
1.  Introduction
The Atlantic Meridional Overturning Circulation (AMOC) plays a key role in global climate by transporting large 
amounts of heat northward into the high latitudes. The North Atlantic Current, which forms the upper branch of 
AMOC, carries warm, salty subtropical water northward into the subpolar regions, releasing large amounts of 
heat to the atmosphere. The heat exchange with the atmosphere transforms the water into cooler, denser Subpolar 
Mode Water (Brambilla & Talley, 2008; McCartney & Talley, 1982; Pérez-Brunius et al., 2004). This process of 
converting water parcels from one density class to another is referred to as water mass transformation (WMT).

AMOC exhibits substantial low-frequency variability in global climate models (e.g., Delworth & Zeng, 2016; 
Kwon & Frankignoul, 2014; MacMartin et al., 2016), which leads to substantial variations in both North Atlan-
tic and Arctic climate (e.g., Covey & Thompson, 1989; Day et al., 2012; Oldenburg et al., 2018; Zhang, 2015). 
Low-frequency AMOC variability is associated with variations in the upper ocean density in the northern subpo-
lar gyre (Roberts et al., 2013; Robson et al., 2016) as well as North Atlantic sea-level pressure (SLP) patterns 
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associated with changes in the North Atlantic Oscillation (NAO; Delworth & Zeng, 2016; Delworth et al., 2016; 
Eden & Jung, 2001; Kim et al., 2018, 2020; Mecking et al., 2015).

AMOC is closely linked to the subpolar North Atlantic WMT (Grist et al., 2009; Isachsen et al., 2007; Josey 
et al., 2009; Langehaug, Rhines, et al., 2012; Marsh, 2000), which is responsible for driving high-latitude deep 
water formation. The link between WMT and AMOC has been the subject of many studies, mainly using low-res-
olution (∼1°) global climate models (e.g., Langehaug, Rhines, et  al.,  2012). However, low-resolution global 
climate models vary in their representation of which deep water formation regions dominate the AMOC structure 
and variability (e.g., Heuze, 2017; Langehaug, Rhines, et al., 2012; Menary et al., 2015; Oldenburg et al., 2021). 
The biases in the deep water formation regions coincide with biases in subpolar temperature and salinity relative 
to observations (Langehaug, Rhines, et al., 2012). In addition, Nordic Seas overflow processes, which are respon-
sible for producing the dense water masses that make up the southward flowing branch of AMOC and take place 
at comparatively small spatial scales (Langehaug, Medhaug, et al., 2012; Treguier et al., 2005), tend to be weak in 
low-resolution ocean models compared to observations (Bailey et al., 2005). This results in a deficit in the volume 
transport of these water masses. Moreover, low-resolution models do not resolve ocean mesoscale eddies, which 
are known to contribute to WMT via convection and lateral buoyancy fluxes, particularly in the Labrador Sea 
(Garcia-Quintana et al., 2019).

Previous work using low-resolution model simulations shows that low-frequency AMOC variability is associ-
ated with large changes in Labrador Sea WMT regardless of where the climatological WMT is concentrated 
(Oldenburg et  al.,  2021). The mechanism of low-frequency AMOC variability involves upper ocean cooling 
and densification in the Labrador Sea, driven by northwesterly winds off eastern North America. This increases 
deep water formation there, which later strengthens AMOC. The strengthened AMOC carries anomalous warm 
water northward into the subpolar regions, weakening deep water formation and hence AMOC. This mechanism, 
dominated by Labrador Sea WMT variability, holds true across a range of low-resolution models with distinct 
representations of deep water formation in subpolar regions (Oldenburg et  al.,  2021). However, one concern 
with these results is that low-resolution simulations likely overestimate deep water formation and subduction in 
the Labrador Sea region compared to high-resolution ocean simulations (Garcia-Quintana et al., 2019). This is 
because of the large role that convective eddies play during the restratification phase in the spring and summer 
months. Mixed-layer depths are also likely too deep in low-resolution models owing to the absence of eddies 
(Garcia-Quintana et al., 2019).

Low-resolution models also tend to underestimate the atmospheric responses to AMOC and sea-surface temper-
ature (SST) variability relative to observations and high-resolution models (Czaja et al., 2019). While various 
observational and reanalysis-based studies have found substantial NAO-like responses to decadal and multidec-
adal SST changes (e.g., Czaja & Frankignoul, 1999, 2002; Czaja et al., 2019; Gastineau & Frankignoul, 2015; 
Venzke et al., 1999; S. M. Wills et al., 2016), several low-resolution models show no discernible atmospheric 
response to SST variations associated with AMOC variability (Oldenburg et al., 2021).

