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ABSTRACT

The variability of Atlantic Meridional Overturning Circulation (AMOC) in the pre-industrial control experiment of the
Flexible Global Ocean–Atmosphere–Land System model, Grid-point Version 2 (FGOALS-g2) was investigated using the
model outputs with the most stable state in a 512-yr time window from the total 1500-yr period of the experiment. The period
of AMOC in FGOALS-g2 is double peaked at 20 and 32 years according to the power spectrum, and 22 years according
to an auto-correlation analysis, which shows very obvious decadal variability. Like many other coupled climate models, the
decadal variability of AMOC in FGOALS-g2 is closely related to the convection that occurs in the Labrador Sea region. Deep
convection in the Labrador Sea in FGOALS-g2 leads the AMOC maximum by 3–4 years. The contributions of thermal and
haline effects to the variability of the convection in three different regions [the Labrador, Irminger and Greenland–Iceland–
Norwegian (GIN) Seas] were analyzed for FGOALS-g2. The variability of convection in the Labrador and Irminger Seas is
thermally dominant, while that in the colder GIN Seas can be mainly attributed to salinity changes due to the lower thermal
expansion. By comparing the simulation results from FGOALS-g2 and 11 other models, it was found that AMOC variability
can be attributed to salinity changes for longer periods (longer than 35 years) and to temperature changes for shorter periods.
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1. Introduction
Atlantic Meridional Overturning Circulation (AMOC) is
one of the most important large-scale ocean current systems
for the global climate (Hofmann and Rahmstorf, 2009) and
can be characterized as follows: (1) in the upper Atlantic
Ocean, warm and saline water moves northward from the
Equator towards northern high latitudes, and a part of these
northward moving surface waters is derived from the Southern Ocean due to Ekman transport driven by strong westerly
winds (Delworth et al., 2008); (2) in the deepest part of
the Atlantic Ocean, there is a cold water mass (Antarctic
Bottom Water), which is derived from the cold dense water
descending along the continental margin of Antarctica in austral winter (Gordon, 2009); (3) in the North Atlantic Ocean,
the northward moving surface water descends into the deep
ocean and forms North Atlantic Deep Water (NADW) due to
heat loss and brine-release from sea ice formation in boreal
∗
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winter (Van Aken, 2007); and (4) NADW is carried southward, upwells to the upper ocean in the low latitudes due
to thermocline cross-isopycnal mixing, and in the Southern
Ocean due to wind-driven mixing, and thus closes the water cycle (Kuhlbrodt et al., 2007). AMOC transports about a
quarter of total global ocean–atmosphere northward heat ﬂux
in the Northern Hemisphere (Bryden and Imawaki, 2001).
Owing to its important role in modulating the energy balance,
as well as there being serious consequences should it break
down (Delworth et al., 2008), AMOC draws much attention
from the research community.
AMOC is directly or indirectly related to many climate
systems or phenomena, such as Atlantic Multi-decadal Oscillation (AMO) (Latif et al., 2004), variability of Arctic sea
ice (Mahajan et al., 2011), and El Niño–Southern Oscillation (Timmermann et al., 2005, 2007). Among these relationships, the link between AMOC and AMO is subject to
debate because of a shortage of long-term observation data
of AMOC. On the one hand, the decadal variability of AMO
is attributed to the internal variability of the climate system
and claimed to be closely related to the variability of AMOC
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(Delworth and Mann, 2000; Knight et al., 2005; Zhang,
2007); while on the other hand, the important role of external forcing, such as volcanoes, on the variability of AMO has
been emphasized (e.g., Otterå et al., 2010). At least, AMOC
is likely to be one of the origins of the decadal variability in
the North Atlantic Ocean (Latif and Keenlyside, 2011).
Because of the long-term “memory” and the very important role of AMOC in poleward heat transport, AMOC is a
potential indicator of future climate change (Huang et al.,
2012). Although the relationship between AMOC and AMO
is not very clear, an understanding of the decadal variability of AMOC will at least beneﬁt our knowledge of internal
climate variability to a certain extent.
Studying the variability of AMOC using observational
data is the ﬁrst choice. However, because the ocean is opaque
to electromagnetic radiation (Wunsch and Stammer, 1998)
and AMOC has a wide geographical distribution, it is very
difﬁcult to accurately describe its 2D or 3D structure. Observations of AMOC are always made at speciﬁc latitudes, deﬁned by the particular ﬁeld experiment involved, such as the
RAPID-MOCHA program (Cunningham et al., 2007; Kanzow et al., 2009, 2010; Johns et al., 2011), as well as in
situ ﬂoats and satellite altimeters (Willis, 2010). In addition,
the length of the dataset derived from such experiments is
too short to study the decadal variability of AMOC (e.g., the
RAPID-MOCHA program provided data from April 2004 to
April 2008).
Coupled climate models are indispensable tools for
studying the decadal variability of AMOC and other climate phenomena, especially in cases where sufﬁcient observations are unavailable (Delworth et al., 1993; Dong and Sutton, 2005). Because of the different resolutions and physical
parameterizations adopted by different climate models, the
range of peak periods of AMOC reported is wide (Danabasoglu, 2008). In ocean models, the most relevant parameterization schemes to periods of AMOC are the vertical mixing
scheme and overﬂow scheme (Danabasoglu et al., 2012), for
the following two reasons. (1) Vertical mixing unstratiﬁes
the water column and favors deep convection (Kuhlbrodt et
al., 2007), which is a central cause of deep water formation
(Bentsen et al., 2004; Jungclaus et al., 2005; Danabasoglu,
2008; Danabasoglu et al., 2012), i.e., NADW (an important
part of AMOC). (2) Overﬂow across the Greenland-Scotland
Ridge transfers deep water formed in the GIN (Greenland–
Iceland–Norwegian) Seas southward into the Labrador Sea
(Hansen et al., 2001; Medhaug et al., 2012). It should be
noted that the heat losses from ocean to atmosphere, which
are triggered by the frequent winter storms in the North Atlantic Ocean, are essential to the occurrence of deep convection (Marshall and Schott, 1999).
To study the internal variability of AMOC, experiments
under non-evolving forcing (e.g., greenhouse gas concentrations ﬁxed at the pre-industrial level) with long-term integration (usually more than 1000 years) must be carried out.
However, not all simulated data can be used for such analysis because of the special features in different phases of the
process, such as the “spin up” (at the initial time of integra-
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tion) and “climate drift” (after long-term integration) phases.
Until recently, studies of AMOC variability have not provided a method to determine these phases. In analyses of
AMOC based on present-day control runs of the Community Climate System Model, version 3 (CCSM3) (700 years),
two periods have been used in different studies (Danabasoglu,
2008; Kwon and Frankignoul, 2012). However, no quantitative method to identify the boundaries of these time periods
has been applied. Another example comes from an analysis of AMOC variability using version 3 of the Hadley Center Coupled Model (HadCM3), in which the entire simulation was used (Dong and Sutton, 2005). Therefore, how best
to choose the time window for AMOC analysis remains an
open question, and this is the topic we set out to address in
the present reported work.
The main goal of the paper is to analyze the internal variability of AMOC with a focus on the decadal
signal and associated mechanism in the Flexible Global
Ocean–Atmosphere–Land System model, Grid-point Version
2 (FGOALS-g2), and the remainder of the text is organized
as follows. In section 2, FGOALS-g2 and the data selection
from the model simulation are described. The decadal variability of AMOC and the associated mechanism are detailed
in section 3, wherein the role of deep convection is emphasized and the effects of salinity and temperature on the deep
convection are analyzed. Similar analyses have been performed for other climate models. Therefore, in section 4, we
compare and discuss the characteristics of AMOC in different climate models based on the present literature. The ﬁnal
section (section 5) provides a summary and sets out the main
conclusions of the work.

