
1. Introduction
The Atlantic Meridional Overturning Circulation (AMOC) is a system of currents that extends from the Southern 
Ocean to the Nordic Seas, transporting warm water northward near the surface and cold water southward at depth. 
It is a fundamental component of the global climate system, impacting a host of climate phenomena from Arctic 
sea ice to the Indian Monsoon (see Zhang et al. (2019) for a review of climate impacts). AMOC is projected to 
weaken over the 21st century (Cheng et al., 2013; Weijer et al., 2020), but with low confidence in the timing and 
magnitude of the decline (Fox-Kemper et al., 2021).

Many previous studies highlight the importance of atmospheric circulation for variability in AMOC across times-
cales (see Buckley and Marshall  (2016) for a review). It is understood that interannual AMOC variability is 
primarily driven by momentum forcing, while decadal and longer timescales are primarily driven by buoyancy 
forcing (e.g., Larson et al., 2020; Roberts et al., 2013; Yeager and Danabasoglu, 2014). AMOC variability at 
26.5°N is dominated by sub-annual to interannual variations in momentum forcing through local winds (Kostov 
et al., 2021; Larson et al., 2020; Roberts et al., 2013; Yeager & Danabasoglu, 2014). On longer timescales, there 
is a contribution from non-local buoyancy forcing, largely from subpolar latitudes (Delworth et al., 2016; Kostov 
et al., 2021; Yeager & Danabasoglu, 2014). Changes in atmospheric circulation drive changes in both buoyancy 
and momentum forcing, with a dominant role for the North Atlantic Oscillation (NAO) and its associated turbu-
lent heat fluxes (e.g., Oldenburg et al., 2021; Oldenburg et al., 2022).

Abstract Here we investigate the role of the atmospheric circulation in the Atlantic Meridional Overturning 
Circulation (AMOC) by comparing a fully-coupled large ensemble, a forced-ocean simulation, and new 
experiments using a fully-coupled global climate model where winds above the boundary layer are nudged 
toward reanalysis. When winds are nudged north of 45°N, agreement with RAPID array observations of 
AMOC at 26.5°N improves across several metrics. The phasing of interannual variability is well-captured due 
to the response of the local Ekman component in both wind-nudging and forced-ocean simulations, however 
the variance remains underestimated. The mean AMOC strength is substantially reduced relative to the 
fully-coupled model large ensemble, which is biased high, due to the impact of winds on surface buoyancy 
fluxes over the subpolar gyre. Nudging winds toward observations also reduces the 1979–2016 trend in AMOC, 
suggesting that improvement in the representation of the high-latitude atmosphere is important for projecting 
long-term AMOC changes.

Plain Language Summary The Atlantic Meridional Overturning Circulation (AMOC) is a system 
of ocean currents that transports warm water northward near the ocean surface and cold water southward at 
depth, impacting a number of aspects of global climate. We focus on the strength of this circulation at 26.5°N, 
the location of an observing system. Coupled climate models, including the one we use here (CESM1), have 
biases in AMOC strength compared to these observations. We find that constraining CESM1 to observed winds 
in the mid-to-high northern latitudes improves the simulation of AMOC across several metrics. This highlights 
the importance of winds for various aspects of this oceanic circulation system, including its year-to-year 
variations, mean strength and multi-year trends.
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The most recent generation of coupled climate models simulate a large range of mean AMOC strengths 
(Fox-Kemper et al., 2021; Weijer et al., 2020) and generally underestimate interannual and decadal variability 
(Fox-Kemper et al., 2021; Roberts et al., 2014; Wang et al., 2017; Yan et al., 2018). Because of the wide-ranging 
climate impacts arising from AMOC, understanding why coupled climate models differ from observations is 
critical for interpreting and improving global climate projections over the 21st century. A “nudging,” or “relax-
ation,” approach has been widely used previously to diagnose the origin of errors in atmospheric variables (e.g., 
Jung et al., 2010; Jung et al., 2014; Liu et al., 2021). For example, Jung et al. (2010) nudge various model fields 
toward reanalysis over different spatial domains to diagnose the remote impact of error reduction in those regions 
on winds and geopotential heights. Roach and Blanchard-Wrigglesworth (2022) apply wind-nudging north of 
60°N to a fully-coupled climate model to highlight biases in sea ice trends that cannot be ascribed to biases in 
atmospheric circulation. Nudging the winds in a coupled climate model toward observed winds constrains the 
circulation but permits the atmosphere to respond thermodynamically to surface conditions. This method main-
tains the coupled atmosphere-ocean interactions in surface fluxes, which are not represented in forced-ocean 
models where near-surface atmospheric conditions are prescribed.

