
SC I ENCE ADVANCES | R E S EARCH ART I C L E
CL IMATOLOGY
1Department of Climate, Atmospheric Science and Physical Oceanography,
Scripps Institution of Oceanography, University of California, San Diego, La Jolla,
CA 92093, USA. 2Department of Atmospheric and Oceanic Sciences and Center
for Climatic Research, University of Wisconsin-Madison, Madison, WI 53705, USA.
*Present address: Department of Geology and Geophysics, Yale University, New
Haven, CT 06511, USA.
†Corresponding author. Email: wliu@yale.edu

Liu et al. Sci. Adv. 2017;3 : e1601666 4 January 2017
2017 © The Authors,

some rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. Distributed

under a Creative

Commons Attribution

NonCommercial

License 4.0 (CC BY-NC).
D
ow

nlo
Overlooked possibility of a collapsed Atlantic
Meridional Overturning Circulation in warming climate
Wei Liu,1*† Shang-Ping Xie,1 Zhengyu Liu,2 Jiang Zhu2

Changes in the Atlantic Meridional Overturning Circulation (AMOC) are moderate in most climate model projections
under increasing greenhouse gas forcing. This intermodel consensusmay be an artifact of commonmodel biases that
favor a stable AMOC. Observationally based freshwater budget analyses suggest that the AMOC is in an unstable re-
gime susceptible for large changes in response to perturbations. By correcting the model biases, we show that the
AMOCcollapses 300years after the atmospheric CO2 concentration is abruptly doubled from the1990 level. Compared
to an uncorrected model, the AMOC collapse brings about large, markedly different climate responses: a prominent
cooling over the northernNorth Atlantic and neighboring areas, sea ice increases over theGreenland-Iceland-Norwegian
seas and to the south of Greenland, and a significant southward rain-beltmigration over the tropical Atlantic. Our results
highlight the need to develop dynamical metrics to constrain models and the importance of reducing model biases in
long-term climate projection.
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INTRODUCTION
Current climate models suffer from biases (1), and therefore, it is crit-
ically important to assess the potential impact of the model biases on
future climate projections. One vital player for climate change is the
Atlantic Meridional Overturning Circulation (AMOC).With a warm,
northwardnear-surface flowanda colder, southward return flowat depth
(2), theAMOCcarries oceanic heat northward and contributesmoderate
climate to theU.K. and northwest Europe (3). There is evidence that the
AMOChas slowed down since the early 20th century, although this long-
term declining trend of AMOC strength is subject to great uncertainty
(3).Under future globalwarming, theAMOCispredicted to furtherweaken
(1, 4–8), but the degree of the change is uncertain, ranging fromamoderate
slowdown (4–7) to a complete shutdown (8). These different AMOC re-
sponses essentially depend on the circulation stability (1–3). Recent studies
(9–14) point to a serious bias in AMOC stability in current climatemodels.
Observational analyses (9–16) suggest an unstable modern AMOC (with
multiple equilibria), meaning that the AMOC may switch between “on”
and “off”modes in the future, as it did in the past (17–20).However, climate
models show a common bias toward a stable AMOC (with a single equi-
librium) (21, 22). This bias inAMOC stability casts serious doubt on the
projection of future AMOC change.

To test the bias impact on futureAMOCchange, we conduct parallel
experiments based on the same climate model but of two versions: the
present-day control run (CTL) of the National Center for Atmospheric
Research (NCAR)CommunityClimate SystemModel version 3 (CCSM3)
(23, 24) and a bias adjusted run (ADJ) (14) via a surface flux adjustment
(seeMaterials andMethods for details).We further rely on an indicator
DM*

ov (25, 26) to analyze the stability of the AMOC, which is defined as
the difference of the AMOC-induced freshwater transports across the
southern ðM*

ovSÞ and northern ðM*
ovNÞ boundaries of the Atlantic (see

Materials andMethods for details). Previously,M*
ovS has been used as an

AMOC stability indicator (7, 10–13, 27), but it is not an accurate mea-
sure of AMOC stability (26) because it neglects the freshwater transport
between the Atlantic and the Arctic ðM*
ovNÞ. For example, Weaver et al.

