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ABSTRACT

Examination of a range of salinity products collectively suggests widespread freshening of the North At-
lantic from themid-2000s to the present.Monthly salinity fields reveal negative trends that differ inmagnitude
and significance between western and eastern regions of the North Atlantic. These differences can be at-
tributed to the large negative interannual excursions in salinity in the western subpolar gyre and the Labrador
Sea, which are not apparent in the central or eastern subpolar gyre. This study demonstrates that temporal
trends in salinity in the northwest (including the Labrador Sea) are subject to mechanisms that are distinct
from those responsible for the salinity trends in the central and eastern North Atlantic. In the western sub-
polar gyre a negative correlation between near-surface salinity and the circulation strength of the subpolar
gyre suggests that negative salinity anomalies are connected to an intensification of the subpolar gyre, which is
causing increased flux of freshwater from the East Greenland Current and subsequent transport into the
Labrador Sea during the melting season. Analyses of sea surface wind fields suggest that the strength of the
subpolar gyre is linked to theNorthAtlanticOscillation– andArcticOscillation–driven changes in wind stress
curl in the eastern subpolar gyre. If this trend of decreasing salinity continues, it has the potential to enhance
water column stratification, reduce vertical fluxes of nutrients, and cause a decline in biological production
and carbon export in the North Atlantic Ocean.

1. Introduction

Changes in salinity affect buoyancy and density strati-
fication in the northern North Atlantic, and numerous
studies have exemplified the implications of this process
for deep convection in the Labrador Sea (Gelderloos
et al. 2012; Böning et al. 2016; Yang et al. 2016), Ir-
minger Sea (Våge et al. 2011), and Greenland Sea
(Marshall and Schott 1999). Therefore, variability in
salinity plays an important role in meridional over-
turning circulation and the global climate (Buckley and
Marshall 2016). It has also been shown that variations in
salinity are a key to the amount of heat that can be taken
up by the deep ocean of the North Atlantic. As de-
scribed by Mauritzen et al. (2012), higher salinity allows
density-compensated heat uptake to occur, in which
warmer water masses are able to sink into the deep
ocean, leading to greater ocean heat uptake. By altering

the timing, magnitude, and spatial distribution of water-
column stratification, changes to salinity can also affect
the overall abundance and seasonal blooming of phy-
toplankton, zooplankton, and consumers on higher
trophic levels (Greene et al. 2012; Li et al. 2015). Thus,
changes in salinity can have substantial implications in a
wide range of processes in the North Atlantic.
Since the 1960s, several studies have noted stark shifts

in salinity in the subpolar North Atlantic (Dickson et al.
1988; Curry et al. 2003; Curry and Mauritzen 2005;
Boyer et al. 2007). In recent years, a persistent imbal-
ance of sea ice melting versus sea ice growth (Comiso
et al. 2008; Parkinson and Comiso 2013), changes in
Arctic and North American river discharge (Peterson
et al. 2002, 2006; Déry et al. 2009; Dyurgerov et al. 2010),
an intensification of the hydrological cycle (i.e., increased
net precipitation vs evaporation) (Kattsov and Walsh
2000; Durack et al. 2012), and glacial melt anomalies such
as theGreenland icemelt (Bamber et al. 2012; Yang et al.
2016) have been observed. This raises the intriguing
possibility of an enduring decline in sea surface salinity in
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Model-based evidence of deep-ocean heat uptake
during surface-temperature hiatus periods
Gerald A. Meehl1*, Julie M. Arblaster1,2, John T. Fasullo1, Aixue Hu1 and Kevin E. Trenberth1

There have been decades, such as 2000–2009, when the
observed globally averaged surface-temperature time series
shows little increase or even a slightly negative trend1 (a
hiatus period). However, the observed energy imbalance at
the top-of-atmosphere for this recent decade indicates that
a net energy flux into the climate system of about 1Wm�2

(refs 2,3) should be producing warming somewhere in the
system4,5. Here we analyse twenty-first-century climate-model
simulations that maintain a consistent radiative imbalance at
the top-of-atmosphere of about 1Wm�2 as observed for the
past decade. Eight decades with a slightly negative global
mean surface-temperature trend show that the ocean above
300m takes up significantly less heat whereas the ocean
below 300m takes up significantly more, compared with non-
hiatus decades. The model provides a plausible depiction of
processes in the climate system causing the hiatus periods, and
indicates that a hiatus period is a relatively common climate
phenomenon andmay be linked to LaNiña-like conditions.

Observational datasets derived from the Argo float data and
other sources indicate that the ocean heat content above about
700m did not increase appreciably during the 2000s, a time when
the rise in surface temperatures also stalled6,7. Hiatus periods
with little or no surface warming trend have occurred before in
observations, and are seen as well in climate-model simulations1,8.
So where does the excess heat in the climate system go if not
to increase surface temperatures or appreciably increase upper-
ocean heat content? There are suggestions that recent increases in
stratospheric water vapour9, stratospheric aerosols10, tropospheric
aerosols11 or the record solar minimum11 could have contributed
to the most recent hiatus by decreasing the net top-of-atmosphere
(TOA) energy imbalance. However, the observational analyses5
inherently include these effects, and the model analysed here
produces close to the observed net energy imbalance during hiatus
periods, whereas some modelling studies do not12. Alternatively,
significant heat could be sequestered in the deep ocean below 700m
on decadal timescales12–15. Here we examine simulations from a
global coupled climate model to first show that the net TOA energy
imbalance in this model is close to what has been observed over
the past decade or so. Then we analyse where the heat could be
going in the observed system during hiatus periods, and point to
the processes that could be responsible.

Five ensemble members from a future-climate-model
simulation16,17 (see Methods) are examined to track the energy
flow during the simulation where the net energy flux at the TOA
from increasing greenhouse gases is about 1Wm�2, indicating a
net energy surplus being directed into the climate system, mainly
from decreases in outgoing long-wave radiation18. If there are

1National Center for Atmospheric Research, Boulder, Colorado 80307, USA, 2Centre for Australian Weather and Climate Research (CAWCR), Bureau of
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time periods when globally averaged surface temperatures are
not increasing, this excess energy must go elsewhere, either to
heat the atmosphere and land, to melt ice or snow, or to be
deposited in the subsurface ocean and manifested as changes
in ocean temperatures and thus heat content. Changes to the
cryosphere and land subsurface play a much smaller role than the
atmosphere and oceans in energy flows5, and they are not further
considered in this paper.

The time series of globally averaged surface temperature from
all five climate-model simulations show some decades with little
or no positive trend (Fig. 1a), as has occurred in observations
(Supplementary Fig. S1 top). Running ten-year linear trends of
globally averaged surface temperature from the fivemodel ensemble
members reveal hiatus periods (Fig. 1a) comparable to observations
(Supplementary Fig. S1 middle). Using the first ensemble member
as an example, the overall warming averaged over the century
is about +0.15 �C per decade. However, the decades centred
around 2020, 2054, 2065, 2070, and several decades late in the
century show either near zero or slightly negative trends in
that ensemble member. We choose two ten-year periods in this
ensemble member when the globally averaged surface temperature
is negative, that is, less than �0.10 �C over the decade (Fig. 1a),
and six similar periods that meet the same criterion from the
other four ensemblemembers, to form an eight-member composite
of hiatus periods.