Given that winds have been shown to be a leading driver of AMOC, here we apply wind-nudging to investi-
gate the causes of biases in simulating AMOC in the fully-coupled Community Earth System Model version 
1 (CESM1). We focus on the AMOC at 26.5°N so that results can be compared with observations from the 
RAPID array. We present experiments with CESM1 over the recent historical period where model winds are 
nudged toward values from reanalysis above the boundary layer over various spatial domains polewards of 45°, 
to assess the role of high-latitude winds in driving subtropical AMOC. Differences between these nudged-wind 
experiments and the CESM1 Large Ensemble (LENS) mean (Kay et al., 2015) reveal the impact of observed 
high-latitude atmospheric circulation on AMOC changes relative to the modeled forced response.

2. Methods
We use the National Center for Atmospheric Research (NCAR) Community Earth System Model version 1 with the 
Community Atmosphere Model version 5 (CESM1-CAM5) (Hurrell et al., 2013) (one of the highest-performing 
CMIP5 models in Figure 3 of Knutti et al., 2013). CESM1 consists of fully-coupled atmosphere, ocean and sea 
ice components with a nominal horizontal resolution of 1°. To nudge the model to winds from reanalysis, we 
follow the method of Blanchard-Wrigglesworth et al. (2021) and Roach and Blanchard-Wrigglesworth (2022), 
which is similar to that used by Jung et al. (2014), Ding et al. (2017), and references therein. We contrast results 
with the CESM1 LENS (Kay et al., 2015), a set of 35 simulations with identical physics and driven by identical 
radiative forcing that differ only at round-off level in their atmospheric initial conditions in 1920. In the ensem-
ble mean of these 35 experiments (denoted LENSmean), the influence of internal variability has been greatly 
reduced and the trend mostly reflects the true model response to climate forcing (Frankcombe et al., 2018; Swart 
et al., 2015). Wind nudging simulations use initial conditions from LENS.

Letting x(t) denote the model state vector at model timestep t and F(x) the internal tendency of the system, nudg-
ing occurs via

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= 𝐹𝐹 (𝑑𝑑) + 𝐹𝐹nudge. 

The nudging term Fnudge is proportional to the difference between the target analysis at a future analysis timestep, 
�
(

�′next
)

 , and the model state at the current timestep, x(t),

�nudge =
�
�
(

�
(

�′next
)

− �(�)
)

. 

The nudging coefficient α is 1 everywhere within the nudging domain and changes to zero smoothly across the 
domain border across a buffer zone of approximately 6° (see Figure 1a in Blanchard-Wrigglesworth et al., 2021). 
The relaxation timescale of the nudging is 𝐴𝐴 𝐴𝐴 = 𝑡𝑡

′

next
− 𝑡𝑡 . The atmospheric model time step is 30 min and the target 

analysis time step is 6 hr.

Model zonal (U) and meridional (V) winds are nudged to values from two different 6-hourly reanalyses: ERA5 
(Hersbach et al., 2020), which is available from 1950 onwards and ERA-Interim (Dee et al., 2011), which is 
available from 1979 onwards. We denote these two sets of simulations NUDGE-ERA5 and NUDGE-ERAI 
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respectively. Wind nudging is imposed over various spatial domains as listed in Table 1 at all vertical levels above 
850 hPa, throughout the time period for which each reanalysis is available (1950–2018 for NUDGE-ERA5 and 
1979–2018 for NUDGE-ERAI). The configuration and radiative forcings are otherwise identical to LENS, that is, 
with historical forcing before 2005 and RCP8.5 from 2006 to 2018. We mostly focus on simulations where winds 
are nudged polewards of 45°, but include results from simulations where nudging is applied over other spatial 
domains (see Table 1). We found that nudging equatorward of 45° resulted in unphysical model drifts.