(7) show that fewmodels in the CoupledModel Intercomparison Project
Phase 5 (CMIP5) (28) exhibit a rapid collapse of future AMOC, although

M*
ovS classifies 40% of them as being in an unstable regime. By contrast,

DM*
ov accurately denotes the freshwater transport induced by the AMOC

and therefore can better represent a basin-wide salt-advection feedback
and the AMOC stability (26). In particular, a divergence of the AMOC-
induced freshwater transport ðDM*

ov < 0Þ indicates an unstable AMOC
in response to buoyancy perturbation owing to a positive feedback with
salinity advection.We suppose that an energeticmodernAMOC induces
a freshwater divergence. Under global warming conditions, an initial
buoyancy perturbation in the North Atlantic weakens the AMOC and
hence the associated freshwater divergence. The reduced freshwater
divergence may then lead to an accumulation of freshwater in the North
Atlantic, further amplifying the initial freshwater perturbation and result-
ing in a collapse of the AMOC.
RESULTS
Figure 1A shows modern AMOC stability inferred from DM*

ov in ob-
servations (reanalysis data) (see Materials and Methods for details)
andmodel simulations (table S1). The observations suggest a freshwater
divergence induced by a vigorous AMOC ðDM*

ov < 0Þ and thus an un-
stable AMOC, whereas climate models (without flux adjustment, see
Materials andMethods for details) simulate a freshwater convergence
ðDM*

ov > 0Þ and therefore a stable AMOC. This bias in AMOC stability
ðDM*

ovÞ is mostly caused by a biasedM*
ovS becauseM

*
ovN is consistently

negative in both observations andmodels, as associated with a freshwater
import from theArctic (Fig. 1B). At the southern boundary, observations
suggest a strong freshwater export owing to a saltier northward flow
(Fig. 2B) of surface and thermocline waters (<500m) than the deep south-
ward flow(Fig. 2B) of theNorthAtlanticDeepWater (NADW) (1500 to
4000m),whereas climatemodels showa freshwater importor adiminished
transport primarily due to a fresh bias in salinity above 500 m (Fig. 2A).

The flux adjustment enables a correction of AMOC stability. By
eliminating the salinity bias in the upper levels of the South Atlantic
(Fig. 2A), the ADJ simulates a strong freshwater export across the
southern boundary, an Atlantic freshwater divergence, and therefore
an unstable AMOC consistent with observations (Fig. 1, A and B).
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Fig. 2. Salinity and velocity profiles. Zonalmean (A) salinity and (B) baroclinicmeridional velocity at the southern boundary (~34°S) of theAtlantic as a function of depth. psu,
practical salinity units. Annual mean results are calculated from reanalysis data [C-GLORS (pink), ECCO-v4 (brown), ORAS4 (green), and SODA (yellow)], the CMIP5model simulations
(gray), and the CCSM3 CTL (blue) and ADJ (red) runs.
A

C

B

Fig. 1. AMOC stability inmodern climate and AMOC response under global warming. (A) AMOC stability diagramwhereM�
ovS andM

�
ov are the AMOC stability indicators

defined in Materials and Methods. The indicator values in modern climate are shown in solid circles for reanalysis data [Centro Euro-Mediterraneo sui Cambiamenti Climatici