The composite average net energy flux at the top of the
atmosphere for the eight hiatus periods (left side of Fig. 1b) is
+1.00 [0.88,1.11]Wm�2 (the positive sign convention indicates
net energy flux into the system), where the values in square
brackets are error bars defined as (± one standard error ⇥1.86)
to be consistent with a 5% significance level from a one-
sided Student t -test (see Methods). This can be compared with
the net energy flux averaged over all other 10-year running-
average trends (numbering 435) in the five ensemble members
of +1.02 [1.00,1.04]Wm�2. The larger sample reduces the error
bars compared with the hiatus decades. The error bars overlap,
indicating no significant difference between the eight members in
the composite and all other ten-year periods, which is equivalent
to a significance calculation from a Student t -test (see Methods).
Thus in all decades in all five ensemble members there is a
radiative imbalance of roughly 1Wm�2. This is indicative of
the ongoing increase in CO2 as well as in positive trends of
globally averaged surface temperature that occur in most time
periods of the twenty-first century in the model (Fig. 1a). So where
is the energy gained by the climate system going during ten-
year time periods when the globally averaged surface-temperature
trend is slightly negative?
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Pacific origin of the abrupt increase in Indian
Ocean heat content during the warming hiatus
Sang-Ki Lee1,2*, Wonsun Park3, Molly O. Baringer2, Arnold L. Gordon4, Bruce Huber4 and Yanyun Liu1,2

Global mean surface warming has stalled since the end of
the twentieth century1,2, but the net radiation imbalance
at the top of the atmosphere continues to suggest an
increasingly warming planet. This apparent contradiction has
been reconciled by an anomalous heat flux into the ocean3–8,
induced by a shift towards a La Niña-like state with cold
sea surface temperatures in the eastern tropical Pacific over
the past decade or so. A significant portion of the heat
missing fromtheatmosphere is thereforeexpected tobestored
in the Pacific Ocean. However, in situ hydrographic records
indicate that Pacific Ocean heat content has been decreasing9.
Here, we analyse observations along with simulations from
a global ocean–sea ice model to track the pathway of heat.
We find that the enhanced heat uptake by the Pacific
Ocean has been compensated by an increased heat transport
from the Pacific Ocean to the Indian Ocean, carried by
the Indonesian throughflow. As a result, Indian Ocean heat
content has increased abruptly, which accounts for more
than 70% of the global ocean heat gain in the upper 700m
during the past decade. We conclude that the Indian Ocean
has become increasingly important in modulating global
climate variability.

Several studies have linked the recent pause in the rise of the
global mean surface air temperature to a shift towards a more
La Niña-like state in the tropical Pacific Ocean, triggered by a
series of long-lasting La Niña events since the end of the twentieth
century3–8. The resulting La Niña-like state has lifted relatively
cold equatorial thermocline water towards the surface, producing
persistently cold sea surface temperature (SST) anomalies in the
eastern Pacific. Cold SST anomalies are associated with reductions
in surface upward longwave radiation and latent heat flux to the
atmosphere10. Thus, the net surface heat flux into the tropical Pacific
Ocean increased sharply in the 2000s (refs 6,8). In addition, the
cold SST anomalies and associated cooling of the atmosphere in the
equatorial Pacific could also force extra-tropical stationary waves to
remotely enhance heat flux into the Atlantic and Southern oceans11.
Two independent studies have suggested that surface heat uptake
indeed increased in the Atlantic and Southern oceans during the
2000s, leading to a downward flux of the upper ocean’s heat into the
deeper ocean8,12.

In agreement with enhanced surface heat uptake in the Pacific,
Atlantic and Southern oceans, the global ocean heat content in
the upper 700m (OHC700) increased strongly during 2003–2012
(Fig. 1a) at a rate of about 2.9 ⇥ 1022 J per decade9,12,13 (see
Supplementary Information 1). However, there are significant
di�erences in recent OHC700 changes between the major ocean
basins, particularly the Pacific and Indian oceans (Fig. 1b,c; see also

Supplementary Information 1 and 2). For the Pacific Ocean, OHC700
decreased during 2003–2012, in spite of the increased surface heat
uptake in the eastern Pacific6,8 (Fig. 1c). In sharp contrast, the
OHC700 of the Indian Ocean increased abruptly during 2003–2012,
at a rate of about 2.1⇥ 1022 J per decade (Fig. 1b), accounting for
more than 70% of the global ocean heat gain in the upper 700m
during that period. This suggests that a significant portion of the
heat missing from the atmosphere now resides in the upper 700m
of the Indian Ocean, with little explanation. Given that the OHC700
in the Indian Ocean did not increase during 1971–2000 (Fig. 1b),
and that the Indian Ocean (north of 34� S) covers only 12% of the
global sea ice-free ocean surface area, the marked increase of the
Indian OHC700 is striking.

Hence, a significant gap exists in our understanding of the
heat missing from the atmosphere and its distribution between
the di�erent ocean basins. In particular, the di�erence between
the Pacific and Indian oceans in their recent warming trends
needs to be reconciled, which is the main objective of the
present study. To do so, we use a series of global ocean–sea
ice general circulation model simulations forced with the bias-
corrected twentieth century reanalysis surface fluxes14 (Methods;
see also Supplementary Information 3). Two sets of six-member
ensemble experiments are used: a control experiment forced
with real-time surface flux fields and a reference experiment
forced with climatological surface flux fields (Methods; see also
Supplementary Information 4).

The results from these ensemble experiments can be summarized
as two sets of global OHC700 time series (Fig. 1a). The simulated
global OHC700 from the control experiment follows the time
variability of in situ observations since the 1950s (ref. 9) reasonably
well. Note that there is no apparent drift of the global OHC700
in the reference experiment. The dominant forcing terms of the
recent hiatus can be determined by comparing the global ocean
heat budget terms averaged for the 1971–2000 period with the
2003–2012 period, with both periods computed as anomalies
relative to the reference experiment (Fig. 1d). The heat budget
indicates that the simulated global OHC700 increase since 1971
was largely driven by an increased downward longwave radiative
heat flux, consistent with the thermodynamic e�ects of increased
anthropogenic greenhouse gases in the atmosphere. This flux has
accelerated in the most recent decade (that is, 2003–2012) and is
damped by both an increased upward longwave radiative heat flux
and latent heat flux.