2. Model description and data selection
2.1.

Model description

FGOALS-g2 is a coupled climate model developed by
the LASG/CESS team (State Key Laboratory of Atmospheric
Sciences and Geophysical Fluid Dynamics/Center for Earth
System Science). The four components of FGOALS-g2 (Li
et al., 2013a), i.e., the atmospheric, land-surface, ocean, and
sea-ice components, are coupled together through Coupler 6
(CPL6) from the National Center for Atmospheric Research
(NCAR) (Craig et al., 2005). The atmospheric component
is the Grid-point Atmospheric Model of the IAP (Institute of
Atmospheric Physics)/LASG, version 2.0 (GAMIL2.0) and
has 26 layers in the vertical direction (Wang et al., 2004; Li et
al., 2013b), while the land-surface component is the Community Land Model, version 3 (CLM3.0) and has 10 soil layers
in the vertical direction (Oleson et al., 2004). Both have the
same horizontal resolution (2.8◦ × 2.8◦ ). The ocean component is the LASG/IAP Climate Ocean Model, version 2 (LICOM2.0). It has a nominal horizontal resolution of 1◦ with
a meridional reﬁnement in the equatorial region, approaching a minimum 0.5◦ grid spacing, and 30 layers in the vertical direction with a resolution of 10 m in the upper 150 m
(Liu et al., 2012). The vertical mixing scheme in LICOM2.0
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is the second-order closure model of Canuto et al. (2001,
2002), and no overﬂow parameterization scheme is included.
The sea-ice component is CICE4-LASG, an improved version of CICE4 (Community Ice CodE Version 4), and has
the same horizontal resolution as the ocean component (Liu,
2010). It has been documented that low AMOC, with a maximum of about 10 Sv (1 Sv = 106 m3 s−1 ) exists in version
1 of FGOALS (FGOALS-g1) (Medhaug and Furevik, 2011).
An improved representation of AMOC in FGOALS-g2 compared to FGOALS-g1 will be illustrated in this paper.
2.2.

AMOC index

Traditionally, AMOC is deﬁned as the zonally-integrated
annual-mean overturning stream function in depth space.
However, it has been suggested that deﬁning AMOC in potential density space may be better in terms of representing
the transportation of water masses (Döös and Webb, 1994;
Treguier et al., 2007; Dufour et al., 2012), and measuring
the changes of AMOC in subpolar regions where the northward and southward ﬂows with different densities take place
at similar depths (Zhang, 2010a, b). However, because we
intend to directly compare the results of FGOALS-g2 with
those of other models in the literature, and given that the studies in which those model results have been presented largely
deﬁned AMOC according to depth space, we have chosen to
do the same in the present work.
The AMOC index used throughout this paper, unless
otherwise stated, is deﬁned as the maximum of meridional
overturning stream function between 15◦ and 65◦ N and below 500 m in depth, which serves to exclude surface-winddriven overturning (Schott et al., 2004; Medhaug and Furevik, 2011).
2.3.
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al., 2012). In this paper, to determine within which time window the climate state is most stable, a new method named the
“running standard deviation method” is proposed, which is
based on the standard deviation (SD) of a running time window of the AMOC index. The only adjustable parameter is
the length of the time window, which can be set by the user.
The details of the new method are as follows: (1) assume
that the length of total available data is N (units: years), and
the length of the adjustable time window is M (units: years),
wherein M must be an even number; (2) let AMOC-SD (x) be
the SD of the AMOC index for each continuous M-year subperiod ([x − M/2 + 1], [x + M/2]) in the N-year period, and x
the center year of the subperiod, which is to be determined;
and (3) the M-year time window ([x − M/2 + 1], [x + M/2]) is
obtained as the balanced state, when AMOC-SD (x) reaches
its minimum at some point, x.
The goals of this new method are to remove the initial
“spin-up” and the ﬁnal “climate drift” periods. SD measures the variance of a time series and thus can be taken as
a measurement of the stability. We use an analysis window
with a length of 512 (the power of 2, suitable for spectral
and wavelet analyses) years running along the 1500-yr time
series of the AMOC index (see Fig. 1a). Sensitivities of SD
and the trend of AMOC index values due to changes in the
length of the time window have been analyzed (not shown).