This previous work raises several interesting questions related to the resolution dependence of North Atlantic 
atmosphere–ocean interactions, WMT, and AMOC variability. (a) Do the mechanisms of low-frequency AMOC 
and northward ocean heat transport (OHT) variability found in low-resolution models, where the Labrador Sea 
appears to be the most important region for initiating AMOC variability (Oldenburg et al., 2021), still hold in 
high-resolution models? (b) How does the ocean resolution of a model affect the partitioning of WMT between 
the different deep water formation regions? (c) Finally, do high-resolution model simulations show evidence of a 
stronger NAO response to AMOC, as suggested by observations?

In this paper, we will investigate these questions using high- and low-resolution versions of Community Earth 
System Model version 1 (CESM1). We evaluate how well a high-resolution-coupled simulation reproduces the 
surface-forced WMT found in a high-resolution atmospheric-reanalysis-forced ocean simulation, which we 
consider as an analog to observations, and compare that to what is found in a low-resolution simulation. We then 
analyze the factors that set the magnitude of WMT in these simulations and examine the mechanisms of low-fre-
quency AMOC variability in the high- and low-resolution versions of the coupled model. We focus in particular 
on the link between the AMOC variability and the WMT variability in the different deep water formation regions 
and on how the variability is affected by the differences in resolution and mean state. Finally, we investigate the 
atmospheric response to the AMOC variability in the two simulations.
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In Section  2, we describe the model simulations used in this analysis. In Section  3, we compute the WMT 
and AMOC in the different simulations and analyze the factors that explain the differences between them. In 
Section 4, following the methods of Oldenburg et al. (2021), we use a low-frequency component analysis (LFCA) 
to elucidate the mechanisms of low-frequency AMOC variability in the high- and low-resolution versions of the 
coupled model and investigate the atmospheric response to the AMOC variability in these models. In Section 5, 
we summarize and discuss the overall results and conclusions.

2.  Description of Models
We use output from a 1,800-year preindustrial control simulation of the CESM1.1 (Hurrell, 2013), with a nomi-
nal horizontal resolution of 1° in the atmosphere and ocean. We henceforth refer to this low-resolution CESM1 
simulation as CESM1-LR. We also use output from a 500-year preindustrial control simulation of CESM1.3 by 
the International Laboratory for High-Resolution Earth System Prediction (iHESP; Chang et al., 2020), which 
uses an eddy-resolving 0.1° version of the Parallel Ocean Component version 2 (POP2) and a 0.25° version of 
the Community Atmosphere Model version 5 (CAM5). We henceforth refer to this high-resolution CESM1 simu-
lation as CESM1-HR. Unlike its low-resolution counterpart, this model does not include a parameterization for 
overflows of deep water from the Nordic Seas into the North Atlantic while still not fully resolving the overflow 
processes. Here, we analyze the last 350 years of the 500-year simulation, because the first 150 years are consid-
ered spin-up, during which the upper ocean experiences rapid adjustment. Given that this spin-up period is fairly 
short, the deep ocean state continues to drift throughout the simulation.

For our analysis of reanalysis-forced ocean–sea-ice simulations, we use output from 1° and 0.1° POP2 ocean 
simulations (Kim et al., 2021), which are both forced with atmospheric reanalysis data from the Japanese 55-year 
Reanalysis (JRA55, Harada et al., 2016; Kobayashi et al., 2015), spanning years 1958–2018. Henceforth, we refer 
to these low- and high-resolution simulations as JRA55-LR and JRA55-HR, respectively. Here, we are seeking 
an analog to observations which still provides full ocean output data. Given that historical ocean observations 
are limited to particular regions or require reconstruction from proxies, an atmospheric-reanalysis-forced ocean 
simulation, which includes an ocean constrained at the surface to best estimates of historical atmospheric states, 
is a useful alternative. It would be possible to instead use ocean assimilation data. However, they typically do 
not have closed heat and salt budgets, which are important when linking WMT to the interior ocean state. Also, 
historical ocean observations are fairly limited compared to atmospheric observational data, which reduces the 
reliability of assimilation products. Hence, we take JRA55-HR as our closest analog to observations.