The Indian OHC700 shows very weak to no increase, in contrast
to the strong global OHC700 increase during 1971–2000 in both
the observational estimates and the control simulation (Fig. 1b).
During the 2000s, however, observations show an abrupt increase,

1Cooperative Institute for Marine and Atmospheric Studies, University of Miami, Miami, Florida 33149, USA. 2Atlantic Oceanographic and Meteorological
Laboratory, NOAA, Miami, Florida 33149, USA. 3GEOMAR Helmholtz Centre for Ocean Research Kiel, D-24105 Kiel, Germany. 4Lamont-Doherty Earth
Observatory, Earth Institute at Columbia University, Palisades, New York 10964, USA. *e-mail: Sang-Ki.Lee@noaa.gov

NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience 1

GeophysicalResearchLetters

RESEARCHLETTER
10.1002/2014GL061456

Key Points:
• Heat uptake increased in the
Southern, Atlantic, and Indian Oceans

• The increase of 0.5–1 W/m2 in ocean
heat uptake is enough to explain
the hiatus

• Tropical Pacific SST is not the only way
to change global ocean heat uptake
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Surface warming hiatus caused by increased heat uptake
across multiple ocean basins
S. S. Drijfhout1, A. T. Blaker2, S. A. Josey2, A. J. G. Nurser2, B. Sinha2, andM. A. Balmaseda3

1NOCS, University of Southampton, Southampton, UK, 2National Oceanography Centre, Southampton, Southampton, UK,
3European Centre for Medium range Weather Forecasts, Reading, UK

Abstract The first decade of the 21st century was characterized by a hiatus in global surface warming.
Using ocean model hindcasts and reanalyses we show that heat uptake between the 1990s and 2000s
increased by 0.7 ± 0.3 W m−2. Approximately 30% of the increase is associated with colder sea surface
temperatures in the eastern Pacific. Other basins contribute via reduced heat loss to the atmosphere, in
particular, the Southern and subtropical Indian Oceans (30%) and the subpolar North Atlantic (40%).
A different mechanism is important at longer timescales (1960s–present) over which the Southern Annular
Mode trended upward. In this period, increased ocean heat uptake has largely arisen from reduced heat loss
associated with reduced winds over the Agulhas Return Current and southward displacement of Southern
Ocean westerlies.

1. Introduction

Reconstructions of global mean surface temperature [Hansen et al., 2010; Morice et al., 2012] show rising
values after the 1960s but a slowing of the warming in the 2000s, even though atmospheric greenhouse
gas concentrations continued to increase. This hiatus in warming may have been exaggerated by sampling
errors [Cowtan and Way, 2014], but a significant slowdown is evident. Changes in radiative forcing have
been suggested as an explanation [Solomon et al., 2010; Kaufman et al., 2011; Fyfe et al., 2013]. An alter-
native possibility is increased ocean heat uptake. Unfortunately, direct observation of such acceleration is
difficult; there are limited repeat observations in the deep (>2000 m) ocean [Purkey and Johnson, 2010] and
observation-based heat content estimates show a large spread [Trenberth et al., 2014]. However, a recent
evaluation of an Ocean Re-Analysis System, (ORAS4), indeed suggests accelerated increase of ocean heat
content in the hiatus period, with a large contribution from the deep ocean below 700 m [Balmaseda et al.,
2013]. The increased heat uptake has been linked to surface cooling in the Tropical Pacific evident over
this period, associated with persistent easterlies and greater prevalence of La Niña relative to El Niño
[Meehl et al., 2011; Kosaka and Xie, 2013;Meehl et al., 2013; England et al., 2014].

Current free-running climate models do not simulate the hiatus of the 2000s (e.g., fewer than 5% of the
climate change scenario runs [Watanabe et al., 2013]). Sea surface temperatures (SSTs) in the Tropical Pacific
have therefore been prescribed [Kosaka and Xie, 2013] in a climate model and ocean heat content compared
with a historical run where SSTs were free to evolve. In a similar procedure [England et al., 2014], winds were
prescribed instead of SSTs. In both cases, surface air temperature (SAT) decreased over the eastern Pacific
and global mean SAT was strongly affected.

An alternative way to estimate ocean heat uptake, which has not been probed until now, is to diagnose
changes in heat uptake from ocean hindcast simulations [Blaker et al., 2014] forced by atmospheric fields
from meteorological reanalyses, but with SSTs that are free to evolve though partly constrained by SAT and
winds. Here we discuss hindcasts that were forced with the Coordinated Ocean-ice Reference Experiment-2
data set (CORE-2) [Large and Yeager, 2009] and with the European Centre for Medium-range Weather Fore-
casts Re-Analysis (ERA)-Interim meteorological fields [Dee et al., 2011]. Other forcing sets were discarded
(see supporting information for a discussion of the experimental setup).

2. Methodology

The model is described in Blaker et al. [2014]; see supporting information for further details. Model drift
was assessed from the CORE-2 hindcast. The CORE-2 hindcast was repeated with the same initial condition
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Recent intensification of wind-driven circulation in
the Pacific and the ongoing warming hiatus
Matthew H. England1,2*, Shayne McGregor1,2, Paul Spence1,2, Gerald A. Meehl3, Axel Timmermann4,
Wenju Cai5, Alex Sen Gupta1,2, Michael J. McPhaden6, Ariaan Purich5 and Agus Santoso1,2

Despite ongoing increases in atmospheric greenhouse gases, the Earth’s global average surface air temperature has remained
more or less steady since 2001. A variety of mechanisms have been proposed to account for this slowdown in surface warming.
A key component of the global hiatus that has been identified is cool eastern Pacific sea surface temperature, but it is unclear
how the ocean has remained relatively cool there in spite of ongoing increases in radiative forcing. Here we show that a
pronounced strengthening in Pacific trade winds over the past two decades—unprecedented in observations/reanalysis data
and not captured by climate models—is su�cient to account for the cooling of the tropical Pacific and a substantial slowdown
in surface warming through increased subsurface ocean heat uptake. The extra uptake has come about through increased
subduction in the Pacific shallow overturning cells, enhancing heat convergence in the equatorial thermocline. At the same
time, the accelerated trade winds have increased equatorial upwelling in the central and eastern Pacific, lowering sea surface
temperature there, which drives further cooling in other regions. The net e�ect of these anomalous winds is a cooling in
the 2012 global average surface air temperature of 0.1–0.2 �C, which can account for much of the hiatus in surface warming
observed since 2001. This hiatus could persist for much of the present decade if the trade wind trends continue, however rapid
warming is expected to resume once the anomalous wind trends abate.

Observations of global average surface air temperature (SAT)
show an unequivocal warming over the twentieth century1,
however the overall trend has been interrupted by periods

of weak warming or even cooling (Fig. 1). For example, warming
largely stalled from the 1940s to the 1970s. Between 1975 and 2000
the overall upward SAT trend resumed, but it was not uniform, with
a decade of accelerated warming from about 1975–1985 (ref. 2),
as well as periods of little warming3. Since around 2001 a marked
hiatus in global surface warming has occurred, raising questions
about its cause, its likely duration and the implications for global
climate change.