Method for determining the most stable state

A question that always arises in a control simulation is:
when does the coupled model enter its balanced state? Factors such as sea surface temperature, sea surface salinity, sea
ice area and sea ice volume are often used as indicators of
when the simulation reaches a balanced state (Gordon et al.,
2000; Delworth et al., 2006; Doney et al., 2006; Phipps et
al., 2011). In fact, the equilibrium of AMOC is not only a
good representation of the energy balance between the low
and high latitudes, but also an indicator of when air–sea interaction and the deep ocean reach a relatively stable state.
Therefore, the AMOC index is used here to identify the most
stable state. Typically, when analyzing the internal decadal
variability of AMOC, the long-term trends of the AMOC index and other physical quantities are removed (detrending)
before detailed analysis such as correlation, regression and
spectral analysis can be done. However, when the linear trend
is large, uncertainty arises in the detrending process, i.e., the
decadal signal is easily contaminated. Thus, a period of stable AMOC signal needs to be identiﬁed.
There are about 1500 model years in the pre-industrial
control experiment of FGOALS-g2. However, not all parts of
the simulation are useful, such as the “spin-up” process at the
initial time and the long-term “climate drift” (Sen Gupta et

Fig. 1. (a) Diagram showing the running SD method. The period from year 520 to 1031 has the minimum SD of 0.95 Sv (see
section 2.3 of the text for further details). (b) Time series of the
AMOC index (units: Sv), which is deﬁned as the maximum of
meridional stream function in the Atlantic Ocean from 15◦ N to
65◦ N and below 500 m.
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In the sensitivity study, the length of the time window varied
from 100 to 1200 years, with a time interval of 100 years. As
the length of the time window increased, the SD increased
almost uniformly. The minimum trend of the AMOC index
was obtained as 7.1 × 10−5 Sv yr−1 when the length was 500
years, which supports the choice of 512 years to be used in
this paper. The minimum SD (see Fig. 1b) was found in the
512-year window with year 775 as the center, i.e., the window
started at year 520 and ended at year 1031. The minimum SD
and linear trend gradient (LTG) in this period were 0.95 Sv
and 8.5 × 10−6 Sv yr−1 , respectively. In contrast, the “spinup” period (from year 1 to 519) was marked by an SD of 2.38
Sv and an LTG of −2.1 × 10−3 Sv yr−1 , while the “climate
drift” period (from year 1032 to 1500) with an SD of 1.08 Sv
and an LTG of −1.8 × 10−3 Sv yr−1 . The period from year
520 to 1031 will be used for investigating the variability of
AMOC.

3.
3.1.

Decadal variability of AMOC and its associated mechanism
Mean State of AMOC

Observations of AMOC at 26.5◦ N from the RAPIDMOCHA program (Cunningham et al., 2007; Johns et al.,
2011) and at 41◦ N estimated using data from in situ ﬂoats
and satellite altimeters (Willis, 2010) are used to evaluate the
performance of FGOALS-g2. The annually averaged value
at 26.5◦ N given by Cunningham et al. (2007) is 18.7 Sv with
an SD of 5.6 Sv, while that estimated by Johns et al. (2011)
at the same latitude using the same data is 18.5 Sv. The annually averaged AMOC value at 41◦ N from 2004 through 2006
is about 15.5 Sv with an SD of 2.4 Sv (Willis, 2010). The
2D structure of AMOC in FGOALS-g2 is shown in Fig. 2a.
Compared with observations, FGOALS-g2 overestimates the
maximum values of AMOC at both 26.5◦ N and 41◦ N (us-
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ing the 512-yr monthly average), and the simulated values
are 22.9 Sv and 24.7 Sv, which are about 4.2 Sv and 9.2 Sv
larger, respectively. Despite the existence of this bias, the current version outperforms the previous version, FGOALS-g1,
which produces much weaker AMOC with a maximum less
than 10 Sv at 26.5◦ N. The improved representation of AMOC
can be attributed to the adoption of the Canuto vertical mixing scheme (Canuto et al., 2001, 2002) in LICOM2.0, which
includes the effects of shear-driven mixing, double diffusion
and internal wave breaking (Liu et al., 2012). In contrast,
the Richardson number dependent scheme (Pacanowski and
Philander, 1981) (the PP scheme) in the previous version of
LICOM2.0 only includes the effects of shear-driven mixing.
The northward heat transport corresponding to AMOC in
FGOALS-g2 is illustrated in Fig. 2b. The northward ocean
heat transport estimated by Trenberth et al. (2001) using various reanalyzed surface heat ﬂuxes are taken here for comparison. The northward heat transport in the low latitudes of the
Atlantic Ocean (30◦ S–30◦ N) is simulated well in FGOALSg2. However, it is overestimated in the high latitudes, which
is closely related to the overestimation of AMOC.
The average depth of AMOC maxima in different models
(coupled or single ocean models) from the literature is taken
here for comparison (see Table 1). The averaged depth of the
AMOC maximum of the 12 models in Table 1 is 1044 m. In
comparison, the observed depth at 26.5◦ N is 1050 m in the
RAPID-MOCHA program, which was estimated using the
data provided by Johns et al. (2011). However, the simulated
depth by FGOALS-g2 is 731 m, which is shallower than the
average. This bias may partially result from the setting of the
vertical levels in the ocean model of FGOALS-g2 near 731 m,
which are 354 m, 510 m, 731 m, 1021 m, 1385 m and 1821 m
(the depths of the interfaces of the model layers). Increasing
the vertical resolution near to 1000 m may be helpful to reduce the bias. The latitude of maximum AMOC varies from
model to model, and that of FGOALS-g2 is 36.5◦ N, close to