Global Ocean Physical Reanalysis System (C-GLORS; pink), Estimating the Circulation and Climate of theOcean version 4 (ECCO-v4; brown), Ocean Reanalysis System 4 (ORAS4;
green), and SimpleOceanData Assimilation (SODA; yellow)], in gray triangles for the CMIP5model simulations, and in blue and red diamonds for the CCSM3CTL andADJ runs.
A positive or negativeDM�

ov indicates that the AMOC resides in a stable or unstable regime. (B)M�
ovS,DM

�
ovN, andDM

�
ov from reanalysis data, the CCSM3CTL andADJ runswith the

samemarker and color scheme as in (A), and the CMIP5 climatemodels in the formof the box-and-whisker plot. (C) Evolution of AMOC strength in the CTL (blue), CTLCO2 (light
blue), ADJ (red), and ADJCO2 (orange), where the AMOC strength is defined as the maximum in the stream function below 500 m in the North Atlantic. A locally weighted
scatterplot smoothing of 10-year intervals is applied to annual mean AMOC strength to remove interannual variability.
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Meanwhile, the flux adjustment only slightly modulates the magnitude
of the AMOC. The AMOC volume transport remains similar in both
CTL and ADJ (fig. S1, A and C) and close to observations (29).

We conduct two parallel doubling CO2 experiments (the CTLCO2

and ADJCO2) based on two versions of the CCSM3 (see Materials and
Methods for details). The atmospheric CO2 concentration is instanta-
neously doubled (at year 201) from thepresent-day level and then remains
constant thereafter. This warming scenario is between the Representative
Concentration Pathways (RCP) 4.5 and RCP6.0 scenarios from the Inter-
governmental Panel onClimate Change FifthAssessment Report (1). The
twomodels show similar climate responses during the first three decades.
TheAMOCstrength reduces (Fig. 1C), and theArctic sea ice shrinks (fig.
S2B). The surfacewarmingpattern is consistentwith observations,which
Liu et al. Sci. Adv. 2017;3 : e1601666 4 January 2017
is characterized as a warming minimum (or slight cooling) to the south
ofGreenland, intensifiedwarming over Eurasia andNorthAmerica, and
enhanced warming in the tropical Pacific, with a warming minimum in
the southeastern Pacific (fig. S3). Nevertheless, predictions by the two
models diverge markedly after the first 50 years. In the CTLCO2, the
AMOC slightly and slowly recovers (Fig. 1C), which is consistent with
projections by most CMIP5 models (6, 7). In the ADJCO2, by contrast,
the AMOC continues to decelerate and eventually collapses at year 500
(Fig. 1C). These distinct AMOC behaviors between models originate
from the AMOC stability. During years 251 to 500, the initial weakening
of theAMOC in theADJCO2 (CTLCO2) causes an anomalous freshwater
divergence (convergence) in the Atlantic (Fig. 3C), primarily through the
transport change across the southern boundary (Fig. 3, A and B). This
A B

C D

Fig. 3. Evolutions of freshwater transport and salinity. Decadal mean anomalies in double CO2 simulations (relative to the climatology in the CTL and ADJ) for freshwater
transportsM�

ovS (light green) andM
�
ovN (pink) in (A) the CTLCO2 and (B) ADJCO2, for (C)DM�

ov in the CTLCO2 (light blue) and ADJCO2 (orange), and for (D) the Atlantic basinmean
salinity DSAtl in the CTLCO2 (blue) and ADJCO2 (red). A 90-year running mean is applied toM�

ovS,M
�
ovN, and DM�

ov during years 251 to 600, with results shown in thick lines.
Smoothed M�

ovS (dark green) and M�
ovN (purple) are shown in (A) and (B), whereas smoothed DM�

ov is shown in (C), in blue for the CTLCO2 and in red for the ADJCO2.
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freshens (salinifies) theAtlantic (Fig. 3D), inhibits (promotes) thedeepcon-
vection and NADW formation, and finally leads to a collapse (partial re-
covery) of the AMOC. It is worthmentioning that DM*

ov in the ADJCO2

eventually switches from negative to positive, implying that the evolving
AMOC acts to accumulate freshwater in the Atlantic and, thus, the final
collapsed state is steady.