Differences in initialization between simulations could lead to differences in their climatologies, so we briefly 
discuss how each simulation was spun up. CESM1-LR’s ocean was initialized from January-mean present-day 
potential temperature from PHC2, and its atmosphere, land, and sea ice were initialized from a previous CESM1 
(CAM5) 1850 control run. The ocean component of CESM1-LR was initialized with January-mean potential 
temperature and salinity from World Ocean Atlas 2013 data (Locarnini et al., 2013; Zweng et al., 2013) from a 
state of rest, and the initial conditions for the other components were taken from restart files of previous simula-
tions. Both JRA55 simulations were initialized from rest using temperatures and salinities from the World Ocean 
Atlas. The low-resolution version was spun up over five cycles, and the high resolution had no spin-up period 
prior to the simulation. Sea-surface salinities were restored via a salinity-restoring flux. The sensible and latent 
heat fluxes were calculated based on the SSTs and the JRA55 air temperatures during runtime, resulting in SSTs 
that closely resemble the JRA55 surface air temperatures (Chassignet et al., 2020).

We compare the rest of the simulations to JRA55-HR to determine whether increasing the ocean and atmos-
pheric resolution of a coupled model leads to a more accurate representation of WMT and AMOC. Comparing 
JRA55-LR with CESM1-LR illustrates the role of atmospheric forcing (reanalysis data vs. a coupled atmosphere) 
at the same ocean model resolution, while comparing JRA55-LR with JRA55-HR illustrates the role of ocean 
model resolution (parameterized vs. resolved mesoscale eddies) under the same atmospheric forcing.
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3.  Comparison of WMT and AMOC Climatologies
Before analyzing WMT and AMOC, it is helpful to consider the time-mean winter (January–March) mixed-
layer depth to determine where the deep convection and deep water formation occur in the different models. 
In JRA55-HR, deep mixed layers are concentrated mostly in the Labrador Sea and Irminger–Iceland Basins 
(IIBs), with some deep mixed layers in the Greenland–Iceland–Norwegian (GIN) Seas as well (Figure 1a). In 
JRA55-LR, the mixed layers overall are deeper, and the deepest mixed layers are concentrated in the Labrador 
Sea, though there are still deep mixed layers in the IIB and GIN Seas (Figure 1b). In CESM1-HR, the mixed-
layer depth patterns look similar to JRA55-HR, but the mixed-layer depths are deeper in all of the deep water 
formation regions (Figure 1c). In CESM1-LR, the deepest mixed layers are mostly concentrated in the Labrador 
Sea, even more so than in JRA55-LR, which shows similar overall patterns (Figures 1b and 1d). It is noteworthy 
that CESM1-HR captures the mixed-layer depth patterns found in JRA55-HR much better than either of the 
low-resolution models, despite JRA55-LR being forced with the same atmospheric reanalysis data as JRA55-HR.

To investigate differences in AMOC and its variability across these simulations, we use AMOC calculated in 
density coordinates rather than AMOC calculated in depth coordinates, because it is more appropriate for analyz-
ing subpolar AMOC variability and is strongly connected to the analysis of WMT as a function of density class 
(Pickart & Spall,  2007; Straneo,  2006). We first look at the AMOC climatology to determine how well the 
coupled simulations (and JRA55-LR) reproduce the AMOC from the reanalysis-forced high-resolution data set, 
JRA55-HR. To compute AMOC, we use the following equation from Newsom et al. (2016):

Figure 1.  Climatological mixed-layer depth (colors) and sea-surface potential density referenced to 2,000 m (contours) both averaged over January–March in (a) 
JRA55-HR, (b) JRA55-LR, (c) CESM1-HR, and (d) CESM1-LR. The thick black lines represent the region masks for the Labrador Sea (left), Irminger–Iceland Basins 
(lower right), and Greenland–Iceland–Norwegian (GIN) Seas (upper right).
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AMOC(𝜎𝜎𝜎 𝜎𝜎𝜎 𝜎𝜎) = −∫
𝑥𝑥𝐸𝐸

𝑥𝑥𝑊𝑊
∫

𝑧𝑧(𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥)

−𝐵𝐵(𝑥𝑥𝑥𝑥𝑥)

𝑣𝑣(𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥   )𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑� (1)

where 𝐴𝐴 𝐴𝐴 is the potential density referenced to 2,000 m, 𝐴𝐴 𝐴𝐴 is the latitude, 𝐴𝐴 𝐴𝐴 is longitude, 𝐴𝐴 𝐴𝐴𝑊𝑊  and 𝐴𝐴 𝐴𝐴𝐸𝐸 are the western 
and eastern longitudinal limits of the basin, respectively, 𝐴𝐴 𝐴𝐴 is the meridional velocity, 𝐴𝐴 𝐴𝐴 is depth (positive upward), 

𝐴𝐴 𝐴𝐴(𝑥𝑥𝑥 𝑥𝑥) is the bottom depth, and 𝐴𝐴 𝐴𝐴 is time.