We find that the simulation of AMOC is similar whether winds are nudged toward absolute values from reanal-
ysis or toward departures from the reanalysis climatology (i.e., the target constructed as the sum of model clima-
tology over 1979–2018 and reanalysis anomalies) (Figure S1 in Supporting Information S1). Therefore, we do 
not distinguish between these sets of experiments in Section 3. Ensemble members with wind nudging initialized 
from different LENS members show close agreement (Figure S1 in Supporting Information S1), demonstrating 
that the impact of internal variability arising from differences in initial conditions is small in this experimental 
configuration. To determine the length of adjustment to the onset of wind nudging, we compare the AMOC time-
series of the simulation with wind nudging beginning in 1950 to those beginning in 1979. These converge from 
year 2004 onwards, so the first 25 years of each nudging simulation are discarded to allow for spin-up.

We compare wind nudging simulations to monthly mean observations from the RAPID array (Frajka-Williams 
et al., 2021, with calculation described in McCarthy et al., 2015), which provides estimates of the AMOC at 26.5°N 
from May 2004 to present, with an annual estimate of observational uncertainty from McCarthy et al. (2015). 
Sinha et  al.  (2018) suggest that the interannual variability captured by RAPID is accurate. We also include 
output from the CESM1 forced-ocean simulation (Large and Yeager, 2009, as described in Kim et al., 2018). In 
this simulation, the CESM1 ocean component is forced by the Coordinated Ocean-Ice Reference Experiments 
(CORE) interannually-varying atmospheric data set, which has now been extended to cover 1958–2016. This 
forced-ocean simulation is denoted FO-CORE. The common period of simulations and observations used for 
most analysis is thus May 2004–December 2016 (see Figure S2 in Supporting Information S1 for the full RAPID 
timeseries). For consistency with observations, we compute the AMOC at 26.5°N from all model output using the 
RAPID method with the package provided by Roberts et al. (2013), which includes a calculation of the Ekman 
component of AMOC arising from wind stress (described in SI of Roberts et al., 2013).

3. Results
3.1. AMOC in RAPID and LENS

We begin by comparing AMOC at 26.5°N in the fully-coupled CESM1 LENS and in the RAPID array. Figure 1a 
shows timeseries of monthly AMOC smoothed with a 12-month rolling mean over May 2004–December 2016, 
the period where data are available from RAPID and from all the CESM1 simulations. Over this period, the 
RAPID observations exhibit pronounced interannual variability (Figure 1c, black circle), whereas the 35 indi-
vidual LENS members show lower interannual variability (Figure 1c, blue lines). As expected—since LENS is 
a free-running ensemble—interannual variability in LENS is uncorrelated with RAPID (Figure 1b, blue lines). 

Experiment (nudging domain) Target No. Members (initialization)

NUDGE-ERA5 (45°–90°N and 45°–90°S) ERA5 (1950–2018) 1 (LENS # 10)

aNUDGE-ERAI a (45°–90°N and 45°–90°S) ERA-Interim anomaly 3 (LENS # 4, 21, 26)

NUDGE-ERAI a (45°–90°N and 45°–90°S) ERA-Interim 3 (LENS # 6, 17, 26)

NUDGE-ERAI a (45°–90°N) ERA-Interim 4 (LENS # 4, 6, 17, 26)

NUDGE-ERAI a (45°–60°N) ERA-Interim 1 (LENS # 6)

NUDGE-ERAI-SH (45°–90°S) ERA-Interim 3 (LENS # 6, 17, 26)

aNUDGE-ERAI-60 (60°–90°N) and 60°–90°S ERA-Interim anomaly 3 (LENS # 6, 17, 21)

Note. All experiments span 1979–2018 unless noted.
 a= included in NUDGE-ERAI ensemble mean.