Fig. 2. (a) 2D AMOC averaged from year 520 to 1031 on the latitude–depth plane (units: Sv), where
a positive (negative) value indicates a clockwise (anticlockwise) circulation. (b) Heat transport in the
Atlantic Ocean (units: PW =1015 W), where the black solid line is the model result averaged from year
520 to year 1031, and the line with red points indicates the values at several sections from the work of
Trenberth et al. (2001).
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Table 1. The depths and latitudes of AMOC maxima in different models. The models used and listed in Table 1 are different from those in
Tables 2 and 3, for reasons explained in the text. The full names of the models are as follows.
Model

Authors

CCSM3 and CCSM4
CSIRO Mk3L
ECHAM-3/LSG
ECHAM5/MPI-OM
FGOALS-g2
GFDL Early Version
HadCM3
NCEP/GODAS
NEMO v3.0
IPSL-CM4
UVic ESCM

Gent et al. (2011)
Phipps et al. (2011)
Timmermann et al. (1998)
Jungclaus et al. (2005)
Huang et al. (2014) (present paper)
Delworth et al. (1993)
Gordon et al. (2000)
Huang et al. (2012)
Blaker et al. (2012)
Mignot and Frankignoul (2010)
Rennermalm et al. (2007)

Single or coupled
Coupled
Coupled
Coupled
Coupled
Coupled
Coupled
Coupled
Single
Single
Coupled
Coupled

Depth

Latitude

1000 m
1000 m
near 1500 m
1000 m
731 m
1000–1500 m
800 m
1000 m
1000 m
1000–1500 m
1000 m

near 35◦ N
30◦ –60◦ N
near 25◦ N
near 30◦ N
36.5◦ N
◦
45 –50◦ N
near 40◦ N
near 35◦ N
30◦ –35◦ N
20◦ –60◦ N
40◦ N

CCSM3 and CCSM4: Version 3 and 4 of Community Climate System Model
CSIRO Mk3L: Commonwealth Scientiﬁc and Industrial Research Organisation Mark 3 reduced-resolution
ECHAM-3/LSG: European Centre Hamburg Model Version 3/Large Scale Geostrophic
ECHAM5/MPI-OM: European Centre Hamburg Model Version 5/Max Planck Institute ocean model
FGOALS-g2: Flexible Global Ocean–Atmosphere–Land System model, Grid-point Version 2
GFDL Early Version: Geophysical Fluid Dynamics Laboratory Early Version
HadCM3: Hadley Center Model Version 3
NCEP/GODAS: National Centers for Environmental Prediction/Global Ocean Data Assimilation System
NEMO v3.0: Nucleus for European Modelling of the Ocean version3.0
IPSL-CM4: Institut Pierre Simon Laplace climate model Version 4
UVic ESCM: University of Victoria Earth System Climate Model.

36.8◦ N, the mean latitude of the 12 models in Table 1.
3.2. The period of AMOC
To locate the source of the decadal signal of AMOC, the
period of the AMOC signal at different latitudes of the Atlantic Ocean are analyzed in this section. Zones between
30◦ S and 60◦ N in the Atlantic Ocean are evenly divided into
six separate regions with a 15◦ interval, and then the AMOC
indices are deﬁned in these six bands in the same way as
described in section 2.2. Because the AMOC maximum in
FGOALS-g2 locates in the 30◦ –45◦ N region, the AMOC index in that region is the same as that deﬁned in 15◦ –65◦ N.
Spectral analysis was conducted on the time series of the
AMOC index of FGOALS-g2 in the above six zones after
detrending. From the results (Fig. 3), we may infer that
the decadal signal mainly originates from the latitudinal zone
30◦ –45◦ N, where the spectrum density of the decadal signal
has its maximum. The power spectrum of the AMOC index
at 30◦ –45◦ N is double-peaked, i.e., one peak at 20 years and
another at 32 years.
To further verify the double-peaked periods in AMOC
variability according to FGOALS-g2, a wavelet analysis was
carried out on the time series of the AMOC index deﬁned
in the region 15◦ –65◦ N. The results (Fig. 4) show that the
double-peaked periods phenomenon is still very obvious in
the wavelet power spectrum, i.e., 20 years and 32 years.
We could ﬁnd only one other model in the literature that
shows double peaks in the power spectrum of AMOC, and

this is version 3 of the Institute of Numerical Mathematics
Climate Model (INMCM3.0), with 16 and 32 years as its
peaks (Volodin et al., 2009). An autocorrelation analysis of
the AMOC index in FGOALS-g2 revealed that the period of
AMOC is 22 years.
Another interesting phenomenon in Fig. 3 is that the
decadal signal from the Northern Hemisphere does not pass,
or only slightly passes, the Equator. In the region 15◦ S–
15◦ N, the decadal signal is strongly damped. The conclusion
that the Equator acts as a low-pass ﬁlter to the decadal and
shorter timescale signal by Johnson and Marshall (2002a, b,
2004) and Zhai et al. (2011) is likely reﬂected in FGOALSg2, which deserves further investigation using detailed analysis.
3.3.