In JRA55-HR, the maximum AMOC is located at 𝐴𝐴 𝐴𝐴2 = 36.48   kg 𝐴𝐴 m−3 , where it reaches 21.8 Sv (Figure 2a). 
In JRA55-LR, the maximum is located at 𝐴𝐴 𝐴𝐴2 = 36.58  kg 𝐴𝐴 m−3 and is equal to 20.7 Sv (Figure 2b). AMOC in 
CESM1-HR reaches a maximum of 25.4 Sv at 𝐴𝐴 𝐴𝐴2 = 36.53  kg 𝐴𝐴 m−3 (Figure 2c). In CESM1-LR, AMOC reaches 
a maximum of 28.6 Sv at 𝐴𝐴 𝐴𝐴2 = 36.64  kg 𝐴𝐴 m−3 (Figure 2d). Hence, in terms of maximum magnitude, JRA55-LR 
reproduces the AMOC found in JRA55-HR the best of all the other model simulations, though CESM1-HR 
reproduces the density where the maximum occurs most accurately. Surprisingly, the maximum AMOC is actu-
ally smaller in JRA55-LR than in JRA55-HR; we would expect a higher-resolution simulation to yield a weaker 
AMOC given the reduced Labrador Sea deep water formation, as in CESM1-HR and CESM1-LR, and also what 
was found in other studies of coupled GCMs (Sein et al., 2018; Winton et al., 2014). All of the simulations have 
AMOC maxima located at higher densities than JRA55-HR. CESM1-HR has a maximum AMOC at a density 
closest to the JRA55-HR maximum, while CESM1-LR has a maximum AMOC at a density furthest from the 
JRA55-HR maximum. These results indicate that although increasing the resolution of the atmosphere and ocean 
yields an AMOC substantially closer in structure and magnitude to reanalysis-forced ocean data, there are likely 

Figure 2.  Climatological Atlantic Meridional Overturning Circulation (AMOC) in (a) JRA55-HR, (b) JRA55-LR, (c) CESM1-HR and (d) CESM1-LR.
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biases in the atmospheric component of the coupled simulations even at high resolution. These differences in 
AMOC structure may also to some extent stem from the fact that these simulations were run with distinct initial 
conditions and had different spin-up procedures.

To compute the surface-forced WMT, we follow the methodology used in Oldenburg et al. (2021) among others. 
Here, as in Oldenburg et al. (2021), we neglect the mixing contributions because the time resolution of the model 
output data is not high enough to calculate them. We compute the WMT separately in the Labrador Sea, IIB, and 
GIN Seas using the region masks shown in the boxes in Figure 1 to determine each region’s contribution to the 
total WMT.

In all four simulations, the thermal WMT component dominates over the haline contribution. However, the parti-
tioning of total WMT in the different regions varies substantially among the simulations. In JRA55-HR, none of 
the peaks in WMT in the different regions align with the density of maximum AMOC, likely due to the absence 
of the effects of mixing in this calculation. The IIB contributes the most to the WMT at densities lower than the 
density of maximum AMOC (Figure 3a), reaching a maximum value of 14.2 Sv at 𝐴𝐴 𝐴𝐴2 = 36  kg 𝐴𝐴 m−3 . At densities 
higher than the maximum AMOC, the WMT is dominated by contributions from the Labrador Sea and GIN Seas, 

Figure 3.  Climatological water mass transformation thermal (solid lines) and freshwater (dashed lines) components in the Labrador Sea (Lab), GIN Seas, and IIB for 
(a) JRA55-HR, (b) JRA55-LR, (c) CESM1-HR, and (d) CESM1-LR. The black vertical lines indicate the density where the climatological AMOC reaches its maximum 
in each model. The gray shaded areas represent the density range where AMOC is within 25% of its maximum value. A more detailed illustration of what particular 
areas of the deep water formation regions contribute to the surface-density flux over different density classes is shown in Figures 4 and 5, as well as Figure S1 in 
Supporting Information S1. Note the difference in scale between (d) and the other panels.