Decadal periods of minimal warming, or even cooling,
interspersing decades of rapid warming, are not inconsistent with
a long-term warming trend; indeed this characterizes the interplay
between steadily increasing greenhouse gas forcing and internally
generated climate variability. Factors other than internal variability,
such as volcanoes and changes in solar radiation, can also drive
cooler decades against the backdrop of ongoing warming. Indeed,
hiatus decades are expected to punctuate future warming trends,
even under scenarios of rapid global warming4,5. Mechanisms
proposed to explain the most recent observed hiatus include
increased ocean heat uptake2,3,6,7, the prolonged solar minimum4

and changes in atmospheric water vapour8 and aerosols9,10. The
cool surface waters of the eastern Pacific have also been linked to
the global temperature hiatus11 and consensus is building that the
subsurface ocean, with its vast capacity for heat storage, is playing
a significant role through enhanced heat uptake2,3,7,12,13. It remains
unclear, however, where the bulk of anomalous ocean heat uptake

has occurred, with the Pacific2,3, Atlantic13,14 and Southern14–17

Oceans all potential candidates.
One notable aspect of the two most recent extended hiatus

periods (1940–1975 and 2001–present), in contrast to periods
of global SAT warming (1910–1940 and 1976–2000), is that
they correspond closely to periods when the Interdecadal Pacific
Oscillation18–20 (IPO) has been in a negative phase (Fig. 1a).
The IPO manifests as a low-frequency El Niño-like pattern of
climate variability, with a warm tropical Pacific and weakened trade
winds during its positive phase, and a cool tropical Pacific and
strengthened winds during its negative phase. Recent analyses of
climate model simulations suggest that hiatus decades are linked to
negative phases of the IPO (refs 2,3,11). Here we examine the most
recent hiatus in this context, particularly in relation to altered ocean
dynamics and enhanced ocean heat uptake, and assess implications
for the coming decades.

To examine the ongoing hiatus compared with a period of
warming, we start by considering climatic trends over the past two
decades, spanning the transition from a period of global surface
warming in the 1990s to the post-2000 hiatus. During this time
the Pacific trade winds increased substantially21 (Figs 1b and 2a),
including both the Walker and Hadley circulation components,
as reflected in anomalously high sea level pressure (SLP) centred
at mid-latitudes (Fig. 2a). This trend in SLP and wind stress is
consistent with the change in sign of the IPO in the late 1990s
(ref. 22 and Fig. 1b), although the wind trends are even stronger
and larger scale than those typically associated with the IPO, with
the IPO regressed winds accounting for only approximately half the

1ARC Centre of Excellence for Climate System Science, University of New South Wales, New South Wales 2052, Australia, 2Climate Change Research
Centre, University of New South Wales, New South Wales 2052, Australia, 3National Center for Atmospheric Research, Boulder, Colorado 80307, USA,
4International Pacific Research Centre, University of Hawaii, Hawaii 96822, USA, 5CSIROMarine and Atmospheric Research, Aspendale, Victoria 3195,
Australia, 6NOAA/Pacific Marine Environmental Laboratory, Seattle, Washington 98115, USA. *e-mail: m.england@unsw.edu.au
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Tracking ocean heat uptake during the surface
warming hiatus
Wei Liu1, Shang-Ping Xie1 & Jian Lu2

Ocean heat uptake is observed to penetrate deep into the Atlantic and Southern Oceans

during the recent hiatus of global warming. Here we show that the deep heat penetration in

these two basins is not unique to the hiatus but is characteristic of anthropogenic warming

and merely reflects the depth of the mean meridional overturning circulation in the basin.

We find, however, that heat redistribution in the upper 350m between the Pacific and

Indian Oceans is closely tied to the surface warming hiatus. The Indian Ocean shows an

anomalous warming below 50m during hiatus events due to an enhanced heat transport by

the Indonesian throughflow in response to the intensified trade winds in the equatorial Pacific.

Thus, the Pacific and Indian Oceans are the key regions to track ocean heat uptake during the

surface warming hiatus.

DOI: 10.1038/ncomms10926 OPEN
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Recent global-warming hiatus tied to equatorial
Pacific surface cooling
Yu Kosaka1 & Shang-Ping Xie1,2,3

Despite the continued increase in atmospheric greenhouse gas
concentrations, the annual-mean global temperature has not risen
in the twenty-first century1,2, challenging the prevailing view that
anthropogenic forcing causes climate warming. Various mecha-
nisms have been proposed for this hiatus in global warming3–6,
but their relative importance has not been quantified, hampering
observational estimates of climate sensitivity. Here we show that
accounting for recent cooling in the eastern equatorial Pacific recon-
ciles climate simulations andobservations.Wepresent a novelmethod
of uncovering mechanisms for global temperature change by pre-
scribing, in addition to radiative forcing, the observed history of sea
surface temperature over the central to eastern tropical Pacific in a
climate model. Although the surface temperature prescription is
limited to only 8.2% of the global surface, our model reproduces
the annual-mean global temperature remarkably well with correla-
tion coefficient r5 0.97 for 1970–2012 (which includes the current
hiatus and a period of accelerated global warming). Moreover, our
simulation captures major seasonal and regional characteristics of
the hiatus, including the intensified Walker circulation, the winter
cooling in northwesternNorth America and the prolonged drought
in the southernUSA.Our results show that the current hiatus is part
ofnatural climatevariability, tied specifically toaLa-Niña-likedecadal
cooling. Although similar decadal hiatus events may occur in the
future, the multi-decadal warming trend is very likely to continue
with greenhouse gas increase.
Daily mean carbon dioxide at Mauna Loa of Hawaii exceeded 400

parts per million (p.p.m.) for the first time in May 2013. Whereas
greenhouse gas increase has been shown to cause the centennial trend
of global temperature rise since the industrial revolution7, global tem-
perature has remained flat for the past 15 years (Extended Data Fig. 1).
Two schools of thought exist regarding the cause of this hiatus in global
warming: one suggests a slowdown in radiative forcing due to the
stratospheric water vapour3, the rapid increase of stratospheric and
tropospheric aerosols4,5, and the solar minimum around 2009 (ref. 5);
and the other considers the hiatus to be part of natural variability,
especially influenced by a La-Niña-like cooling in the tropical Pacific6.
Aquantitativemethod isnecessary to evaluate the relative importance

of these mechanisms. Adding to the confusion surrounding the global
warming hiatus, record heat waves hit Russia (summer 2010) and the
USA(July2012), andArctic sea ice reached record lows in2007 and2012
(ExtendedData Fig. 1).Discovering the causes of these regional climate
changes requires a dynamic approach.Hereweused an advanced climate
model that takes radiative forcing and tropical Pacific sea surface tem-
perature (SST) as inputs. The simulated global-mean temperature is in
excellent agreement with observations, showing that the decadal cool-
ing of the tropical Pacific causes the current hiatus. Our dynamic-
model-based attribution has a distinct advantage over the empirical
approach2,5 in that it reveals seasonal and regional aspects of the hiatus.
Three sets of experiments were performed, using the Geophysical