Mean state of convection in the North Atlantic Ocean

The mixed layer depth is a good proxy of the strength and
frequency of convection. To calculate the convection index,
three regions (red boxes in Figs. 5a and b) deﬁned by Swingedouw et al. (2007) are adopted here to determine the convection sites in a quantitative manner: Region 1—Labrador
Sea (48◦ –66◦ N, 42◦ –61◦ W); Region 2—Irminger Sea (48◦ –
66◦ N, 42◦ –10◦ W); Region 3—GIN Seas, (66◦ –80◦ N, 14◦ W–
20◦ E). Note that the regions do not correspond to the geographic extents of the seas featured in their names, and Region 2 in fact covers a much larger area than the real Irminger
Sea. The convection indices for these regions are deﬁned
as the area average of mixed layer depth. The observation

100

VARIABILITY OF AMOC IN FGOALS-G2

VOLUME 31

Fig. 3. Power spectrum analysis of the AMOC index, which is deﬁned as the maximum of different latitude
bands (shown at the top of each panel). The black solid line is the spectrum density, while the red solid line
represents the reference Markov red noise spectrum. The green and blue lines correspond to the 5% and
95% signiﬁcance levels, respectively.

dataset for mixed layer depth in an annual cycle (12 months)
format with a horizontal resolution of 2◦ is used for comparison (de Boyer Montégut et al., 2004). The estimation
of the mixed layer depth is based on a density difference
criterion, i.e., the difference between the density at a depth
of 10 m and that at the mixed layer depth is 0.03 kg m−3 .
The data come from the National Oceanographic Data Center and the World Ocean Circulation Experiment database.
The data sources used for creating the mixed layer depth include the Mechanical Bathy Thermograph (MBT), eXpendable Bathy Thermograph (XBT), Conductivity-TemperatureDepth (CTD), and Proﬁling Floats (PFL), which are available
since 1941 through 2002.

As illustrated in Figs. 5a and b, the winter (December–
April) mixed layer depth in FGOALS-g2 is comparable to
the mixed layer depth based on observations. However, the
intensity of the simulated deep convection is exaggerated in
the Labrador, Irminger and GIN Seas, although the maximum
intensity in the GIN Seas is underestimated. The annual cycles of the convection indices in the three deﬁned regions
are simulated well (see Figs. 5c and d). Also, the overestimated convection in wintertime in the above three regions
is more obvious in Figs. 5c and d, which is partially caused
by the high background vertical mixing coefﬁcient at these
locations. Vertical mixing should be very strong when the
Richardson number is very small. However, a bug in the

JANUARY 2014

Fig. 4. Wavelet analysis of the AMOC index, which is deﬁned
as the maximum from 15◦ N to 65◦ N and below 500 m depth.
(a) Wavelet power; (b) wavelet power spectrum, in which the
black solid line is the spectrum density and the red solid line
represents the reference Markov red noise spectrum.

vertical interpolation process before running the vertical mixing scheme of LICOM2.0 leads to weak vertical mixing. To
overcome this problem, a high background vertical mixing
coefﬁcient is taken.
3.4.
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Region of convection with strongest connection to
AMOC

This subsection is devoted to identifying the region in
which convection is most strongly related to the decadal variability of AMOC.
Figure 6 shows the ﬁrst two empirical orthogonal function
(EOF) modes of simulated winter (December–April) mixed
layer depth by FGOALS-g2 for 512 years. The ﬁrst mode
(Fig. 6a) explains about 28% of the total variance, shows pronounced decadal variability against the red noise background
(Fig. 6c) and has its center of action in the Labrador Sea with
an amplitude of about 260 m (Fig. 6a). The second mode
(Fig. 6d), which has its center of action in the GIN Seas with
an amplitude of about 156 m, explains only about 12% of
the total variance. The time evolution of this mode shows
very little decadal variability, but more variability on multicentennial timescales than the ﬁrst mode (Fig. 6f). Therefore,
the decadal AMOC variability may be more strongly connected to the convective variability in the Labrador Sea, while
multi-centennial AMOC variability may be more connected
to the GIN Seas. This phenomenon has also been found in
a CO2 doubling experiment using the same model (Huang et

al., 2013).
A lag correlation analysis was performed between the
AMOC index and the three convection indices deﬁned in the
above three regions, and the results are shown in Fig. 7.
As can be seen, the Labrador Sea convection in FGOALSg2 leads AMOC by three years with a high correlation coefﬁcient of 0.61, while the Irminger Sea convection leads
AMOC by ﬁve years with a weak correlation of 0.21. The
convection in the GIN Seas leads AMOC by nine years with a
weak correlation of 0.3. Possible explanations for the longer
time lag and weaker correlation for the GIN Seas than that
for the Labrador Sea are: (1) the deep water formed in the
GIN Seas needs to move southward into the Irminger Sea or
Labrador Sea to form the deep water branch of AMOC (see
the position of the deep water branch of AMOC in Fig. 2a);
(2) the relatively shallow Greenland-Scotland Ridge is separating the subpolar region of the North Atlantic Ocean and
GIN Seas, preventing the deep water in the GIN Seas to directly enter the subpolar region of the North Atlantic Ocean,
which was suggested by a study using the new version of the
BCM model (Medhaug et al., 2012). Thus, the deep convection in the Labrador Sea is closely related to the strength of
AMOC.
3.5.