Journal of Geophysical Research: Oceans

OLDENBURG ET AL.

10.1029/2021JC018102

7 of 18

with a much narrower peak in the Labrador Sea. The Labrador Sea has a peak of 7.7 Sv at 𝐴𝐴 𝐴𝐴2 = 36.7  kg 𝐴𝐴 m−3 , 
and the GIN Seas WMT peaks at 4.6 Sv at 𝐴𝐴 𝐴𝐴2 = 36.56  kg 𝐴𝐴 m−3 . Though these densities are further away from the 
maximum AMOC, they are likely still important for AMOC given that internal mixing acts to reduce the density 
of the densest water masses. In JRA55-LR, the peaks in the IIB and GIN Seas WMT occur closer to the maximum 
AMOC than in JRA55-HR, reaching maxima equal to 14.5 and 6.2 Sv at 𝐴𝐴 𝐴𝐴2 = 36.32 and 𝐴𝐴 𝐴𝐴2 = 36.62 , respectively, 
and the IIB dominates the WMT near the AMOC maximum (Figure 3b). The Labrador Sea peak in WMT is 
located at about the same density as in JRA55-HR, with a peak value of 11.4 Sv at 𝐴𝐴 𝐴𝐴2 = 36.7  kg 𝐴𝐴 m

3 . Furthermore, 
the peaks in the Labrador Sea and GIN Seas WMT are narrower in JRA55-LR than they are in JRA55-HR.

The WMT in CESM1-HR looks the most similar to JRA55-HR of all the other simulations, with the most nota-
ble difference being that the WMT peaks in the IIB and Labrador Sea WMT are larger than in JRA55-HR 
(Figure 3c), with the IIB WMT reaching a maximum value of 17.4 Sv at 𝐴𝐴 𝐴𝐴2 = 36   kg 𝐴𝐴 m−3 , the Labrador Sea 
WMT reaching a maximum of 8.3  Sv at 𝐴𝐴 𝐴𝐴2 = 36.74   kg 𝐴𝐴 m−3 , and the GIN Seas WMT peaking at 5.0  Sv at 

𝐴𝐴 𝐴𝐴2 = 36.74   kg 𝐴𝐴 m−3 . However, the partitioning of the WMT between the different regions remains similar to 
JRA55-HR. In CESM1-LR, on the other hand, the WMT looks quite different, with much larger WMT peaks 
in the IIB and the Labrador Sea WMT than in any of the other simulations (Figure 3d), reaching maxima equal 
to 19.6 and 21.2 Sv at 𝐴𝐴 𝐴𝐴2 = 36.26 and 𝐴𝐴 𝐴𝐴2 = 36.72 , respectively. The peak in Labrador Sea WMT is also much 
narrower than in JRA55-HR and CESM1-HR and looks more similar to JRA55-LR. The GIN Seas WMT peaks 
at 𝐴𝐴 𝐴𝐴2 = 36.82  kg 𝐴𝐴 m−3 , where it reaches a maximum of 6.9 Sv. This seems to indicate that increasing the atmos-
pheric and ocean resolution in a coupled model yields a fairly realistic representation of WMT in the different 
deep water formation regions, certainly much more realistic than an equivalent low-resolution-coupled model. 
The substantial discrepancies between JRA55-LR and JRA55-HR indicate that a higher ocean model resolution 
provides a more accurate representation of WMT and AMOC beyond what is provided by simply having correct 
atmospheric surface forcing.

To illustrate which parts of each region contribute to the WMT in different density classes, it is useful to look at 
the full surface-density flux calculated using the methodology of Oldenburg et al. (2021) and others. Since we 
are interested in the density classes relevant for AMOC, we isolate the density flux for densities lower than the 
minimum density where AMOC reaches 75% of its maximum value (Figure S1 in Supporting Information S1), 
densities within the density range where AMOC is at least 75% of its maximum value (Figure 4), and densities 
beyond that density range (Figure 5). In the lowest density range, the surface-density flux is concentrated in the 

Figure 4.  Colors: Total climatological winter surface-density flux calculated using the methodology from Oldenburg et al. (2021) over densities where AMOC is at 
least 75% of its maximum. Contours: Time-mean winter sea-surface potential density referenced to 2,000 m for (a) JRA55-HR, (b) JRA55-LR, (c) CESM1-HR, and (d) 
CESM1-LR.
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IIB, with small contributions from the other regions, mainly near coastlines where the water is fresher and lighter 
than the interior areas (Figure S1 in Supporting Information S1). Because interior mixing tends to reduce the 
density of water parcels, the surface-density fluxes in this density range are unlikely to contribute to AMOC.

