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The rate of increase of the global mean surface temperature 
has shown a high level of variability despite a steady increase 

in greenhouse gases, including periods of zero or relatively low 
warming, often referred to as a warming “hiatus” (e.g., Trenberth 
and Fasullo 2010; Foster and Rahmstorf 2011). During the hiatus 
periods the top of the atmosphere radiative imbalance has remained 
at roughly 1 W m-2. This suggests that either the observational 
record of surface temperature is incorrect owing to under sampling 
or data corrections or the heat is accumulating in other parts of 
the climate system, raising the question of where this excess heat is 
going (Trenberth et al. 2009; Karl et al. 2015; Kosaka and Xie 2013).

In order to address this question and quantify the planetary heat 
gain, it is necessary to monitor all sinks of energy within the 
Earth’s climate system.  Atmospheric warming only accounts 
for roughly 1% of the excess radiative heat gain, with the vast 
majority, approximately 93%, absorbed by the global oceans and 
the remaining 6% accounted for by warming land and melting 
ice (Rhien et al. 2013). Despite the large role the ocean plays in 
absorbing the excess heat, much of it remains unmonitored, and 
historical estimates of ocean heat content are mostly limited 
to the upper 700 m.  Since the early 2000s, the Argo array has 
revolutionized ocean monitoring above 2000 m, however, the deep 
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(below 2000 m) and abyssal (below 4000 m) ocean remains sparsely 
sampled in space and time (Lyman and Johnson 2014).

The abyssal ocean communicates with the surface at high latitudes 
where deep and bottom waters are formed and fed into the bottom 
limb of the Meridional Overturning Circulation (MOC). North 
Atlantic Deep Water (NADW) is formed through open water 
convection in the Labrador and Nordic Seas when surface waters 
cool and sink (LeBel et al. 2008). In the Southern Ocean, Antarctic 
Bottom Water (AABW) is produced when cold, dense shelf water 
- formed through complex ice shelf-ocean interactions - flows 
down the Antarctic continental slope and mixes with ambient 
waters (Gordon 2009). While advective timescales for these waters 
to circulate from the surface through the bottom and deep limbs 
of the MOC is on the order of 1000s of years, dynamical effects 
can quickly communicate high latitude changes throughout the 
globe via isopycnal heave (e.g., Masuda et al. 2010). For example, a 
decrease in deep water formation rates at high latitudes will cause 
a deepening of isopycnals, appearing as a warming on isobars 
communicated via Rossby and Kelvin waves on decadal timescales 
(Kouketsu et al. 2009, 2011; Masuda et al. 2010; Purkey and Johnson 
2012). Therefore, the deep ocean can increase its heat storage by 
either advection of warmer water or through a dynamical response.

Since the 1990s, the deep and abyssal oceans have been warming, 
contributing roughly 10% to the total ocean heat content (Purkey 
and Johnson 2010). However, limited deep ocean data only allows 
for estimates of decadal heat content trends, and makes it hard to 
assess short-term changes in the deep ocean’s heat content, such as 
the change over the most recent hiatus period. Nonetheless, here 
we present a current assessment of deep and abyssal ocean heat 
content changes since the 1990s. We compare two studies: one 
covering 1990-2010 and the other 2000-2015 to show that there is 
little evidence that this rate has increased over the hiatus period. 
We end with a description of a proposed deep observing system 
that will allow for the necessary monitoring of the deep ocean in 
order to close ocean heat and sea level rise budgets over the next 
century.

Monitoring the abyss
High quality deep ocean temperature data are primarily limited to 
ship based hydrographic work. In the early 1990s, the international 
World Ocean Circulation Experiment (WOCE) Hydrographic 
Program completed a full-depth, high resolution oceanographic 
survey producing a climatological baseline for the deep ocean’s 
hydrographic properties. The WOCE one-time survey occupied 
over 50 coast-to-coast zonal and meridional sections gridding the 
global ocean with high quality conductivity-temperature-depth 

(CTD) profiles nominally every 55 km. An important subset of the 
WOCE sections have been reoccupied in support of the Climate 
Variability and Predictability (CLIVAR) and Carbon Cycle Science 
programs now coordinated by the international Global Ocean Ship 
Based Hydrographic Investigations Program (GO-SHIP), allowing 
for the first estimates of the variability in the global deep ocean heat 
content over recent decades.

Using all repeated sections between 1990 and 2010, Purkey and 
Johnson (2010) quantified the heat flux across the 2000 and 4000 
m isobaths within 32 deep basins around the globe, which is 
required to account for the observed warming trend below 2000 
and 4000 m, respectively (Figure 1a). Since the timing of the first 
and last occupation of the sections varies, the basin heat content 
for each basin is calculated over a slightly different time period, 
with a mean time period of 1993-2006. During this period a clear 
southern-intensified warming pattern emerged, with the Southern 
Ocean warming below 2000 m at a rate of 0.03 °C per decade, and 
a smaller, but statistically significant, warming to the north below 
4000 m following the deep flow of AABW along the bottom limb of 
the MOC (Figures 1a; 2). The warming along isobars is equivalent 