The effects of salinity and temperature on AMOC
variability

Since changes in the deep convection are mainly attributed to upper ocean density changes (we refer here to the
upper 250 m in the ocean model), we split the contributions of
temperature and salinity to density according to Delworth et
al. (1993), Krebs and Timmermann (2007), and Swingedouw
et al. (2007), which can be formulated as
d ρ = −α dT + β dS,

(1)

where ρ is the ocean density, T is the potential temperature,
S is the salinity, and α and β are the thermal expansion and
haline contraction coefﬁcients. The thermal and haline contributions to the upper ocean density changes in these regions
are shown in Fig. 8. It is clear that the upper ocean density
changes in the Labrador and Irminger Seas are mainly caused
by temperature changes, and those in the GIN Seas are due
to salinity changes. However, observations reveal a different
picture in the GIN Seas, i.e., the formation of dense water that
spills over the Greenland-Scotland Ridge is mainly attributed
to heat loss of the northward ﬂow carrying warm Atlantic Water (Eldevik et al., 2009). In FGOALS-g2, the annual means
of temperature and salinity in the GIN Seas are 1.83◦ C and
35.27 psu, while those in the Labrador Sea are 5.81◦ C and
35.39 psu. Thus, the GIN Seas have a much lower thermal expansion coefﬁcient than that of the Labrador Sea, which is the
reason for the salinity-dominant density changes in the GIN
Seas. The role of thermal effects on deep convection in the
Labrador and Irminger Seas in FGOALS-g2 compares well
with observations, which emphasizes the effect of heat loss
on convection in winter (Marshall and Schott, 1999; Steffen
and D’Asaro, 2002; Yashayaev et al., 2007).
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Fig. 5. Winter mixed layer depth (units: m) of (a) FGOALS-g2 and (b) observations (de Boyer Montégut
et al, 2004). (c, d) Annual cycles of the convection indices for FGOALS-g2 and observations, respectively. The convection indices in (c) and (d) are deﬁned in the three boxes shown in (a) and (b) (see
section 3.3 for the deﬁnitions of the three seas). The mixed layer depth of FGOALS-g2 in (a) is constructed using the data from December to April of the 512-yr period. The observed mixed layer depth
is given in 12-month format, and the ﬁve months have been averaged.

3.6.

Regression analysis

A regression analysis was carried out in such a way that
all the time series of the spatial patterns of potential temperature, salinity, and the eastward and northward velocity components averaged in the upper 250 m were regressed onto the
time series of the AMOC index (Fig. 9).
Several years (3–4) before an increase in AMOC, the temperature of the upper Labrador Sea decreases. The negative
temperature anomaly has two direct inﬂuences: (1) generating a cyclonic current anomaly, further speeding up the background currents, i.e., the subpolar gyre, which is a cyclonic
current; and (2) increasing the density in the Labrador Sea
and promoting deep water formation there. The collective
consequence of these two direct inﬂuences is to speed up
AMOC, which will be at its maximum with a 3–4-yr time
lag. In turn, the strengthening of AMOC increases the temperature of the Labrador Sea with a time lag. Combining the
results from Figs. 8a and 9, this time lag is about 7–8 years.

Therefore, 11 years are needed to complete a temperature reversal in the Labrador Sea, which means the period for the
full cycle of the “damped oscillation” is about 22 years. It
should be noted that the above mechanism is very similar to
that of Lohmann et al. (2009) based on results from the Miami Isopycnic Coordinate Ocean Model (MICOM).

4. Characteristics of AMOC variability in different models
In this section, characteristics of AMOC variability according to 12 different models, including FGOALS-g2, are
compared using the results from previously published studies
(see Table 2 for details). Each of these 12 models satisﬁes
two requirements: 1) the model must be a coupled climate
model; and 2) the period of AMOC for the model must have
been analyzed. It should be noted that the models used here
(see Tables 2 and 3) are different from those used for eval-
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Fig. 6. The ﬁrst and second modes of winter mixed layer depths from year 520 to 1031 after EOF analysis was carried out
for the region (0◦ –80◦ N, 90◦ W–30 ◦ E). (a–c) First mode, normalized time series of the ﬁrst mode, and power spectrum of the
ﬁrst-mode normalized time series, respectively. (d–f) The same as (a–c), but for the second mode. In (b) and (e), the black solid
line is the unsmoothed time series and the red dashed line is a 10-yr running average of the normalized time series. In (c) and
(f), the black solid line is the spectrum density, the red solid line indicates the reference Markov red noise spectrum, and the
green and blue lines correspond to the 5% and 95% signiﬁcance levels, respectively.