In the density range near the AMOC maximum, CESM1-HR reproduces the density flux patterns found in 
JRA55-HR fairly well. In both of these simulations, most of the Labrador Sea surface-density flux is concen-
trated in the northern section of the Labrador Sea rather than in the southern section, where density fluxes are 
weaker (Figures 4a and 4c). The patterns found in the GIN Seas are also similar; however, the surface-density 
fluxes in the southern part of the IIB are much higher in CESM1-HR than in JRA55-HR (Figures 4a and 4c). The 
low-resolution simulations show similar overall patterns to JRA55-HR, but lack several key features (Figures 4b 
and 4d). For example, Labrador Sea fluxes are more concentrated in the central and southern sections compared 
to JRA55-HR and CESM1-HR, particularly in CESM1-LR (Figure 4d). JRA55-LR reproduces the flux patterns 
in the IIB fairly well (Figure 4b). However, neither low-resolution simulation has an accurate representation of 
the more complex smaller scale density structures found in JRA55-HR and CESM1-HR, where the densities are 
less uniform, particularly near coastlines. For the highest density range, the interior and southern parts of the 
Labrador Sea contribute more to WMT in JRA55-HR and CESM1-HR compared to the lower density classes 
(Figures 5a and 5c). There are also larger contributions from the interior and northern parts of the GIN Seas. The 
same overall patterns are found in the low-resolution simulations (Figures 5b and 5d). However, in JRA55-LR, 
the surface-density fluxes in the Labrador Sea are shifted to the east relative to JRA55-HR and CESM1-HR, and 
the northern part of the GIN Seas is not emphasized as much as in the high-resolution simulations, with a much 
more uniform pattern in the eastern GIN Seas (Figure 5b). In CESM1-LR, the contributions to WMT from the 
Labrador Sea are smaller, and the eastern area of the GIN Seas is more emphasized compared to in JRA55-LR 
(Figure 5d).

To allow for a more direct comparison between AMOC and the WMT in the different regions, we also calcu-
late the surface-forced overturning stream function following the methodology of Marsh  (2000), Oldenburg 
et al. (2021), and others. We calculate the surface-forced overturning stream function for each of the three regions 
separately, which allows us to quantify how much the surface-forced WMT in each region contributes to AMOC 
(neglecting mixing). CESM1-HR reproduces the surface-forced overturning found in JRA55-HR far better than 
either low-resolution simulation in all regions (Figures 6a–6d and 6). In JRA55-LR and CESM1-LR, the over-
turning is too strong in all the regions, especially in the Labrador Sea and IIB (Figures 6e–6h and 6). Also, the 

Figure 5.  Colors: Total climatological winter surface-density flux calculated using the methodology from Oldenburg et al. (2021) over densities above the maximum 
density where AMOC reaches 75% of its maximum. Contours: Time-mean winter sea-surface potential density referenced to 2,000 m for (a) JRA55-HR, (b) JRA55-LR, 
(c) CESM1-HR, and (d) CESM1-LR.
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Labrador Sea surface-forced overturning is concentrated over a smaller density range in the LR models compared 
to the HR versions (Figures 6b, 6f, 6j and 6n). For the IIB, overturning in the HR simulations is shifted toward 
lower densities compared to the LR versions (Figures 6c, 6g, 6k and 6o). Overturning in the GIN Seas is also 
concentrated over a smaller density range in the LR models than in the HR models (Figures 6d, 6h, 6l and 6p).

To determine what is responsible for the discrepancies in the WMT between JRA55-HR and the other simulations, 
we discuss the climatologies of several surface properties used in the WMT calculation, including the sea-surface 
heat fluxes as well as the sea-surface potential temperatures, salinities, and densities. Although the freshwater 
fluxes also contribute to the WMT, the freshwater components of WMT are very small in all four simulations 
(Figure 3). Hence, we do not show them here, but rather in the supplementary section (Figure S2 in Supporting 
Information S1). Here, we present each quantity in JRA55-HR (Figures 7a and 7e) and the anomalies for the 