Fluid Dynamics Laboratory coupled model version 2.1 (ref. 8). The

historical (HIST) experiment is forced with observed atmospheric
composition changes and the solar cycle. In Pacific Ocean–Global
Atmosphere (POGA) experiments, SST anomalies in the equatorial
eastern Pacific (8.2% of the Earth’s surface) follow the observed evolu-
tion (see Methods). In POGA-H, the radiative forcing is identical to
HIST, and in the POGAcontrol experiment (POGA-C) it is fixed at the
1990 value. Outside the equatorial eastern Pacific, the atmosphere and
ocean are fully coupled and free to evolve.
Figure 1 compares the observed and simulated global near-surface

temperature. In HIST, the annual-mean temperature keeps rising in
response to the increased radiative forcing, with expanding departures
fromobservations for the recent decade (Fig. 1a). POGA-H reproduces
the observed recordwell (ExtendedData Table 1). For a 43-year period
after 1970when equatorial Pacific SST data aremore reliable, the corre-
lation with observations is r5 0.97 for POGA-H, due largely to the
long-term trend (r5 0.90 for HIST). Detrended, POGA-H still repro-
duces the observations at r5 0.70, whereas it falls to 0.26 in HIST.
POGA-C illustrates the tropical control of the global temperature with
constant radiative forcing, with the global-mean temperature closely
following tropical Pacific variability (Fig. 1b). The global-mean surface
air temperature (SAT) changes by 0.29 uC in response to a 1 uC SAT
anomaly over the equatorial eastern Pacific. For the recent decade, the
decrease in tropical Pacific SST has lowered the global temperature by
about 0.15 uC compared to the 1990s (Fig. 1b), opposing the radiative
forcing effect and causing the hiatus. Likewise an El-Niño-like trend in
the tropics9 accelerated the global warming from the 1970s to late
1990s10 (Extended Data Table 1).
The POGA experimental design has been used to study the global

teleconnections of the interannual El Niño/Southern Oscillation
(ENSO)11,12.Herewepresent a novel application of POGAanddemon-
strate its ability to simulate the observed decadal modulations of the
global warming trend, including the peculiar hiatus. Our results show
that the two-parameter (radiative forcing and tropical Pacific SST)
system is remarkably good at reproducing the observed global-mean
temperature record, better than theHIST results with radiative forcing
alone. In individual HIST realizations, hiatus events feature decadal
La-Niña-like cooling in the tropical Pacific6 (ExtendedData Fig. 2), but
POGA-H enables a direct year-by-year comparison with the observed
time series of global temperature, not just the statistics from uncon-
strained coupled runs.
We focused on trends over the recent 11 years from 2002 to 2012, to

avoid the strong 1997/98 ElNiño event and the following three-year La
Niña events. Net downward radiation and ocean heat content in
POGA-H have continued to increase during the global SAT hiatus6

(ExtendedData Fig. 3). The SAT hiatus is confined to the cold season13

(seasons refer to those for the Northern Hemisphere hereafter), with a
decadal cooling trend for November to April, whereas the global tem-
perature continues to rise during summer (Fig. 1c). POGA-H repro-
duces this seasonal cycle of the hiatus, albeit with a somewhat reduced
amplitude. Although the La-Niña-like cooling trend in the tropical

1Scripps Institution of Oceanography, University of California, San Diego, 9500 Gilman Drive MC206, La Jolla, California 92093-0206, USA. 2Physical Oceanography Laboratory and Ocean–Atmosphere
Interaction and Climate Laboratory, Ocean University of China, 238 Songling Road, Qingdao 266100, China. 3International Pacific Research Center, SOEST, University of Hawaii at Manoa, 1680 East West
Road, Honolulu, Hawaii 96822, USA.
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Robust warming of the global upper ocean
John M. Lyman1,2, Simon A. Good3, Viktor V. Gouretski4, Masayoshi Ishii5,6, Gregory C. Johnson2,
Matthew D. Palmer3, Doug M. Smith3 & Josh K. Willis7

A large ( 1023 J) multi-decadal globally averaged warming signal
in the upper 300m of the world’s oceans was reported roughly a
decade ago1 and is attributed to warming associated with anthro-
pogenic greenhouse gases2,3. The majority of the Earth’s total
energy uptake during recent decades has occurred in the upper
ocean3, but the underlying uncertainties in ocean warming are
unclear, limiting our ability to assess closure of sea-level
budgets4–7, the global radiation imbalance8 and climate models5.
For example, several teams have recently produced different
multi-year estimates of the annually averaged global integral of
upper-ocean heat content anomalies (hereafter OHCA curves) or,
equivalently, the thermosteric sea-level rise5,9–16. Patterns of inter-
annual variability, in particular, differ among methods. Here we
examine several sources of uncertainty that contribute to differ-
ences among OHCA curves from 1993 to 2008, focusing on the
difficulties of correcting biases in expendable bathythermograph
(XBT) data. XBT data constitute the majority of the in situ mea-
surements of upper-ocean heat content from 1967 to 2002, and we
find that the uncertainty due to choice of XBT bias correction
dominates among-method variability in OHCA curves during
our 1993–2008 study period. Accounting for multiple sources of
uncertainty, a composite of several OHCA curves using different
XBT bias corrections still yields a statistically significant linear
warming trend for 1993–2008 of 0.64Wm22 (calculated for the
Earth’s entire surface area), with a 90-per-cent confidence interval
of 0.53–0.75Wm22.

A host of choices must be made when computing OHCA curves.
These choices include how to quality-control the data, which mapping
technique touse,which baselinemean climatology touse, which annual
cycle to remove, how to treat unsampled or undersampled areas, and
how to correct biases in data from XBTs and other instruments. The
several teams working on the problem around the world make their
own choices and have produced apparently different OHCA curves16.

We assess the differences arising from these choices by overlaying
the curves produced by each team (Fig. 1). For this gross comparison,
the curves are aligned by removing their individual means for 1993–
2006, the time period over which most of the curves overlap. The
curves show significant warming of the global upper ocean for the
past 16 yr. Most of their warming rates (Table 1) are consistent,
agreeing within their published uncertainties.

However, there are differences in interannual variability among
the curves. For example, from 1997 to 1998 (during a strong El Niño)
some curves appear to show cooling, some seem to show warming
and others seem to show no change. Other years show similar varia-
tions among curves. Offsets among the curves may originate from
differences in the reference period from which the heat content
anomalies are computed, making it difficult to assess differences
among the curves.

The individual OHCA curves all flatten out after around 2003,
with some variability among curves in the year in which this levelling
occurs. The causes of this flattening are unclear, but sea surface
temperatures have been roughly constant since 200017. Although
sea level has continued to rise steadily during this period, an increase
in the amount of water added to the ocean bymelting continental ice
in recent years may account for most of this rise even with very little
change in ocean heat content6,7,18. However, this resolution of the sea-
level budget leaves the global energy budget with a large residual for
this time period, because it takes less energy to melt ice than to warm
the ocean for the equivalent sea-level rise18,19.