uating the mean state of AMOC (see Table 1). The periods
of AMOC, regions of convection with strongest connection
to AMOC, and the time lags between AMOC and the convection for the 12 models are also given in Table 2. The
main contributor (thermal or haline effect) to changes in the
upper ocean densities in the convective regions and the time
lags between AMOC and the thermal and haline effects are
given in Table 3. It should be noted that uncertainties exist
when comparing the relative contributions of temperature or
salinity changes to the upper ocean density using the results
reported in different studies: (1) the deﬁnition of the upper
ocean varies, ranging from the upper 200 to the upper 300
m; (2) systematic biases of temperature and salinity in different models are not the same, and thus the choices of both the
thermal expansion and haline contraction coefﬁcients can be
somewhat subjective; and (3) the regions of convection may

be deﬁned in different ways from one model to another.
It is suggested from the information presented in Table
2 that the periods of AMOC for different coupled climate
models are widespread, ranging from 20 to more than 100
years. The Labrador Sea is the region of convection with
strongest connection to AMOC in nearly all the models except the HadCM3 model (Dong and Sutton, 2005). As noted
by Bailey et al. (2005), the dominant role of the Labrador Sea
in AMOC variability in many climate models can be partially
attributed to the weak or diluted GIN Seas overﬂow in these
models. It is interesting that the CCSM4 model has a wide
spectrum of low frequency oscillation covering the 50–200-yr
range. In contrast, the previous version, CCSM3, only has a
period of 21 years. However, this longer timescale of AMOC
variability in CCSM4 has not been explained (Danabasoglu
et al., 2012). NorESM1-M (Bentsen et al., 2012) and BCM
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Fig. 7. Correlations of AMOC and the convection indices in the
three different regions. A positive (negative) N year in the xaxis means AMOC leads (lags) the convection by N years. The
convection indices are constructed using the area average of the
mixed layer depth from December to April. The black, red and
blue solid lines correspond to the Labrador Sea, Irminger Sea
and the GIN Seas, respectively. The black dashed lines represent the 5% signiﬁcance level using 480 as the degrees of freedom, obtained using a two-sided Student’s t-test.

(Bentsen et al., 2004), sharing the same ocean component
(MICOM), have the same period of 20 years. However,
timescales of AMOC variability in an updated version of
BCM range from 40 to 70 years, and the Labrador Sea and
GIN Seas overﬂow produce 1/3 and 2/3 of NADW, respectively (Medhaug et al., 2012). In general, across all the models, AMOC peaks arrive less than 5 years after the peaks
of convection. There is one exception, ECHAM5/MPI-OM
(Jungclaus et al., 2005), in which the AMOC peaks arrive 12
years after the peaks of convection.
It is suggested by many coupled climate models that the
density anomalies in the convective regions or the sinking regions are very critical to deep-water formation and, furthermore, the strength of AMOC. However, the contributions of
thermal and haline effects to the density anomalies in the upper ocean diverge in different coupled climate models (Table
3).
As shown in Table 3, salinity plays a dominant role in
regulating the upper ocean density of the Labrador Sea in
CCSM4 (Danabasoglu et al., 2012) and that of the GIN Seas
in HadCM3 (Dong and Sutton, 2005). In addition, the period
of AMOC in CCSM4 is 50–200 years (Danabasoglu et al.,
2012), which is longer than that found in the other models.
The dominant role of salinity in HadCM3 can be attributed to
a different convective region (GIN Seas, Irminger Sea) with
the strongest connection to AMOC: the GIN Seas are colder
than the Labrador Sea and thus have a lower thermal expansion.

Fig. 8. Density time series regressions onto the AMOC index
time series. (a–c) Labrador Sea, Irminger Sea and GIN Seas,
respectively. A positive (negative) N year in the x-axis means
AMOC leads (lags) the density by N years. The black solid line
represents the total density. The red and blue dashed lines represent the thermal and haline contributions to the total density,
respectively.
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Fig. 9. Lag regressions between the AMOC index and the potential temperature, salinity and velocity averaged in the upper 250 m of the North Atlantic Ocean. The colored regions in the
left panels show the regressions between the AMOC index and potential temperature (units:
◦ C Sv−1 ), while the colored regions in the right panels show the regressions between the AMOC
index and salinity (units: psu Sv−1 ). In all the panels, the vectors draw the regressions of the
AMOC index and velocity (units: m s−1 Sv−1 ). A positive (negative) year at the top of each
panel means AMOC leads (lags) the other ﬁelds by several years. To obtain the regression between the AMOC index and the velocity, two regressions were carried out between the AMOC
index and the two velocity components, i.e., the northward and eastward components.
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Table 2. The periods of AMOC, the convective regions with the strongest connection to AMOC, and the years the convection leads AMOC
in 12 coupled climate models. The contributions of ECHAM-3/LSG and GFDL Early Version are calculated in the sinking region (45◦ –
65◦ N and 52◦ –72◦ N, respectively). The models used and listed in Tables 2 and 3 are different from those in Table 1, for reasons explained
in the text. Most of the model names can be referred to Table 1.
Model

Authors

Period

Convection

Updated version of BCM
BCM
CCSM3
CCSM4
ECHAM-3/LSG
ECHAM5/MPI-OM
FGOALS-g2
GFDL Early Version
HadCM3
INMCM3.0
IPSL-CM5
NorESM1-M

Medhaug et al. (2012)
Bentsen et al. (2004)
Danabasoglu (2008)
Danabasoglu et al. (2012)
Timmermann et al. (1998)
Jungclaus et al. (2005)
Huang et al. (2014) (present paper)
Delworth et al. (1993)
Dong and Sutton (2008)
Volodin et al. (2009)
Escudier et al. (2011)
Bentsen et al. (2012)

40–70 years
20 years
21 years
50–200 years
35 years
70–80 years
22 years
50 years
25 years
16–32 years
20 years
20 years

Labrador Sea
Labrador Sea and Irminger Sea
Labrador Sea
Labrador Sea
Sinking region
Labrador Sea
Labrador Sea
Sinking region
GIN Seas and Irminger Sea
Not given
Not given
Not given

Convection lead
2 years
2–5 years
5 years
2 years
5 years
12 years
3–4 years
4 years
4 years
Not given
Not given
Not given

BCM: Bergen Climate Model, INMCM3.0: Institute for Numerical Mathematics Climate Model Version 3.0, and NorESM1-M: Norwegian Earth System
Model Version 1-Midium Resolution.