Figure 6.  Climatological surface-forced overturning stream function in (a–d) JRA55-HR, (e–h) JRA55-LR, (i–l) CESM1-HR, and (m–p) CESM1-LR computed over 
all regions (first column), the Labrador Sea (second column), the Irminger–Iceland Basins (IIBs, third column), and GIN Seas (fourth column).
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other simulations relative to JRA55-HR. CESM1-HR shows a much more accurate representation of the time-
mean density structure compared to both low-resolution simulations, particularly in the Labrador Sea and near all 
coastlines (Figure 7b). CESM1-HR anomalies in SSTs and salinities relative to JRA55-HR are more substantial 
than its density anomalies (Figures 8b and 8f), but they are mostly density compensating, yielding smaller density 
anomalies. These anomalies lead to small positive density anomalies in the GIN Seas, IIB, and Labrador Sea, 
except near the coastlines (Figure 7b), likely due to increased freshwater runoff compared to JRA55-HR (Figure 
S2 in Supporting Information S1). JRA55-LR, on the other hand, shows large negative density anomalies in the 
central GIN Seas, but positive anomalies near the coastlines (Figure 7c). There are also positive anomalies in the 
eastern subpolar gyre and in the northern Labrador Sea. The density structure looks similar in CESM1-LR, with 
similar anomalies relative to JRA55-HR in most regions, except for in the northern Labrador Sea where there 
are actually positive anomalies (Figure 7c), due to a fairly salty Labrador Sea compared to the other simulations 
(Figure 8g). The higher densities in the low-resolution simulations explain why the WMT and AMOC peaks 
occur at higher densities than in JRA55-HR and CESM1-HR (Figure 3), and the generally more uniform density 

Figure 7.  (a) JRA55-HR climatology of sea-surface potential density, referenced to 2,000 m. (b–d) Sea-surface potential density climatologies (contours) and 
anomalies relative to JRA55-HR (colors) for (b) CESM1-HR, (c) JRA55-LR, and (d) CESM1-LR. (e) JRA55-HR total sea-surface heat flux climatology. (f–h) 
Sea-surface heat flux climatologies (contours) and anomalies relative to JRA55-HR (colors) for (f) CESM1-HR, (g) JRA55-LR, and (h) CESM1-LR.
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fields in the Labrador Sea explain the narrower WMT peaks in the LR simulations compared to JRA55-HR and 
CESM1-HR. Also, the high densities in the GIN Seas in CESM1-HR explain why there is positive WMT in that 
region at higher densities than what is seen in the other models (Figure 3c).

CESM1-HR best reproduces the surface heat fluxes found in JRA55-HR (Figures 7e and 7f), with some positive 
anomalies in the central and northern Labrador Sea and broad negative anomalies throughout the IIB and GIN 
Seas, aside from the far north, which exhibits positive anomalies (Figure 7f). The larger (more negative) heat 
fluxes in the IIB and GIN Seas explain the larger IIB and GIN WMT in CESM1-HR compared to JRA55-HR, 
given that stronger heat fluxes drive higher WMT. JRA55-LR exhibits larger positive anomalies in the Labrador 
Sea and northern GIN Seas compared to CESM1-HR (Figure 7g). In CESM1-LR, there is a mix of positive and 
negative anomalies in the Labrador Sea, and larger negative anomalies in the central GIN Seas (Figure 7h).

Surprisingly, CESM1-HR reproduces the WMT, sea-surface heat fluxes, SSTs, and salinities of JRA55-HR far 
better than JRA55-LR does, which highlights the importance of ocean resolution in accurately representing these 

Figure 8.  (a) JRA55-HR sea-surface potential temperature climatology. (b–d) Sea-surface potential temperature climatologies (contours) and anomalies relative to 
JRA55-HR (colors) for (b) CESM1-HR, (c) JRA55-LR, and (d) CESM1-LR. (e) JRA55-HR sea-surface salinity climatology. (f–h) Sea-surface salinity climatologies 
(contours) and anomalies relative to JRA55-HR (colors) for (f) CESM1-HR, (g) JRA55-LR, and (h) CESM1-LR.
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variables. It also indicates that simply forcing an ocean model with atmospheric reanalyses is insufficient if the 
ocean is low resolution.

4.  Mechanisms of Low-Frequency AMOC Variability in High- and Low-Resolution 
Versions of CESM
We next turn our attention to the mechanisms driving low-frequency AMOC variability. We apply a LFCA (R. C. 
Wills et al., 2018; R. C. J. Wills et al., 2019) to AMOC in density coordinates in CESM1-HR and CESM1-LR’s 
preindustrial control simulations. The purpose of using LFCA is to create an index that emphasizes low-fre-
quency variability in the overturning stream function data without losing any time resolution due to low-pass 
filtering, allowing us to more easily determine lead–lag relationships.