Figure 1: asin gray lines  mean local heat u es through  m color  
implied by abyssal warming below 4000 m from the period centered around 
a) 1993-2006 and b) 2004-2013 with the location of repeated sections for 
each time period (black lines). Data for a) following Purkey and Johnson 
(2010) and b) following Desbruy res, cDonagh, and King (in prep.). 
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to a downward isotherm heave - or a volume loss of the cold, dense 
water - suggesting that the warming is being driven by a slowdown 
in the bottom limb of the MOC (Purkey and Johnson 2012). This 
total abyssal global ocean heat content change is equivalent to 
a heat flux of 0.03 W m−2 applied over the surface of the Earth. 
Including deep warming (2000-4000 m) increases the deep heat 
content to 0.07 W m−2, mostly owing to warming in the deep 
Southern Ocean2.

Following the Purkey and Johnson (2010) 
methodology, Desbruyères, McDonagh, and 
King (in prep.) derived a new estimate of 
deep ocean heat content post-2000, obtained 
from 18 hydrography sections occupied 
at least twice between 2001 and 2014. 
Comparing these two periods suggests weak 
variability in the magnitude and vertical 
structure of the trend between the 1990’s 
and the mid-2010’s. Between 2000-2014, the 
total deep heat flux remained at 0.07 W m−2, 
with the deep layer accounting for a higher 
percentage of the total heat gain (Figure 2). 
Warming trends were primarily observed 
in the North Atlantic and Southern Ocean, 
and slightly damped by a cooling trend in 
the Pacific. After 2001, the warming signal 
was weaker within the bottom water (below 
4000 m; Figure 2), and only accounted for 
a 0.025 W m−2 heat flux. Abyssal warming 
was, however, still observed in most ocean 
basins, making its contribution to the global 
heat flux of continued importance (Figure 
1b).
 

Near source of deep water variability
The deep and abyssal changes around the 
globe can be traced back to their deep-water 
formation sites at high latitudes. NADW fills 
the deep and abyssal North Atlantic before 
flowing over the denser AABW in the South 
Atlantic and into the Antarctic Circumpolar 
Current (ACC). In the Pacific and Indian, 
the deep and abyssal ocean is primarily 
(over 50%) filled with AABW (Johnson 
2008). These two water-masses dominate 
the global ocean below the thermocline, and 

play a critical role in climate through deep ocean carbon and heat 
storage (Johnson 2008; Meehl et al. 2006). 

NADW
The North Atlantic is seen as a key region for recent climate 
variability due to ventilation of the deep ocean with newly formed 
NADW. This basin is also among the most adequately sampled by 
hydrography sections (Figure 1). The deep and abyssal warming 

Figure 2: lobal mean (thick lines) rate of change in potential temperature with 9  con -
dence intervals (shading) using repeated sections between 1990-2010 centered between 
1993-2006 following Purkey and Johnson (2010; green) and repeated sections between 
2001-2014 centered between 2004-2013 following Desbruy res, cDonagh, and King (in 
prep.; orange).
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rate between 2000 and 2014 shows a predominant warming signal 
in the upper deep layer (0.03 ± 0.004 °C per decade between 2000 
m and 3000 m) observed in both the western and eastern subpolar 
region (Desbruyères et al. 2014). This warming signal in the upper 
deep layer overlies an abyssal cooling signal of smaller magnitude 
(−0.004 ± 0.002 °C per decade; Figure 1b) primarily seen in the 
western subtropics – one of the main gateways for NADW to 
the Southern Hemisphere. Overall, the deep and abyssal North 
Atlantic warming rates during the period contribute to the global 
heat uptake by 0.017 ± 0.016 W m-2.

Such opposing trends of the deep and abyssal regions may 
reveal the distinct forcing and timescales of the main NADW 
components: the Labrador Sea Water and the Greenland-Scotland 
Overflow Water. The former possesses a strong interannual and 
decadal response to atmospheric forcing and will be significantly 
influenced by wind-driven dynamics through its eastward and 
southward journey within the intermediate layers of the subpolar 
gyre (Desbruyères et al. 2014). Longer timescales will dominate at 
deeper levels, with changes in water-mass properties potentially 
becoming increasingly important.

AABW
The abyssal and deep Southern Ocean, filled with the most recently 
formed AABW, has warmed significantly between the 1990s and 
2010s, albeit the warming rate has decreased in recent years 
(Figures 1 and 2). AABW warming in these southern basins has 
been attributed to multiple factors. In the South Pacific and South 
Indian, the Ross Sea Shelf Water, an important end member of 
AABW found in this region, has freshened at a rate of 0.03 PSU 
per decade since the 1950s, likely owing to the increase in glacial 
melt rates along West Antarctica (Jacobs and Giulivi 2010). The 
resulting freshening decreases the density and volume of the 
recently ventilated AABW, causing an apparent warming along 
isobars (Aoki et al 2005; Swift and Orsi 2012; Purkey and Johnson 
2013; Katsumata et al. 2015). In the Weddell Sea, however, the 
bottom and deep waters have been warming and decreasing in 
volume with no freshening, possibly owing to changes in local 
wind stress spinning up and down the Weddell gyre (Fahrbach et 
al. 2004, 2011; Purkey and Johnson 2012, 2013; Jullion et al. 2010). 

