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Abstract  It has been reported recently that the simu-
lated Atlantic meridional overturning circulation (AMOC) 
using the coupled Bergen climate model (BCM) showed 
initial intensity declines followed by gradual recoveries 
over a 150-year enhanced freshwater input experiment. 
Stratification-dependent oceanic diapycnal mixing has 
been hypothesized as a reason for the simulated recovery 
of the AMOC. This study investigated the role of diapy-
cnal mixing in transient responses of simulated AMOCs. 
Our results showed that stratification-dependent diapycnal 
mixing can cause stronger upwelling of deep water in the 
tropical Atlantic than that produced under conditions of 
fixed diapycnal mixing. Moreover, simulated AMOCs 
were more sensitive to active stratification-dependent 
diapycnal mixing than fixed mixing. However, stratifica-
tion-dependent diapycnal mixing cannot be conclusively 
singled out as the critical cause of the recoveries of simu-
lated AMOCs under enhanced-freshwater inputs. 
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1  Introduction  
The Atlantic meridional overturning circulation 

(AMOC) transports large amounts of heat (about 1 PW = 
1015 W) across the latitude of 25°N (Ganachaud and 
Wunsch, 2000). This heat transport contributes to surface 
air temperatures that are 5−10°C warmer near Scandina-
via than other regions of comparable latitude (Rahmstorf 
and Ganopolski, 1999), thereby reducing the equator-pole 
temperature gradient. Also, the northward transport of salt 
by the North Atlantic current (NAC) is crucial to the for-
mation of North Atlantic deep water (NADW) in the 
Labrador and Greenland-Iceland-Norwegian (GIN) Seas 
(Furevik et al., 2002; Hátún et al., 2005). The paleocli-
matic record suggests abrupt climate changes occurred 
during the transition from the last glacial maximum to the 
Holocene period (Clark et al., 2002). Moreover, there is 
increasing concern about changes in oceanic circulation 
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associated with global warming (e.g., Dickson et al., 
2002). Thus, numerical studies have been performed to 
investigate the impact of North Atlantic freshwater per-
turbations on the AMOC. Most studies predict that the 
AMOC will be severely weakened or shutdown in the 
event of increasing net freshwater fluxes added at high 
northern latitudes (Schiller et al., 1997; Stouffer et al., 
2006). However, AMOC recovery (e.g., Vellinga et al., 
2002; Otterå et al., 2004) and AMOC strengthening in 
theoretical ocean general circulation models (OGCMs) 
has also been reported (e.g., Nilsson et al., 2003; Mar-
zeion and Drange, 2006). Diapycnal/vertical mixing,  
coupled with wind and heat/freshwater fluxes, is a key 
process that leads to different behaviors of the AMOC 
(Gao et al., 2003; Kuhlbrodt et al., 2007; Marzeion et al., 
2007).   

Results from coupled models that employ stratifica-
tion-dependent mixing parameterization suggest that the 
simulated AMOC under changed external forcing (e.g., 
freshwater flux or idealized CO2 forcing) could depend on 
diapycnal mixing. Using a two-layered hemispherical 
model, Nilsson and Walin (2001) and Nilsson et al. (2003) 
suggested that the simulated AMOC under enhanced 
freshwater inputs could be amplified with reduced strati-
fication and a consequent increase in upwelling. Similar 
results to Nilsson and colleagues were found by Marzeion 
and Drange (2006) using a box model. However, Mar-
zeion et al. (2007) and Marzeion and Levermann (2009) 
determined that the AMOC would be weakened in a cou-
pled climate model with freshwater and CO2 forcings. 
They suggested that the simulated wind-driven AMOC 
may be sensitive to stratification-dependent mixing. Us-
ing the Bergen climate model (BCM) with continuous 
freshwater inputs to the Arctic Ocean and Nordic Seas, 
Otterå et al. (2004) found an initial reduction in the 
AMOC that was followed by a recovery in a 150-year 
freshwater integration (FW1). The oceanic diapy-
cnal-mixing diffusivity is parameterized as being stratifi-
cation-dependent, following Gargett (1984): 
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(Units: m s−2). Thus, diffusivity increases with decreasing 
stratification. The purpose of this study was to identify the 
role of stratification-dependent diapycnal mixing on the 
recovery of a simulated AMOC in a FW1 experiment. 
This experiment involved using a second freshwater per-
turbation experiment (FW2) in which the strength of the 
diapycnal mixing was identical to the control run (CTRL) 
of the BCM. 