The distinct AMOC changes between the ADJCO2 and CTLCO2

cause distinct long-term climate responses. For example, during years
251 to 500, in the ADJCO2 (CTLCO2), sea ice area increases (decreases)
in theNorthernHemisphere (fig. S2B).We further examine the centurial
mean difference between the ADJCO2 (CTLCO2; years 501 to 600) and
the ADJ (CTL; years 101 to 200). The ADJCO2 predicts a large cooling
Liu et al. Sci. Adv. 2017;3 : e1601666 4 January 2017
over thenorthernNorthAtlantic andneighboring areas (Fig. 4C). Surface
air temperatures over the U.K., Iceland, and northwest Europe can drop
to greater than 7°C during boreal winter. Associatedwith this cooling, sea
ice expands over the Greenland-Iceland-Norwegian (GIN) seas and to
the south of Greenland (fig. S4C). Compared with the CTLCO2, the
ADJCO2 predicts a general cooling in the Northern Hemisphere polar
region to 45°N (Fig. 4E), and sea ice retreat (fig. S4D) around Antarctica.
The global mean surface air temperature in the ADJCO2 is ~0.4°C less
than that in the CTLCO2 (fig. S2A).

The effect of flux adjustment on climate change extends into the
tropics. Unlike the CTLCO2, theADJCO2 simulates a stronger (weaker)
surface warming south (north) of the equator in the Atlantic (Fig. 4C),
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C D

E F

Fig. 4. Long-term (after 300 years) responsesof surface temperature andprecipitation to CO2 increase. (A, C, and E ) Results of annualmean temperature (shading in °C):
(A) the CTLCO2minus the CTL (C) the ADJCO2 minus the ADJ, and (E) the difference between (C) and (A). (B,D, and F) Similar to (A), (C), and (E) but for the results of annual mean
precipitation (shading in mm day−1).
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as caused by a severe decline in the AMOC and associated heat trans-
port. Thewarming pattern effectively displaces the Altantic Inter-tropical
Convergence Zone (ITCZ) southward and generates a rainfall dipole
astride the equator: enhanced precipitation over the tropical SouthAtlantic
and northeastern Brazil and reduced precipitation over the tropical North
Atlantic and Central America (Fig. 4D). This ITCZ shift corresponds to a
robust southward migration of the Hadley cell (fig. S5). Overall in the
tropics, the difference in rainfall change between the ADJCO2 and
CTLCO2 runs closely follows the patterns of SST difference (Fig. 4, E
and F) (30).
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DISCUSSION
We have used a bias correction approach to illustrate the impact of the
AMOC stability bias on future climate projections. The corrections put
theAMOCinanunstable regimeand lead to anAMOCcollapse 300years
after a CO2 doubling. With the AMOC shutdown, the bias-adjusted
model predicts a distinct climate change from most CMIP5 models: a
prominent cooling over the northern North Atlantic and neighboring
areas, a remarkable sea ice expansion over theGIN seas and to the south
of Greenland, and a significant southward rain-belt migration over the
tropical Atlantic. Our results suggest that prevailing predictions by the
CMIP5 models underestimate the model uncertainty in AMOC re-
sponse and regional climate change around the North Atlantic.