Table 1 
Summary of Model Simulations
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All members of LENS show a high time-mean magnitude of AMOC at 26.5°N (Figure 1d, blue lines). Over the 
RAPID period, the LENS ensemble-mean time-mean strength is 19.2 Sv, and the time-means of all individual 
members are larger than the observed time-mean strength of 16.9 ± 0.9 Sv (Figure 1d). Considering the vertical 
profile of the mean overturning strength (Figure S3 in Supporting Information S1), LENS has stronger northward 
transport than RAPID in the upper ocean, and stronger southward transport at depth. Over 2004–2016, the trend 
in AMOC in the LENS ensemble-mean is weakly negative, with less than half the magnitude of the decline 
shown in RAPID (Figure 1e). Only five LENS ensemble members have trends within the uncertainty range of 
RAPID. In summary, LENS has lower, randomly-phased interannual variability, a stronger mean amplitude, 
and most ensemble members have a weaker decline in the AMOC at 26.5°N than the RAPID observations. 
Next, we consider how the variability, mean strength and trends in AMOC are impacted by the application of 
wind-nudging in the CESM1 fully-coupled model (NUDGE-ERA5 and NUDGE-ERAI), and how these results 
compare with the CESM1 FO-CORE.

3.2. AMOC in NUDGE and FO

3.2.1. Interannual Variability

Nudging the circulation in a specific domain in atmospheric models affects the circulation outside the domain, 
via the transport of information across the domain boundaries (e.g., Jung et al., 2010; Liu et al., 2021). We find 
that wind-nudging in the mid-latitudes has strong non-local impacts on atmospheric circulation at subtropical lati-
tudes (Figures S4–S5 in Supporting Information S1). Teleconnections are especially pronounced when the nudg-
ing domain spans regions where Rossby waves are initiated, such as the midlatitude jet. The correlation of surface 

Figure 1. Comparison of model experiments with RAPID observations for monthly means over May 2004–December 2016 
with a 12-month rolling mean. (a) Atlantic Meridional Overturning Circulation timeseries. (b) Correlation of detrended 
timeseries with RAPID. Diamonds mark the correlation between the RAPID AMOC and the Ekman component of RAPID, 
FO-CORE, NUDGE-ERA5, and NUDGE-ERAI respectively. (c) Standard deviation of detrended timeseries. (d) Time-mean 
value of timeseries. (e) Linear trend, with hatching on circles marking trends that are statistically significant at the 95% 
level. The error bar of 0.9 Sv on RAPID data in (d) is from (McCarthy et al., 2015). The error bar on RAPID trends in (e) is 
the range of all trends computed from 1,000 synthetic timeseries (RAPID data plus random noise with a standard deviation 
of 0.9 Sv). NUDGE-ERAI represents the mean of all simulations that include nudging between 45° and 60°N (Table 1). 
NUDGE-ERA5 and FO-CORE represent one simulation each.
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zonal winds with ERA-Interim reanalysis in the Atlantic basin at 26°N—outside the nudging domain—exceeds 
0.7 in all simulations that nudge over 45°–60°N (Figure S4 in Supporting Information S1). AMOC variability in 
simulations with wind nudging applied north of 60°N or only in the Southern Hemisphere is indistinguishable 
from LENS (Figure S2 in Supporting Information S1), suggesting that the influence of winds over 45°–60°N 
is key. Indeed, applying wind nudging only between 45° and 60°N results in a similar simulation of AMOC at 
26.5°N as when nudging is applied polewards of 45° (Figures S2 and S4–S6 in Supporting Information S1). We 
therefore group together all simulations that include nudging over 45°–60°N in the following analysis.

FO-CORE captures the majority of the observed phasing of AMOC (correlation R  =  0.82, Figure  1b). The 
coupled wind-nudging simulations that nudge north of 45°N (NUDGE-ERAI and NUDGE-ERA5) also capture 
much of the observed phasing of AMOC, including the low of 2010. The correlation with RAPID is R = 0.78 
for NUDGE-ERAI and R = 0.68 for NUDGE-ERA5 (Figure 1b). This agreement with observations highlights 
the importance of observed atmospheric circulation variability for AMOC variations. Previous studies have 
found similar results using forced-ocean simulations with and without ocean data assimilation (e.g., Roberts 
et al., 2013), and here we demonstrate this result using a coupled model and show that this is largely a result of 
the wind-driven circulation (which can modify both momentum and buoyancy forcing).