2  Model and experiments   
The atmospheric component of the BCM was the spec-

tral general circulation model ARPEGE (action de re-
cherche petite echelle grande echelle, which means re-
search projecton small and large scales) and IFS (inte-
grated forecast system) from Météo-France (Déqué et al., 
1994). The oceanic component of the BCM was the Mi-
ami isopycnic coordinate ocean model (MICOM, Bleck et 
al., 1992). The horizontal grid had a 2.4° resolution along 
the equator with one pole over Siberia and the other pole 
over the South Pole. There were 24 layers in the vertical 
grid of which the uppermost was a mixed layer (ML) with 
spatially and temporally varying densities. The 23 isopy-
cnal layers below the ML have prescribed potential densi-
ties ranging from σ0 = 24.12 to σ0 = 28.10. Convective 
adjustment was included to remove instabilities that arise 
from the water column. To avoid drift from climatological 
sea surface temperature (SST) and sea surface salinity 
(SSS) fields, heat and freshwater fluxes were adjusted 
based on a time-invariant flux-correction, derived from 
spin-up by ocean initialization of the model (Furevik et al., 
2003). 

The base experiment was a 300-year modern state 
simulation (CTRL, Furevik et al., 2003; Zhou et al., 2006). 
Two freshwater experiments (denoted as FW1 and FW2) 
were carried out by perturbing the modeled state at year 
100 of CTRL with a threefold increase in river runoff (0.4 
Sv, 1 Sv = 106 m3 s−1) at high northern latitudes. The 
model was integrated for another 150 years after the pre-
vious perturbation (Otterå et al., 2004). The anomalous, 
enhanced freshwater inputs in the FW1 and FW2 experi-
ments were continuously and instantaneously added at 
coastal regions of the Nordic Seas and Arctic Ocean, 
which have been shown to enhance freshwater inputs (Fig. 
1; Otterå et al., 2004). This added freshwater produced 
virtual salt fluxes that did not influence oceanic water 
mass or volume but reduced the salinity of the sea sur-
face. 

The difference between FW1 and FW2 was that the 
strength of the diapycnal mixing in FW2 was identical to 
that of the CTRL experiment, while the mixing in FW1 
was dependent on freshwater changes. Therefore, a com-
parison between FW1 and FW2 provided direct estimates 
of the impact of variations in diapycnal mixing on FW1 in 
the AMOC. 

3  Results and discussion 
The maximum value (in Sv) of the Atlantic meridional 

stream function between 20−50°N is often used as an in-

dicator of the AMOC strength. Figure 1a shows the time 
series of the strength of the simulated AMOC in CTRL, 
FW1, and FW2 groups. The AMOC in the CTRL experi-
ment exhibited decadal fluctuations around a mean value 
of about 18 Sv, which is very close to the observed value 
of 18.5 Sv. The AMOC in both FW1 and FW2 showed 
initial reductions followed by gradual recoveries (Fig. 1a). 
However, FW1 and FW2 differed in the strength of their 
reductions, recoveries, and associated time scales. As 
shown in Table 1 and Fig. 1a, the AMOC in FW1 declined 
faster and was more weakened during the freshening 
phase. Specifically, it takes 50 years to reach the mini-
mum value of 12.3 Sv with a linear trend of −1.16 Sv  
per decade in the FW1 experiment, Conversely, 80 years 
was required to reach the minimum value of 12.9 Sv with 
a linear trend of −0.66 Sv per decade in the FW2 experi-
ment. The recovery of the AMOC in the FW1 experiment 
with a linear trend of 0.42 Sv per decade was more effi-
cient than the recovery observed in the FW2 experiment 
with a linear trend of 0.19 Sv per decade, and at the end 
of the integration, moreover, the strength of the AMOC in 
the FW1 experiment was 18.2 Sv recovered about 6 Sv 
(from 12.3 Sv). Only about 2 Sv were recovered in the 
FW2 experiment, increasing from a minimum strength of 
12.9 to 14.9 Sv. These different responses during FW1 
and FW2 freshening and recovery phases suggest that the 
simulated AMOC variability in FW1 was more significant. 
This in turn supports that the AMOC is more sensitive to 
active stratification-dependent diapycnal mixing in the 
FW1 experiment than the fixed mixing in the FW2 ex-
periment. 