The flattening of OHCA curves also occurs around the time (2004)
that the Argo array of autonomous profiling floats first achieved near-
global coverage20 and became the primary source of OHCA data. The
Argo array affords year-round sampling of the temperature and salin-
ity of the ice-free oceans over the 0–2,000-m layer, with a nominal
separation of 3u in latitude and longitude. The transition from an
ocean temperature record consisting primarily of ship-based XBT
data to one dominated by high-quality conductivity–temperature–
depth (CTD) instrument data from Argo floats occurred between

1Joint Institute for Marine and Atmospheric Research, University of Hawaii at Manoa, Honolulu, Hawaii 96822, USA. 2NOAA/Pacific Marine Environmental Laboratory, Seattle,
Washington 98115-6349, USA. 3Met Office Hadley Centre, Exeter EX1 3PB, UK. 4KlimaCampus, University of Hamburg, Grindelberg 5, 20144 Hamburg, Germany. 5Climate Research
Department, Meteorological Research Institute, 1-1 Nagamine, Tsukuba, Ibaraki 305-0052, Japan. 6Japan Agency for Marine-Earth Science and Technology, 3173-25 Showa-machi,
Kanazawa-ku, Yokohama 236-0001, Japan. 7Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109, USA.
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Figure 1 | OHCA curves using published methods. Globally integrated
annual average OHCA curves from 0 to 700m, estimated using methods
published in papers cited in the key. All OHCA curves are estimated using
different baseline climatologies, mapping methods and XBT corrections
(first reference). Types of XBT bias corrections used include depth, depth-
dependent temperature and depth with sea surface height (SSH; second
reference, if different from first). Each curve has had its 1993–2006 mean
removed to aid comparison, except for the depth5,22 curve, which has been
aligned with the 1993–2002 mean of the other curves. Error bars, 1 s.e.m.
(Supplementary Information).
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GLOBAL WARMING

Recent hiatus caused by decadal shift
in Indo-Pacific heating
Veronica Nieves,1,2* Josh K. Willis,2 William C. Patzert2

Recent modeling studies have proposed different scenarios to explain the slowdown
in surface temperature warming in the most recent decade. Some of these studies seem
to support the idea of internal variability and/or rearrangement of heat between the
surface and the ocean interior. Others suggest that radiative forcing might also play a
role. Our examination of observational data over the past two decades shows some
significant differences when compared to model results from reanalyses and provides
the most definitive explanation of how the heat was redistributed. We find that
cooling in the top 100-meter layer of the Pacific Ocean was mainly compensated
for by warming in the 100- to 300-meter layer of the Indian and Pacific Oceans in
the past decade since 2003.

I
t has been widely established that Earth is
absorbing more energy from the Sun than it
is radiating back to space (1). Furthermore,
this has been attributed to anthropogenic
greenhouse gases (2). Although global sur-

face temperatures have risen over the previous
century, several recent papers have documented
a slowdown in the rate of surface warming since
2003 (3). Most efforts to explain this surface tem-
perature “hiatus” have suggested that it is com-
pensated for by more rapid warming at deeper
levels in the ocean in either the Pacific (3–6) or
Atlantic (7) Oceans or a combination of the South-
ern, Atlantic, and Indian Oceans (8). More recent-
ly, a study pointed out that heat is piling up in
the depths of the Indian Ocean (9). These studies
suggest that the net rate of ocean heat uptake has
continued unabated and that the surface hiatus
signature is due to an internal rearrangement of
heat within the ocean between the surface and

some deeper layer of the ocean. This has impli-
cations for the net radiative forcing of Earth,
because the ocean is the dominant reservoir for
storage of excess heat on time scales longer than
1 year, and ocean heat content increases should
approximately equal the net radiative imbalance
at the top of the atmosphere (1). An alternative
hypothesis is that approximately half of the sur-
face hiatus is caused by changes in solar and strato-
spheric aerosol forcing (10). In other words, half
of the hiatus signal is caused by reduced uptake
of heat by the ocean, as opposed to an internal
redistribution of heat.
A vigorous debate has grown over this subject,

but it has not yet been informed by comprehen-
sive analysis of the available data over the past
two decades. We considered both ocean observa-
tional data and widely used reanalysis products
(that is, numerical simulations constrained by
ocean and sometimes atmospheric observations)
that span both of the previous decades. A recent
study based on Argo data pointed out that net
warming continued unabated, despite the exchange
of heat between the top 100-m layer and the
thermocline on interannual time scales. (11). It did

not, however, consider the redistribution of heat
between these layers on decadal time scales, its
geographic distribution, or how it might differ
before and after the start of the hiatus in 2003.
Our analysis indicates that during the most

recent decade, cooling in the top 100-m layer of
the Pacific Ocean is compensated for bywarming
in the 100- to 300-m layer of the Western Pacific
and Indian Oceans, with the largest contribution
in the tropics. The Southern Ocean plays a sec-
ondary role in warming the 100- to 300-m layer,
but this warming has been steady over both of
the past decades. The Atlantic Ocean does show
a switch from warming to cooling, but its area is
so small that it cannot meaningfully contribute
to the hiatus signal in surface temperature over
the past decade (figs. S1 and S2). Finally, we find
little evidence for any change in warming rates
below 700 m between the past decade and the
previous one—or that the net ocean heat uptake
has slowed in the most recent decade.
Observed temperature trends in the oceans

were estimated using objectively analyzed sub-
surface temperature fields from theWorld Ocean
Atlas (WOA) (12), Ishii (13), and the Scripps Insti-
tution of Oceanography (14). Simulated temper-
ature trends, based on reanalyses that assimilate
ocean data, have also been examined. We com-
pared observed trends with simulated trends
from the Simple OceanData Assimilation (SODA),
National Centers for Environmental Prediction
Global Ocean Data Assimilation System (NCEP
GODAS), and the latest European Centre for
Medium-Range Weather Forecasts ocean reana-
lysis system 4 (ECMWF ORAS4) (15–17) (SODA,
NCEP, and ECMWF). We considered global and
basin-averaged temperature trends for the pe-
riods from 1993 to 2002 (the 90s) and from 2003
onward (the 00s). The periods for the past dec-
ade are slightly different depending on the product
(table S1). Nevertheless, our results are insensi-
tive to the choice of somewhat different time
periods. These periods were chosen based on the
assumption that thehiatusbegan inapproximately
2003, when there was a small local maximum
in the 5-year moving average of global surface
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An apparent hiatus in global warming?
Kevin E. Trenberth1 and John T. Fasullo1

1National Center for Atmospheric Research, Boulder, Colorado, USA

Abstract Global warming first became evident beyond the bounds of natural variability in the 1970s,
but increases in global mean surface temperatures have stalled in the 2000s. Increases in atmospheric
greenhouse gases, notably carbon dioxide, create an energy imbalance at the top-of-atmosphere (TOA)
even as the planet warms to adjust to this imbalance, which is estimated to be 0.5–1Wm−2 over the
2000s. Annual global fluctuations in TOA energy of up to 0.2Wm−2 occur from natural variations in clouds,
aerosols, and changes in the Sun. At times of major volcanic eruptions the effects can be much larger. Yet
global mean surface temperatures fluctuate much more than these can account for. An energy imbalance
is manifested not just as surface atmospheric or ground warming but also as melting sea and land ice, and
heating of the oceans. More than 90% of the heat goes into the oceans and, with melting land ice, causes
sea level to rise. For the past decade, more than 30% of the heat has apparently penetrated below 700m
depth that is traceable to changes in surface winds mainly over the Pacific in association with a switch
to a negative phase of the Pacific Decadal Oscillation (PDO) in 1999. Surface warming was much more in
evidence during the 1976–1998 positive phase of the PDO, suggesting that natural decadal variability
modulates the rate of change of global surface temperatures while sea-level rise is more relentless. Global
warming has not stopped; it is merely manifested in different ways.