Previous studies have found that Ekman transports driven directly by the wind play a dominant role in intra-annual 
AMOC variability (e.g., Cabanes et  al.,  2008). Figure  2 shows the Ekman component of AMOC at 26.5°N 
and the residual (total AMOC minus Ekman component). The low of 2010 concurrent with the record low 
NAO (Osborn,  2011) is particularly noticeable, and is well-captured by both the wind-nudging simulations 
and FO-CORE. The correlation between the full AMOC from RAPID (black line, Figure 1a) and the Ekman 
component of the simulated AMOC (Figure 2a) is 0.60 for FO-CORE, 0.47 for NUDGE-ERA5 and 0.52 for 
NUDGE-ERAI (diamonds in Figure 1b). Therefore a large portion of the agreement of modeled AMOC varia-
bility with observations arises from the instantaneous impact of wind forcing on Ekman transport locally (i.e., 
at 26.5°N).

Figure 2. Comparison of model experiments with RAPID observations over May 2004–December 2016. (Top panel) Ekman 
component of AMOC at 26.5°N, with a 12-month rolling mean (Bottom panel) the residual component of AMOC at 26.5°N 
(Figure 1a minus panel (a) in this figure). (a and d) Timeseries, (b and e) correlation with corresponding timeseries from 
RAPID, both detrended, and (c and f) standard deviation of detrended timeseries.
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Although the phasing of interannual variability is well-captured, the level of variability in the smoothed monthly 
timeseries from FO-CORE, NUDGE-ERAI, and NUDGE-ERA5 is similar to LENS, which is biased low relative 
to RAPID (Figure 1c). This bias appears only in the non-Ekman component (Figure 2). Moreover, longer-term 
multi-decadal variability remains lower than that from the RAPID array in all model simulations (Figure S2 in 
Supporting Information S1 and Figure 2d). Our results suggest that these apparent biases are not solely attrib-
utable to biases in the mid-to-high latitude atmospheric circulation, as simulated biases in AMOC interannual 
variance and multi-decadal variability persist when wind-nudging is applied. Simulating realistic variance in the 
NAO does not improve the underestimation of low-frequency variability in AMOC in CESM1, in contrast to the 
suggestion of Kim et al. (2018). The reduced AMOC variability in models compared to RAPID is particularly 
apparent in 2006, when the observed record-high AMOC strength is not captured by either the forced-ocean or 
wind-nudging simulations. This mismatch may arise from low spatial resolution in the model, processes unre-
lated to winds or climate forcing (e.g., aerosol changes, Menary et al., 2020) not captured by CESM1.

3.2.2. Mean Strength

Wind-nudging improves the phasing of interannual AMOC variability. How does it impact the time-mean 
strength? Figure 1a shows a striking reduction in AMOC magnitude in the wind-nudging (north of 45°N) and 
forced-ocean simulations as compared with LENS. The wind-nudging and forced-ocean simulations fall below 
the observational range, with magnitudes of 14.7 Sv, 15.6 Sv, and 15.8 Sv for NUDGE-ERA5, NUDGE-ERAI 
and FO-CORE respectively, as compared with 16.9 ± 0.9 Sv for RAPID (Figure 1d), suggesting that wind biases 
may be responsible for a large portion of time-mean AMOC biases in coupled models. Although biased low, 
these simulations are in marginally better agreement with RAPID than the LENSmean, which has a magnitude of 
19.2 Sv. A large part of the discrepancy occurs during the observed high in 2006 (Figure 1a). In the time-mean 
overturning strength as a function of depth (Figure S3 in Supporting Information S1), the wind-nudging simula-
tions are in closer agreement with RAPID in the upper 2000 m than LENS, but do not improve at depths below 
2,000 m.