Conclusion
Multiple studies have suggested the recent warming hiatus is 
due to a vertical redistribution of heat toward the ocean bottom, 
and indeed there is evidence of a redistribution of heat from the 

surface layer (upper 700 m) to intermediate depths (700-2000 
m; e.g., Chen and Tung 2014). However, there is no pronounced 
change in the magnitude and vertical structure of temperature 
trends below 2000 m between the 1990-2010 and 2001-2014 
periods, with both periods contributing 0.07 W m−2 to the global 
heat budget (Figure 2). This warming accounts for about 10% of 
the total oceanic heat uptake estimate between 1993-2010 of 0.71 
W m-2 (Rhien et al. 2013). Together these estimates appear in line 
with a net downward radiative flux imbalance at the top of Earth’s 
atmosphere of 0.62 ± 0.43 W m-2, estimated from satellite data and 
atmospheric reanalyses between 2000 and 2012 (Allan et al. 2014).

Because of the importance of a deep ocean temperature record, a 
global ocean observing system is required to resolve temperatures 
from the top-to-bottom ocean and not just the upper-half of the 
water column. Upper-ocean sampling, largely carried out by the 
conventional Argo array, has nearly global coverage and resolves 
large-scale features on seasonal timescales. Since the end of 2007, 
Argo has reached its target of a sustained array of 3,300 floats at 
3° x 3° spacing. The Argo array currently provides over 100,000 
temperature and salinity profiles per year. Deep ocean hydrographic 
observations are limited to sparse shipboard hydrographic sections 
repeated roughly every decade, with a bias toward the summer 
time and high latitudes. Additionally, short-lived moored arrays 
of confined spatial coverage tend to be concentrated towards the 
coastline of continents in the Northern Hemisphere. Less than 
100,000 profiles have been collected in the deep ocean since 1995.

The development of a new generation of deep-profiling Argo floats, 
capable of diving and recording temperature and salinity below 
2000 m, is underway. The Deep Argo fleet consists of Deep Arvor 
and Deep NINJA floats designed to sample to 4000 m, and Deep 
APEX and Deep SOLO floats capable of reaching 6000 m (Figure 
3). The primary focus of Deep Argo is to resolve interannual to 
decadal signals in deep ocean temperature, salinity, and circulation. 
The pilot implementation of regional Deep Argo arrays has begun 
in the Southern Ocean, the southwest Pacific Ocean, and the 
North Atlantic Ocean. The driving motivation for the Deep Argo 
deployments in the North Atlantic and Southern Oceans is to 
reduce uncertainties in deep water formation rates as well as to 
detect deep property changes. The rationale for implementing pilot 
arrays in the southwest Pacific Ocean is to quantify interannual 
variability in deep water mass characteristics and investigate 
pathways of water masses in the deep ocean. The pilot arrays 
are expected to continue for the next two to three years before 
transitioning to global implementation. Current plans include the 
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deployment of Deep Argo floats by US and European partners in 
the North Atlantic in 2016. The Deep Argo community envisions 
an array of 1,200 floats at 5° x 5° spacing, capable of sampling the 
full water column, starting in a few years (Johnson et al. 2015). 
From its beginning in 1998, Argo’s objective has always been to 
sample the full-depth global ocean. Earlier technology limitations 
on sampling in marginal seas, seasonal ice-covered oceans, and the 
deep ocean have all been overcome and a global array is now not 
only exciting, but also possible. 

Figure 3: The four Deep rgo oat models  the Deep PE  oats, 
developed by the University of Washington and Teledyne/Webb; the Deep 
SOLO oats, developed by Scripps Institution of Oceanography; the Deep 
NINJ  oats, developed by Japan gency for arine-Earth Science and 
Technology (J STEC) and Tsurumi-Seiki Co. (TSK); and the Deep rvor 
oats, developed by Institut ran ais de echerche pour l E ploitation de la 
er (I E E ), Centre National de la echerche Scienti ue (CN S), and 

nke Instrumentation.
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When the global-mean surface temperature did not warm as 
expected in the presence of ever increasing atmospheric 

concentration of greenhouse gases that enhance the long-wave 
radiation to space, there can only be two possible reasons, both 
involving the energy budget of the earth: (1) the radiative heating 
was not appreciably reaching the surface - most of it presumably 
was reflected back to space by, for example, increasing aerosols 
from volcanoes and anthropogenic pollution; or (2) that the 
heating was reaching the surface and below, but was sequestered in 

the oceans. Of course, a combination of the two is possible. It then 
follows that no resolution of the “mystery” of the global warming 
slowdown can be accomplished without a proper accounting of the 
“missing heat,” including whether any heat was indeed “missing.” 
The pioneering work of Meehl et al. (2011; 2013) supports 
hypothesis (2) as a possible explanation. The studies found, at least 
in the Community Climate System Model version 4 (CCSM4) 
run under an emission scenario that happens to have an almost 
constant top of the atmosphere (TOA) radiative imbalance, that the 


