floats with substantial errors in salinity measurements, replacing bad salinity values with those
estimated using a polynomial deep temperature‐salinity relation could introduce a maximum error of 1 m°C
in computed Θ values, similar to the measurement error for temperature. However, the community has less
experience with the pressure sensors used on Deep Argo floats, and the early floats may have pressure cali-
bration errors. The effect of a 1‐dbar error (with the float reporting a higher pressure that truth) on calcula-
tion of conservative temperature owing to the compressibility of seawater is roughly −0.1 m°C/dbar. In the
homogenous near‐bottom layer, that would be the main source of error since the vertical gradient of conser-
vative temperature is negligible. However, in the more stratified region the effect of a pressure sensor error
owing to the vertical temperature gradient would oppose the thermodynamic effect and could be as large as
0.6 m°C/dbar of pressure error. Since float calibration errors could be on the order of several decibars at high
pressures and cold temperatures, the results in the more stratified deep waters should be regarded with
some caution.

One additional possible source of uncertainty that is not considered here is the use of a mixed‐era climatol-
ogy. While the WOA18 mean climatology is carefully constructed from decadal averages, in the deep and
bottom waters the sampling is sparse even when combining all data for any one decade, so spatial and tem-
poral variability are likely aliased in the climatology. Locally, this might make trends in anomalies suspect as
the floats are deployed in different locations at different times or if they move from one location to the other.
For instance, the warm anomalies at 5,100 dbar for floats deployed in 2017 mostly along the eastern edge of
the array (purple o's in Figures 1 and 4) could be real or a manifestation of such an artifact. However, the
ensemble of 31 float trajectories is somewhat random (Figure 1), so that aliasing is likely to be largely aver-
aged out over the basin scale, which is one reason the analysis is done on that large scale. After a global Deep
Argo array is established, it will allow estimation of a much superior climatology from a single era, as well as
assessment of the seasonal cycle in the deep ocean (which is likely to be small in deep midlatitudes away

10.1029/2018GL081685Geophysical Research Letters

JOHNSON ET AL. 2667



from the western boundary). Longer records from individual Deep Argo floats will also allow independent
estimates of the decorrelation time scales at these depths, testing the hypothesis that they result frommesos-
cale eddies and waves and hence are largely independent of depth. With these improvements estimations of
local anomalies and trends relative to the deep Argo climatology will be more reliable.

The time period over which these trends are calculated, 4.4 years, is rather short to infer much about long‐
term changes. Nonetheless, this analysis does demonstrate that an array of Deep Argo floats maintained at
near the 5° latitude × 5° longitude (Figure 1) recommended density (Johnson et al., 2015) is able to resolve
regional (basin‐scale) deep temperature changes with high statistical confidence over a relatively short (less
than pentadal) time period. That ability is unprecedented on a regional scale in the deep and bottom waters.
In addition, the 4.4‐year warming trend in the bottom waters suggests an accelerated bottom water warming
relative to that observed in the region between the 1990s and the 2010s (Purkey et al., 2019). The Deep Argo
array, when global, will provide even more insights into the mean state and changing properties of deep and
bottom waters and variations in their circulation.
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