The samemodel simulates anAMOCcollapsewith a large 1-sverdrup
(1 sverdrup= 106m3/s) freshwater pulse (14) thatmimicsmajor ice-sheet
discharges into the North Atlantic in paleoclimate observations. The
AMOC collapse is primarily caused by a halinely induced reduction
of surface buoyancy (see fig. S6F andMaterials andMethods for details)
associated with an extreme freshening in the northern North Atlantic
and GIN seas (fig. S6L). On the other hand, the current study uses a
more realistic setting, that is, theCO2 increase for future globalwarming.
The AMOC shutdown under global warming is primarily caused by
a thermally induced buoyancy reduction (fig. S6B). The resultant
buoyancy change (fig. S6A) is about one order of magnitude smaller
(~0.1 sverdrup) than that in the hosing experiment (fig. S6D). An-
other important difference between the global warming and hosing
scenarios is the response of atmospheric moisture transport from the
Atlantic to the Pacific across Central America. Under global warming,
themoisture transport intensifies because of atmosphericmoisture in-
crease, a negative feedback that increases Atlantic salinity (31) and sta-
bilizes the AMOC (32–34). However, this mechanism is generally
absent in the hosing experiments (34).
MATERIALS AND METHODS
The NCAR CCSM3 simulations
Weused theNCARCCSM3 (23) with the T31_gx3v5 resolution (nom-
inally 3°, with significantly finer resolution toward Greenland) (24), a
climate model without flux adjustment. The CTL was adopted from a
200-year simulation (years 1001 to 1200) in the CCSM3 control run in
the perpetual 1990 scenario and redenoted as years 1 to 200. Corres-
ponding to the CTL, the ADJ was built via a classical flux adjustment
approach (35) in which the model surface temperature and salinity cli-
matologies were adjusted toward observations using a seasonal cycle of
anomalous heat and freshwater fluxes (14). The artificially added heat
and freshwater fluxes eliminatedmost temperature and salinity biases at
the ocean surface (fig. S7), potentially improving the formation area of
NADW(fig. S8,A toC) and the simulationofAtlanticmultidecadal oscil-
Liu et al. Sci. Adv. 2017;3 : e1601666 4 January 2017
lation, which was associated with AMOC variability (fig. S8, D to G).
Model years in the ADJ were redenoted from 1 to 200. Herein, we would
like to clarify that the reason for introducing flux adjustmentswas the sub-
stantialAMOCstability bias in climatemodels. The flux adjustmentswere
meant to explore the possible range of AMOC response as a function of
AMOC stability, but they were by no means the solution to a realistic
solution for the AMOC. The results need to be tested with physically
improved models.

From year 201, two parallel double CO2 experiments (the CTLCO2

andADJCO2)were conducted, inwhich atmospheric CO2 concentration
was instantaneously doubled from the 1990 level and then fixed. Itmerits
attention that themeltwater discharge from theGreenland ice sheet is not
included in the doubleCO2experiments; thus, the behavior of theAMOC
is entirely under radiative forcing due to increasing CO2. Our results
suggest a possibility of future AMOC collapse without ablation of the
Greenland ice sheet. Also, a strong regional cooling was found in the
ADJCO2 over the northernNorth Atlantic 300 years after CO2 doubling.
This is because an extreme AMOC weakening causes a striking local
cooling that overcomes the global warming induced by CO2 increase.
Here, the CO2 doubling is a modest warming scenario between the
RCP4.5 and RCP6.0 scenarios. Our results may alter if an extreme
warming scenario, for example, the RCP8.5 scenario, is adopted.

In addition, a hosing experiment fromaprevious study (14)was used
for comparisons with ADJCO2. The hosing experiment (ADJHOS) was
based on the ADJ, with a strong freshwater perturbation of 1 sverdrup
imposed over the high-latitudeNorthAtlantic (50°N to 70°N) fromyear
201. The freshwater perturbation was terminated after 100 years.

The AMOC stability indicator
A dynamical metric named DM*

ov was adopted in the study, which is
related to the freshwater transport induced by theAMOC. In particular,
the equivalent freshwater transport associated with the AMOC along a
zonal section at latitude (f) is calculated approximately as

M*
ov fð Þ ¼ � 1

S0
∫
0

�Dv
*� f; zð Þ〈Sðf; zÞ〉dz ð1Þ

where S0 = 34.8 psu is a reference salinity, z represents depth, −D is the
depth of the ocean bottom, v∗(f, z) is the meridional baroclinic ocean
velocity, overbar denotes zonal integral, and 〈S(f, z)〉 denotes the zonal
mean salinity. The AMOC stability indicator DM*

ov is defined as the
difference of the AMOC freshwater transports across the south-
ern and northern boundaries of the Atlantic (25, 26), which can be
expressed as