1. Introduction

How often have we heard “Wow it’s cold, where is global warming?” How can we get a cold and snowy
winter with anthropogenic climate change? Most people recognize from their own experience that we
have weather in all its infinite and wonderful variety, so that there are large variations in temperature
and precipitation from day-to-day and week-to-week. The biggest climate change we experience is the
one from summer to winter, or from winter to summer, or in the tropics from the wet monsoon season
to the dry “winter monsoon.” We expect these changes and even look forward to them. Our planting
and harvesting of crops depend on them. Yet every summer is different, and so is every winter. There are
“regimes” of climate where one summer may be sunny, dry, and hot, whereas another may be cool, cloudy,
and wet. Globally, the biggest cause of such regimes that last several seasons is the El Niño-Southern
Oscillation (ENSO) phenomenon. Since the major 1997/1998 El Niño event that affected weather patterns
around the world, the term “El Niño” has become part of the public vernacular and not just a scientific
term. Yet somehow, when talking about human-induced climate change, often referred to as “global
warming,” the idea that it is not relentless but rather occurs along with natural fluctuations from ENSO,
weather, and other modes of variability has often been lost.

The 2000s are by far the warmest decade on record (Figure 1). Before then the 1990s were the warmest
decade on record. Since global warming really reared its head in the 1970s in the sense that the global
warming signal emerged from the noise of natural variability, every decade has been warmer than the
previous ones and increasing evidence suggests that the past few decades are warmer than any others in
the past 2000 years [IPCC, 2007]. However, there has been a slowing in the rise of global mean temperature
over the past decade, often referred to as a hiatus or plateau. Has global warming stalled? Or is it entirely
expected that natural variability rears its head and can offset warming for a decade or two?

In part the answer depends on what we mean by “global warming.” For many it means the global mean
temperature increases. But for anthropogenic climate change, it means the climate change resulting from
all kinds of human activities, and it is now well established that by far the biggest influence occurs from
changes in atmospheric composition, which interfere with the natural flow of energy through the climate
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By Eli Kintisch

M
arine biologist Robert Pitman 

thought he’d seen it all after de-

cades of conducting marine 

mammal surveys off the coast of 

southern California. But little pre-

pared him for what he noticed off 

the bow of his team’s research vessel this 

past October: a pod of pygmy killer whales, 

a tropical species typically found 2500 km 

to the south. “There 

was a moment of dis-

belief,” recalls Pitman, 

who works at the Na-

tional Oceanic and 

Atmospheric Admin-

istration’s (NOAA’s) 

Southwest Fisheries 

Science Center in San 

Diego, California.

It’s aqua incognita 

these days for Pitman 

and other researchers 

studying the north-

eastern Pacific. Over 

the past 18 months, a 

gargantuan mass of 

unusually warm ocean 

water—dubbed The 

Blob—has hovered 

off North America’s 

west coast, setting sea 

temperature records, 

scrambling weather 

and ecosystems, and 

threatening to disrupt 

fisheries worth bil-

lions of dollars. The Blob’s freakish longev-

ity has prompted researchers to redesign 

long-planned research cruises. And al-

though scientists say global warming prob-

ably isn’t a major cause of The Blob, others 

say it offers a preview of the disruptions 

that will accompany climate change. 

The Blob, composed of water between 

1°C and 4°C warmer than usual, has had 

three phases (see graphic, p. 18). Blob 1.0 

appeared off Alaska’s southern coast in fall 

2013 and persisted for about 8 months. The 

mass of water—nearly 2000 km wide and 

100 m deep—appears to have been main-

tained by a cyclical weather pattern that cre-

ated a massive “ridge” of high atmospheric 

pressure that dominated the weather over 

western North America. The ridge deflected 

winds that usually stir up cold deep water 

and push cool water and air from high lati-

tudes south along the Pacific coast. 

Blob 2.0 appeared in the spring of 2014, 

after the high pressure dissipated, with 

patches of warm water spreading along the 

coast from Alaska to central Mexico. Tropi-

cal winds seemed to be 

a key driver, but phys-

ical oceanographers 

also noted unusually 

cool waters on the 

opposite side of the 

ocean, in the north-

west Pacific. That 

pattern suggested the 

involvement of a ma-

jor climate pattern 

known as the Pacific 

Decadal Oscillation, 

which can drive up 

temperatures in the 

eastern Pacific for pe-

riods of 4 to 20 years. 

Blob 3.0 appeared last 

month, as the warm 

pool split into two 

distinct patches, one 

off Washington state, 

the other off Baja Cali-

fornia in Mexico. The 

reasons for the split 

aren’t clear.

The Blob isn’t just 

affecting the ocean. Inland, it has con-

tributed to a number of unusual weather 

events in the Pacific Northwest, says Nick 

Bond, Washington state’s climatologist, 

who is based in Seattle. In the summer of 

2014, it likely contributed to unseasonably 

muggy conditions that produced high thun-

derstorm and lightning activity, including 

one July 2014 storm that sparked the big-

gest wildfire in the state’s history. During 

that storm, Bond says, firefighters “couldn’t 

keep up with the lightning strikes.” 

Researchers worry that The Blob is hav-

ing an even bigger impact on marine eco-

‘The Blob’ invades Pacific, 

flummoxing climate experts

Persistent mass of warm water is reshuffling ocean 

currents, marine ecosystems, and inland weather

MARINE SCIENCE

Tropical species, such as this pygmy killer 

whale, are appearing off California.
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Hoax-detecting 
software spots 
fake papers
Springer jumps into sham 

submissions arms race

systems, reshuffling key food webs. For 

instance, it weakened currents that deliver 

nutrients from the subarctic to the mid-

Pacific. There, the nutrients normally 

help fuel phytoplankton blooms in a fea-

ture known as the transition zone chloro-

phyll front, creating a lush feeding ground 

for marine life. But the front has moved 

240 km farther north than usual, leaving 

relatively barren waters where species usu-

ally gather to feed. 

Closer to shore, The Blob’s warmer and 

therefore less dense surface water has 

formed a cap that, together with the chang-

ing winds, keeps cooler, more nutrient-rich 

waters from reaching the surface, says 

physical oceanographer Kris Holderied of 

NOAA’s Kasitsna Bay Laboratory in Homer, 

Alaska. That means that surface-dwelling 

phytoplankton, a key food source for ma-

rine animals, may not be getting the nutri-

ents they need to thrive. Already, scientists 

have documented an overall drop in popu-

lations of copepods, tiny crustaceans that 

graze on phytoplankton, off the Oregon 

coast. At the same time, they’ve seen an 

unprecedented jump in tiny sea creatures 

that normally live in the tropics—even in 

the Gulf of Alaska.