Two main reasons were noted for the weakening of the 
AMOC in the FW1 experiment. First, overflow was re-
duced by 1.7 Sv across the Greenland-Scotland Ridge 
(GSR). This reduction was caused by the combined ef-
fects of weaker southward flows of intermediate water 
masses through the Fram Strait (FS) and less intensive 
winter mixing in the Nordic Seas. The second reason for 
the weakened AMOC was attributable to less intense 
winter-time mixing in the Labrador and Irminger Seas 
(Otterå et al., 2004). Similarly, weak winter mixing was 
found in the North Atlantic subpolar gyre region. This 
weakness was due to sea surface freshening and reduced 
southward volume transport over the GSR (Fig. 1b). Dif-
ferences noted between FW1 and FW2 were as follows 
(Fig. 1c): 1) Dense water flux transported southward 
across the GSR was about 0.15 Sv greater in the FW2 
experiment when averaged over the initial 50-year study 
period; and 2) winter mixing in the North Atlantic Subpo-
lar Gyre was stronger in the FW2 experiment as indicated 
by the large intermediate and deep water production of 
about 0.24×103 km3 yr−1 when averaged over the initial 
50-year study period. Bentsen et al. (2004) found that the 
decadal-scale variability of the AMOC is closely linked to 
intermediate and deep water fluxes from northern high 
latitudes to the Atlantic. In the FW2 experiment, the 
slightly stronger AMOC was found during the first 50 
years (Fig. 1a). This observation is consistent with the 
relatively strong overflow across the GSR and the large  
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Figure 1   Time series of (a) simulated AMOCs (Sv) in CTRL, FW1, and FW2 experiments; (b) mean volume anomalies (km3) of mixed layer wa-
ters extending below 500 m in the North Atlantic Subpolar Gyre and Nordic Seas and southward dense water transport (Sv) (waters with potential 
density >27.4) through the Fram Strait (FS) and across the Greenland-Scotland-Ridge (GSR) in FW2 (FW2−CTRL) in winter (Decem-
ber-January-February, DJF); and (c) mean volume differences of the mixed layer water extending below 500 m in the North Atlantic Subpolar Gyre 
and of southward dense water transport across the GSR between FW2 and FW1 (FW2−FW1) in winter. All time series data were smoothed using a 9- 
year running mean filter, and the dashed line denotes the linear trend (all linear trends reach a confidence level greater than 95% by t-test; see Table 1). 
 
NADW formation in the Subpolar Gyre region. Further-
more, deep water upwelling (below the 27.63-isopycnal 
layer) in the tropical ocean (below 1500 m and at lati-
tudes from 30°S−24°N) during the first 50 years of the 

FW2 study period was about 0.35 Sv stronger than in the 
FW1 experiment (Fig. 2c). 

Otterå et al. (2004) suggested that the recovery of the 
simulated AMOC in the FW1 experiment was attributable 

 
Table 1  Responses of AMOC strength in FW1 and FW2. P1: freshening phase; P2: recovery phase. (AMOCs in FW1 and FW2 showed initial re-
ductions followed by gradual recoveries. Therefore, we split responses to the added freshwater into a freshening phase (P1) at the end of which the 
AMOC dropped to its lowest strength and was followed by a recovery phase (P2).) 

FW1 FW2 
 

P1 P2 P1 P2 

Linear trends (Sv decadal−1) −1.1592 0.41979 −0.66047 0.18642 

95% confidence intervals [−1.238, −1.081] [0.3808,0.4588] [−0.7142, −0.607] [0.1499, 0.223] 

Duration (year) 1−50 51−150 1−80 81−150 
Strength (Sv) Avg. 15.1, 

at the end of P1: 12.3 
Avg. 15.5, 

at the end of P2: 18.2 
Avg. 14.7, 

at the end of P1: 12.9 
Avg. 14.2, 

at the end of P2: 14.9 
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Figure 2  Changes (FW1−CTRL) in zonally averaged values of diapycnal mixing (cm2 s−1) in the Atlantic Ocean for (a) years 11−50, (b) years 
91−150, and (c) 9-year running mean time series of upwelling anomalies of deep water (below 27.63-isopycnal layer and at latitudes from 30°S−24°N) 
in FW1 (FW1−CTRL) and FW2 (FW2−CTRL). Differences in diapycnal mixing between FW1 and FW2 (FW1−FW2) are also shown in (a) and (b) 
because the strength of the diapycnal mixing in FW2 is identical to that of the CTRL group. 
 
to the following three factors: 1) Increased basin-scale 
upwelling in the Atlantic Ocean; 2) recovered northward 
salt transport originating from the western tropical North 
Atlantic (WTNA; 0°−30°N and west of 40°W in the 
North Atlantic); and 3) inflow of Atlantic Water (AW) 
into Nordic Seas through the Faroe-Shetland Channel 
(FSC). This study focused on the role of diapycnal mixing 
in the recovery. 