DM*
ov ¼ M*

ovS �M*
ovN ð2Þ

whereM*
ovS denotes the transport at the southern boundary of the

Atlantic (~34°S), which served as a candidate of the AMOC stability
indicator in early studies (7, 10–13, 27). M*

ovN denotes the transport
at the northern boundary of the Atlantic (~80°N), which is equal to
the sum of overturning components of liquid freshwater import from
the Arctic ocean via three sections: the Canadian Arctic Archipelago
ðM*

ovCAAÞ, the FramStraitðM*
ovFRAÞ, and the western shelf of the Barents

Sea ðM*
ovBARÞ. Calculation ofM*

ovCAA,M
*
ovFRA, andM*

ovBAR follows the
formulation of M*

ov butwith v
∗normal to section, integration, and aver-

aging carried along the direction of each section. Here, climatologically
annual mean values of DM*

ov , M
*
ovS , and M*

ovN are calculated from
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monthly outputs of reanalysis data sets, the CMIP5 model simulations,
and the CCSM3 CTL and ADJ runs.

Observational data
We used the National Oceanic and Atmospheric Administration Ex-
tended Reconstructed Sea Surface Temperature (SST) version 4 (ERSST.v4)
(36, 37) during 1854 to 2014, Monthly Isopycnal/Mixed-layer Ocean
Climatology (MIMOC) (38), NASA Goddard Institute for Space Studies
Surface TemperatureAnalysis (GISTEMP) (39) during 1880 to 2014, and
reanalysis data during the span of 1970 to 2014: theC-GLORS (40) during
1982 to 2013, ECCO-v4 release 2 (41) during 1992 to 2011, the European
Centre forMedium-RangeWeather ForecastsORAS4 (42) during 1970 to
2014, and SODA version 2.2.4 (43) during 1970 to 2008.

The CMIP5 simulations
We used monthly outputs during 1970 to 2005 from the historical runs
(28) of 20CMIP5 climatemodels (table S1). The simulationswere driven
by historical changes inwell-mixed greenhouse gases, aerosols, and strato-
spheric ozone depletion. No flux adjustmentwas adopted in thesemodels.

The surface density flux
The surface density flux, a measure of the loss/gain of water mass of the
ocean surface layer due to the heat and freshwater exchanges (44), was
examined in the ADJ, ADJCO2, and ADJHOS. The density flux (DF) is
calculated as

DF ¼ �a
Q
Cp

þ r 0; SSTð Þb ðE � P � R� IÞSSS
1� SSS

ð3Þ

where the first term�a Q
Cp
represents the thermal contribution (denoted

as TF), and the second term r 0; SSTð Þb ðE�P�R�IÞSSS
1�SSS represents the ha-

line contribution (denoted as SF). Cp, SST, and SSS are the specific heat
capacity, sea surface temperature, and sea surface salinity, respectively.a
and b are the thermal expansion and haline contraction coefficients.
r(0, SST) is the density of freshwater with salinity of 0 and temperature
of SST. Q represents the net surface heat flux, and E, P, R, and I denote
the freshwater fluxes due to evaporation, precipitation, river runoff, and
sea ice melting and brine rejection, respectively.
ry 4, 2017
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/1/e1601666/DC1
fig. S1. The depth and latitude diagram of annual mean AMOC stream function.
fig. S2. Annual mean anomalies in double CO2 simulations.
fig. S3. Short-term (0 to 30 years) surface temperature response to CO2 increase.
fig. S4. Long-term (after 300 years) response of sea ice coverage to CO2 increase.
fig. S5. Response of the Hadley cell 300 years after CO2 increase.
fig. S6. Changes in the surface fluxes and variables over the North Atlantic in the first 30 years
after CO2 increase.
fig. S7. Annual mean SST and SSS biases.
fig. S8. Observed and simulated formation areas of NADW and Atlantic multidecadal oscillation.
table S1. The CMIP5 models used in this study and their sponsors, countries, and names.
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