Table 3. Contributions of temperature and salinity changes to the upper ocean density of the convective regions with the strongest connection to AMOC, or the sinking regions, which are given in Table 2 for the 12 coupled climate models. The number of years that thermal and
haline contributions lead AMOC changes are also given. Five levels are used to qualitatively describe the relative importance of thermal
and saline effects, i.e. “salinity-dominated”, “salinity more”, “both”, “temperature more”, and “temperature-dominated”, which correspond
to the contribution of salinity changes being more than 85%, between 85% and 65%, between 65% and 35%, between 35% and 15%, and
less than 15% to the density changes in the upper ocean, respectively. The models used and listed in Tables 3 and 2 are different from those
in Table 1, for reasons explained in the text.
Model

Contribution

Updated version of BCM
BCM
CCSM3
CCSM4
ECHAM-3/LSG
ECHAM5/MPI-OM
FGOALS-g2
GFDL Early Version
HadCM3
INMCM3.0
IPSL-CM5
NorESM1-M

Not given
Not given
Both
Salinity-dominated
Salinity more
Salinity more
Temperature-dominated
Salinity more
Salinity-dominated
Not given
Not given
Not given

Salinity plays a more important role than temperature in
modulating the density in the upper ocean of the sinking region in ECHAM-3/LSG (AMOC period of 35 years) (Timmermann et al., 1998), and the sinking region of the GFDL
Early Version (AMOC period of 50 years) (Delworth et al.,
1993) and the Labrador Sea in ECHAM5/MPI-OM (AMOC
period of 70–80 years) (Jungclaus et al., 2005). The colder
GIN Seas included in the sinking region are also the reason
for salinity contributing more in the GFDL model (Delworth
et al., 1993).
When the periods of AMOC are short (around 20 years)
and the convective region with the strongest connection to
AMOC is the Labrador Sea, the thermal contribution is more
obvious (CCSM3 and FGOALS-g2). However, in CCSM3
the positive density anomalies induced by salinity changes

Thermal lead
Not given
Not given
2 years
Not given
8 years
40 years
3–4 years
7 years
Not given
Not given
Not given
Not given

Salinity lead
Not given
Not given
4 years
2–3 years
1–2 years
0 years
−4 years
−2 years
4 years
Not given
Not given
Not given

occur before those induced by temperature changes (Danabasoglu, 2008), which is different from FGOALS-g2. Interestingly, in BCM (AMOC period of 20 years), the convective characteristics in the three regions are very similar to
FGOALS-g2: the convection of the Labrador and GIN Seas
are in opposite phase, while that in the Irminger Sea is inphase or leads the Labrador Sea (see Fig. 7 for FGOALS-g2).
In the models whose convective region with the strongest
connection to AMOC is the Labrador Sea, we can conclude
that AMOC variability can be attributed to more salinity
changes for longer periods (longer than 35 years) and to more
temperature changes for shorter periods. In four of the models (see Table 3), i.e., ECHAM3/LSG, ECHAM5-MPI-OM,
FGOALS-g2 and GFDL Early Version, it is found that the
thermal contributions to the density changes in the upper
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ocean lead the haline contributions by several years.

5. Summary and conclusions
A new method to determine the most stable state of
the long-term (1500-yr) pre-industrial control experiment by
FGOALS-g2 was developed based on the minimum SD of a
running time window of the AMOC index, and the only adjustable parameter was the length of the time window. Using
this new method, and setting the length of the time window to
512 years, the initial spin-up and ﬁnal long-term climate drift
periods were removed, and the corresponding linear tendencies of AMOC indices in these two periods were −2.1 ×10−3
and −1.8 × 10−3 Sv yr−1 , respectively. The 512-year window with a linear tendency of the AMOC index of about
8.5 × 10−6 Sv yr−1 was selected to study the internal variability of AMOC.
Using spectral and wavelet analysis, a double-peak was
found in the AMOC spectrum of FGOALS-g2 with periods of
20 and 32 years, while an autocorrelation analysis suggested
a period of 22 years. Associated mechanisms have been
investigated in this paper. The convective region with the
strongest connection to AMOC variability in FGOALS-g2 is
the Labrador Sea. The deep convection in the Labrador Sea
of FGOALS-g2 is closely related to the temperature changes
at this site. A positive density anomaly generated by the
negative temperature anomaly in the Labrador Sea leads an
AMOC strengthening after 3–4 years. The AMOC strengthening, in turn, leads a warming of the Labrador Sea after another 7–8 years. Thus, a temperature reversal in the Labrador
Sea occurs after 11 years, which gives a time of 22 years for
the full cycle of the “damped oscillation”.
From a comparison of 12 coupled climate models, it was
found that when the convective region with the strongest
connection to AMOC is the Labrador Sea, AMOC variability with a longer period can be mainly attributed to salinity changes, and that with a shorter period to temperature
changes.
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