“It’s fun to see some new animals I don’t 

know,” says Bill Peterson of NOAA’s North-

west Fisheries Science Center in Seattle, 

who has rerouted some of his research 

cruises to study The Blob. But he and 

other researchers fear that the loss of phy-

toplankton, and the fact that some of the 

newly arrived plankton have relatively low 

nutritional value, could be contributing to 

a wave of die-offs further up the food chain. 

Some blame The Blob for deaths of thou-

sands of seabirds called Cassin’s auklets 

along the Pacific coast this past winter, as 

well as the starvation of thousands of sea 

lions along the California coast. “Evidence 

of hardship is mounting,” says retired 

oceanographer Frank Whitney, who lives 

outside Victoria, Canada. 

A growing concern is the fate of the 

multibillion-dollar Pacific salmon fishery. 

Juvenile salmon heading out to sea from 

their birth rivers “may have nothing to eat” 

if The Blob doesn’t dissipate, Peterson says.

Several modeling teams are planning 

to convene early next year to share results 

of their Blob studies. A key question is 

whether the warming planet is responsible. 

Several recent papers have concluded it is 

not: The high-pressure ridge that birthed 

The Blob is a result of natural variability, 

researchers believe, not human-caused 

climate change. And the relatively modest 

climate-driven warming of the oceans seen 

so far probably isn’t a major factor, adds 

James Overland, a NOAA climate scien-

tist at the Pacific Marine Environmental 

Laboratory in Seattle. “But you can’t rule 

out a small global warming component to 

The Blob, or that in the future we won’t 

see more phenomena like this,” he says. 

Long-lasting atmospheric features, such 

as the persistent high-pressure ridge that 

spawned The Blob, may be more likely in 

the future, he says. 

One thing is clear to oceanographer 

Russell Hopcroft of the University of 

Alaska, Fairbanks: The Blob provides a 

window into the kind of changes that could 

occur in the Pacific’s warmer future. “What 

we’re seeing now,” he says, “is what we ex-

pected [to see] in a few decades.” ■

By John Bohannon

I
t all started as a prank in 2005. Three 

computer science Ph.D. students at the 

Massachusetts Institute of Technology—

Jeremy Stribling, Max Krohn, and Dan 

Aguayo—created a program to generate 

nonsensical computer science research 

papers. The goal, says Stribling, now a soft-

ware engineer in Palo Alto, California, was 

“to expose the lack of peer review at low-

quality conferences that essentially scam 

researchers with publication and confer-

ence fees.”

The program—dubbed SCIgen—soon 

found users across the globe, and before 

long its automatically generated creations 

were being accepted by scientific confer-

ences and published in purportedly peer-

reviewed journals. But SCIgen may have 

finally met its match. Last week, academic 

publisher Springer released SciDetect, a 

freely available program to automatically 

detect automatically generated papers.

SCIgen uses a “context-free grammar” to 

create word salad that looks like reasonable 

text from a distance but is easily spotted as 

nonsense by a human reader. For example:

After years of compelling research into 

access points, we confirm the visualiza-

tion of kernels. Amphibious approaches 

are particularly theoretical when it comes 

to the refinement of massive multi player 

online role-playing games.

SCIgen also generates impressive-looking 

but meaningless data plots, flow charts, 

and citations. SCIgen’s first victim was 

the World Multi-Conference on Systemics, 

Cybernetics, and Informatics (WMSCI), a 

meeting that the trio suspected of not prop-

erly vetting submissions. Indeed, WMSCI 

accepted two of their nonsense papers. 

The trio then put SCIgen online as a free 

service, encouraging researchers to “auto-

generate submissions to conferences that 

you suspect might have very low submis-

sion standards.” And submit they did. Over 

the past decade, researchers have pulled 

In hot water 
Since appearing off the coast of Alaska 
(top), a pool of unusually warm surface 
waters has stretched south (middle) and 
then broken in two (bottom).

4 December 2013

29 October 2014

18 March 2015

Change in °C from base period, 1971–2000

–2 –1.5 –1 –0.5 0.5 1 1.5 2 2.5 3 3.5

Published by AAAS

on O
ctober 26, 2018

 
http://science.sciencem

ag.org/
Downloaded from

 



Hiatuses and Blobs

“Hiatus”

surface ocean

atmosphere

deep ocean

Contrasting modes of internal variability

atmosphere cools

upper ocean warms surface ocean

atmosphere

deep ocean

upper ocean warms

atmosphere cools

“Blob”



What drives upper ocean heat content variability?

❖ What is the relative role of air-sea forcing vs. internal ocean processes?

❖ “Advection of anomalies” vs. “anomalous advection”?

❖ How does the balance of terms depend on the spatial and temporal 
aggregation scale?



Heat Budget

❖ ECCO is well suited for answering these questions because it has a closed 
heat budget with detailed diagnostic capability

❖ ECCOv4 even adjusts mixing coefficients
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Comparison to Piecuch et al. (2017)
Figure 3 (Piecuch et al., 2017)

•Calculate full diagnostic budget
•Integrate spatially over SPNA 
•integrate cumulatively over time
•detrend
•remove seasonal cycle

Our Reconstruction

ftp://ecco.jpl.nasa.gov/Version4/Release3/doc/

ftp://ecco.jpl.nasa.gov/Version4/Release3/doc/


Anomaly Budget

Surface forcing

Anomalous horizontal advection of mean

Mean horizontal advection of anomalies

Anomalous vertical advection of mean

Mean vertical advection of anomalies

Nonlinear advection 

Diffusion
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Example Timeseries

North Atlantic: 17 W, 45 N



Example Timeseries

North Atlantic: 17 W, 45 N



Regression Analysis
What are the dominant terms in any particular timeseries?
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Think of this as:

r1 =

R t1
t0

x1(t)y(t)dt
R t1
t0

y(t)y(t)dt
r2 =

R t1
t0

x2(t)y(t)dt
R t1
t0

y(t)y(t)dt

y(t) = x1(t) + x2(t) + ...+ xn(t)

etc.

r1 + r2 + ...+ rn = 1



Regression Analysis



Regression Maps



Regression Analysis



Depth Dependence
How does the budget change as we integrate over deeper depths?

300 m 2000 m



Temporal Scale Dependence
How does the budget change as we average over longer time intervals?

Month Year



Spatial Scale Dependence
How does the budget change as we aggregate over larger spatial regions?

1 degree 9 degrees



Conclusions

❖ Low latitudes: anomalous advection is the sole driver of OHC variability

❖ Anomalous vertical advection damps variability (diminishes with depth)

❖ Forcing becomes more important as you move to higher latitudes

❖ Picture is remarkably insensitive to scale