From Fig. 1b the sea surface freshening at northern 
latitudes led to weak southward transport of NADW. This 
reduced transport produced weak vertical stratification at 
mid to low latitudes in the North Atlantic (not shown) and 
increased diapycnal mixing in the FW1 experiment (Figs. 
2a and 2b). Diapycnal mixing was enhanced by 0.05 cm2 
s−1 in the FW1 experiment during years 91−150 (Fig. 2b), 
and this increased diapycnal mixing favored upwelling 

(Fig. 2c) with anomalies in tropical upwelling (30°S− 
24°N) present in FW1 and FW2. The upwelling in FW1 
and FW2, which was linked to the reduced AMOC, de-
creased by 0.5 Sv and 0.2 Sv, respectively, when averaged 
over the first 50-year experimental period. After about 
year 60, the upwelling started to increase by a mean value 
of 1.7 Sv in the FW1 experiment and 0.4 Sv in the FW2 
experiment. Diapycnal mixing in the FW1 experiment 
was about 10% stronger than in FW2 or CTRL experi-
ments, indicating that the increased diapycnal mixing in 
FW1 could lead to increased upwelling by 1.3 Sv more 
than that of the FW2 experiment. It is notable that simu-
lated AMOCs during the recovery phase of FW1 and 
FW2 were lower than in the CTRL group with upwelling 
increases. Results with the BCM suggest that the reduced 
formation of NADW in the southward overflow across the 
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GSR could potentially lead to warming of the deep North 
Atlantic Ocean (not shown). This warming could generate 
elevated buoyancy that leads to favorable conditions for 
upwelling in the tropical Atlantic Ocean. 

The AMOC in the FW2 experiment recovered, al-
though the diapycnal diffusivity was identical to that 
measured in the CTRL group. This outcome supports that 
stratification-dependent diapycnal mixing was not a criti-
cal factor in the recovery of the AMOC in the FW1 ex-
periment. To explore possible mechanisms for the AMOC 
recovery, a time series of SSS anomalies in the WTNA, 
together with anomalies of northward salt transport across 
48°N in the North Atlantic, are shown in Fig. 3a. The av-
erage SSS in the WTNA over the past 100 years of the 
study period had an increasing trend of 0.07 psu yr−1 in 
the FW1 experiment and of 0.02 psu yr−1 in the FW2 ex-
periment. Saline waters were carried poleward with the 
strengthened NAC (not shown), leading to the recovery of 
northward salt transport (Fig. 3b) in both the FW1 and 
FW2 experiments late in the integrations. This salinity 
transport counteracted the added freshwater flux and con-
tributed to the recovery of the surface water density at 
northern high latitudes (e.g., Furevik et al., 2002; Hátún et 
al., 2005). Consequently, winter convective mixing and 
the NADW formation recovered (Fig. 1b). However,the 
simulated AMOC in the FW2 employing the same diapy- 

cnal mixing as that in the CTRL was less sensitive to 
freshwater perturbations than the AMOC in the FW1 
group, and in the FW2 group the weaker SSS in the 
WTNA produced weaker recoveries of northward salt 
transport, consequently the sea surface density is weaker 
than that in FW1, it could be a explanation for the weaker 
NADW formation in FW2 experiment (Fig. 1b).  

4  Conclusion 

The aim of this study was not to prove the role of 
diapycnal mixing as a driver of the AMOC, rather the 
present study allowed us to address the effects of stratifi-
cation-dependent diapycnal mixing parameterization on 
the transient behavior of simulated AMOCs under fresh-
water forcing conditions in northern high latitudes. The 
results of this study are based on an isopycnal coordinate 
model that employs a different parameterization for 
diapycnal mixing. Therefore, similar responses in a z-   
coordinate ocean model under freshening at high latitudes 
warrants further investigation. Major conclusions from 
this study are as follows:     

The simulated AMOC with stratification-dependent 
diapycnal mixing was more sensitive to enhanced fresh-
water input than that of fixed diapycnal mixing. 

Stratification-dependent diapycnal mixing led to  
 

 
 

Figure 3  Time series of anomalies in (a) sea surface salinity (SSS) in the Western Tropical North Atlantic (WTNA) (0°−30°N, west of 40°W in the 
North Atlantic) in FW1 (FW1−CTRL) and FW2 (FW2−CTRL) and (b) salt transport (Units: 106 kg S−1) across a section at 48°N in the Atlantic Ocean. 
Dashed lines in each panel denote linear trends. 
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stronger upwelling of deep water in the tropical Atlantic 
Ocean than under fixed diapycnal mixing conditions (Fig. 
2). 

Similar behaviors of the AMOC in FW1 and FW2 
support that stratification-dependent diapycnal mixing 
was not an important factor in the recovery of the simu-
lated AMOC under FW1. Rather, anomalous saline waters 
in the WTNA and the recovery of salt transport were more 
important factors in the recovery of the AMOC in our 
enhanced freshwater forcing experiments (Fig. 3). 
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