Previous studies have found that decadal AMOC variability primarily arises from water mass transformation 
driven by surface buoyancy fluxes in the subpolar gyre (Delworth et al., 2016; Oldenburg et al., 2021, 2022; 
Yeager & Danabasoglu,  2014). To test whether this mechanism may also impact the 2004–2016 mean, we 
compute a mean surface buoyancy flux B over the subpolar gyre (defined as 50°–65°N, 295°–340°E), combining 
the influence of heat and freshwater into a single “heat-equivalent” quantity. We find that the mean B simulated 
by the wind-nudging (north of 45°N) and forced-ocean simulations is substantially reduced compared to LENS 
ensemble members (Figure 3a). Our results confirm the importance of westerly winds and their associated influ-
ence on buoyancy over the subpolar gyre for the AMOC at 26.5°N. Furthermore, Figure 3 highlights the relation-
ship between mean buoyancy fluxes and mean AMOC for 2004–2016, while previous studies have focused on the 
relationship between variability in these quantities.

When decomposing the heat and freshwater effects on B separately in Figures 3b and 3c, following Cerovečki 
et al. (2011) (Text S1 in Supporting Information S1), we see that the heat component is key to the differences 
in B, with only small differences in the freshwater component. This is consistent with large declines in surface 
turbulent heat fluxes over the subpolar gyre relative to LENS (lower-left panels in Figure S7 in Supporting Infor-
mation S1). The surface turbulent heat fluxes depend on the coupled temperature and humidity response at the 
surface, as well as the wind changes. Although the winds remain mostly within the range of LENS, the surface 
turbulent heat fluxes decrease below the range of LENS due to the coupled temperature and humidity response to 
the changes in winds. These impacts are similar whether nudging to the full reanalysis winds or their anomalies, 
as the climatology correction applied in the latter case is small relative to the wind variability (top-left panels in 
Figure S7 in Supporting Information S1).

3.2.3. Trends

Wind-nudging improves the simulation of AMOC variability and significantly reduces the magnitude of AMOC 
by reducing surface buoyancy fluxes in the subpolar gyre. Does it influence trends in AMOC? Over 2004–2016, 
LENS generally shows weaker trends than RAPID, but with several ensemble members falling within the range 
of observational uncertainty in the trends (Figure  1e). The trend in FO-CORE is close to the LENS mean. 
NUDGE-ERA5 has a very slightly stronger decline than FO-CORE, and NUDGE-ERAI has a stronger decline 
than both, falling within the uncertainty range of RAPID. Thus there is a modest improvement in AMOC trends 
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when nudging toward observed circulation, but by an amount that is sensitive to the choice of reanalysis product. 
Trends in the Ekman component of AMOC over 2004–2016 in FO-CORE, NUDGE-ERAI, and NUDGE-ERA5 
are positive and similar to RAPID, while the Ekman component of AMOC for the LENS mean has zero trend 
(Figure S8b in Supporting Information S1). The trends in AMOC are dominated by the trends in the residual 
(non-Ekman) component, and these are more negative in FO-CORE, NUDGE-ERAI, and NUDGE-ERA5 than 
LENSmean, yet still not as negative as RAPID (Figure S8c in Supporting Information S1).

Over the longer period of 1979–2016, LENS has a trend of −0.05 Sv/decade, NUDGE-ERA5 has a statistically 
insignificant negative trend and FO-CORE has a small positive trend of 0.02 Sv/decade (Figure S8d in Support-
ing Information S1) (Note that the NUDGE-ERAI simulations are only analyzed from 2004 onwards.) Therefore, 
constraining winds in a model toward observations dampens the AMOC decline simulated by LENS over this 
period. There are also impacts of constraining the winds on North Atlantic sea surface temperatures (Figure 
S9 in Supporting Information S1). The LENSmean features an area of cooling in the North Atlantic that is not 
observed in the HADISST data set, likely related to the negative trends in AMOC in LENS over 1979–2016. 
NUDGE-ERA5 still has an area of cooling but it is smaller in area, although stronger in magnitude and shifted 
southwards, near the boundary of the nudging domain. NUDGE-ERA5 has areas of warming south of Green-
land that appear closer to HADISST than the LENSmean and FO-CORE in some regions, but overestimates the 
warming signal in others.

Figure 3. Atlantic Meridional Overturning Circulation at 26.5°N versus the surface buoyancy flux over the subpolar gyre for 
the 2004–2016 mean, for (a) the total, (b) the heat component, and (c) the freshwater component. Note the differing scales of 
the x-axes.
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4. Conclusions
In this study, we examine AMOC at 26.5°N in three types of experiments with CESM1: the fully-coupled large 
ensemble (LENS), the forced-ocean configuration (FO-CORE) where the whole atmosphere is specified by the 
CORE reanalysis, and new experiments where meridional and zonal winds above the boundary layer and pole-
wards of 45° are nudged to values from the ERA5 (NUDGE-ERA5) or ERA-Interim (NUDGE-ERAI) reanal-
yses. In the wind-nudging simulations, the influence of constraining the winds extends beyond the nudging 
domain due to advection of heat, moisture, and momentum across the perimeter of the nudging domain. Even 
nudging only between 45 and 60°N results in an AMOC that falls outside the range of the CESM1 LENS, indi-
cating that the subpolar jet region is particularly important. The AMOC in simulations where nudging is applied 
polewards of 60° or in the Southern Hemisphere only are not statistically distinguishable from LENS in either 
variability or magnitude.

We find that correcting biases in simulated winds polewards of 45°N substantially improves biases in AMOC 
at 26.5°N in CESM1 compared to observations from the RAPID array. Specifically, the phasing of interannual 
variability is well-captured and the time-mean AMOC magnitude is closer to observations. The trend over the 
observational period in NUDGE-ERAI is within the range of observational uncertainty, as are 5 of the 35 LENS 
members, but not NUDGE-ERA5 or FO-CORE. Besides the difference in trends, we come to similar conclusions 
about how winds control AMOC when nudging to either ERA-Interim or ERA5, strengthening the robustness 
of our findings. That we obtain broadly similar results with the wind-nudging and forced-ocean simulations 
suggests that the large-scale atmospheric circulation variability is a powerful driver of AMOC, and that prescrib-
ing the complete atmospheric surface conditions down to the ocean-atmosphere interface (as in FO-CORE) has 
limited additional impact on AMOC over the RAPID era. It is well-established that buoyancy fluxes over the 
subpolar gyre are a driver of AMOC variability. Here we show that changes in turbulent heat fluxes associated 
with the observed winds drive a reduction of around 20% in the time-mean AMOC strength relative to the LENS 
ensemble-mean.

Overall, the AMOC at 26.5°N in wind-nudging simulations is in closer agreement with AMOC metrics in the RAPID 
array than several ocean reanalyses (Karspeck et al., 2017). Despite these successes, however, longer-timescale 
variability in the non-Ekman component is underestimated by both the forced-ocean and wind-nudging exper-
iments, showing that model biases in the low frequency variability are largely not due to biases in atmospheric 
circulation north of 45°N. Our inability to simulate the large change in AMOC over 2006–2010 despite nudging 
to the observed winds should motivate further research into the causes of this important model bias.

Over 1979 to present, direct observations of AMOC are not available, and there is no evidence to suggest that 
AMOC has declined over this period (Jackson et al. (2022) and references therein). The LENS mean simulates a 
negative forced trend in the AMOC at 26.5°N over 1979–2016 and a cooling trend in the North Atlantic that is 
not seen in observations. Nudging winds polewards of 45°N yields a statistically insignificant trend in AMOC 
and sea surface temperature trends in the North Atlantic that are in some aspects in better agreement with obser-
vations. Our results suggest that the CESM1 LENS may be biased toward an AMOC decline over the satellite era 
that has not occurred in the real world partially as a result of model biases in the atmosphere, with winds playing a 
significant role. This suggests that improvement in the representation of the high-latitude atmosphere is important 
for future climate projections.

Data Availability Statement
All data in this study is publicly available. ERA-Interim (European Centre for Medium-range Weather Forecast 
(ECMWF,  2011) and ERA5 (Bell et  al.,  2021) are from ECMWF. The CESM1 LENS (Kay et  al.,  2015) is 
publicly available via https://www.cesm.ucar.edu/projects/community-projects/LENS/data-sets.html. Data from 
the RAPID array is provided by Frajka-Williams et al. (2021). We use sea surface temperatures from HadISST 1.1 
(Rayner, 2003) from http://www.metoffice.gov.uk/hadobs/hadisst [accessed Feb 2021]. Model output is available 
at https://doi.org/10.5281/zenodo.7343036.
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