We focus on the first low-frequency pattern (LFP) of AMOC, which is the linear combination of the leading 
empirical orthogonal functions (EOFs) with the highest ratio of low-frequency variance to total variance in its 
corresponding timeseries (i.e., its low-frequency component; LFC). The LFP (Figure 9) represents the AMOC 
anomaly associated with a one standard deviation (1𝐴𝐴 𝐴𝐴 ) anomaly in the corresponding LFC. Here, low-frequency 
variance is defined as the variance at 10-year and longer time scales, computed using a Lanczos filter with 
a low-pass cutoff of 10 years. Low-pass filtering is only used to identify the LFP, and all information about 

Figure 9.  Top row: Low-frequency pattern (LFP) 1 of AMOC for (a) CESM1-HR and (b) CESM1-LR. Bottom row: Autocorrelations of low-frequency component 
(LFC) 1 (shaded), correlation of the North Atlantic Oscillation (NAO) with LFC 1 (solid black lines) and significance levels (dashed black lines), and correlations of 
both the Labrador Sea (blue lines) and Eastern North Atlantic (ENA; green lines) winter mixed-layer depths with LFC 1 for (c) CESM1-HR and (d) CESM1-LR. NAO 
here is defined as the difference between the sea-level pressure between the Azores (25.5°W, 37.5°N) and Iceland (21.5°W, 64.5°N). The ENA here includes both the 
IIB and the GIN Seas.
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high-frequency variations is preserved. For both models, we include the six leading EOFs in the LFCA. The 
choice of the number of EOFs does not substantially influence the results for either model.

In our previous analysis of low-resolution-coupled model simulations (Oldenburg et al., 2021), we found that 
WMT in the Labrador Sea plays a more substantial role in driving AMOC and OHT variability than would be 
expected based on its role in driving the climatology of AMOC and OHT. Here, we examine whether the model 
resolution affects this result, given that higher-resolution models represent Labrador Sea processes much better 
than low-resolution ones (see Section 3). Hence, here we carry out an analysis similar to Oldenburg et al. (2021) 
with a focus entirely on AMOC instead of Atlantic OHT. Our goal is to determine whether the mechanisms of 
low-frequency AMOC variability in low-resolution simulations still hold in high-resolution models. We first 
compute the LFPs and LFCs of annual-mean AMOC in CESM1-HR and CESM1-LR, then calculate lead–lag 
regressions between the first LFC and other fields, including winter mixed-layer depth, surface-forced WMT, 
winter SLP, and AMOC. Although the LFPs already give the AMOC anomaly at lag 0, the pattern of AMOC 
anomalies evolves over time and therefore can look different at lead and lag times (Figure S3 in Supporting 
Information S1).

The first LFPs of AMOC in CESM1-HR and CESM1-LR share some common features, with maxima in the 
midlatitudes to subpolar latitudes. In CESM1-LR, the maximum value is equal to 2.51 Sv and is located at 53.5°N 
and 𝐴𝐴 𝐴𝐴2 = 36.74  kg 𝐴𝐴 m−3 , which is substantially stronger and at a higher latitude and density than in CESM1-HR, 
where the maximum value is equal to 1.48 Sv and is located at 47°N and 𝐴𝐴 𝐴𝐴2 = 36.675  kg 𝐴𝐴 m−3 . The AMOC peak 
is also more localized than in CESM1-HR. The other major difference is that the positive values extend to lower 
densities in CESM1-HR compared to CESM1-LR. The ratios of low frequency to total variance for the LFCs are 
equal to 0.70 and 0.87 for CESM1-HR and CESM1-LR, respectively, and the LFC autocorrelations remain high 
for much longer lag times in CESM1-LR compared to CESM1-HR (Figures 9c and 9d). In CESM1-HR, the auto-
correlation drops off more quickly, reaching zero by lag 10 years (Figure 9c). The lower ratio of low frequency to 
total variance in CESM1-HR indicates that that model’s LFC includes more high-frequency variability, and the 
lower autocorrelation is consistent with an AMOC that changes more rapidly over lead and lag times (Figure S3 
in Supporting Information S1).

In CESM1-HR, there is a persistent SLP pattern linked to anomalous northwesterly winds off eastern North 
America starting at about lead 4 years (Figure 10b). This SLP pattern remains until lag 0, which is the time 
of maximum AMOC (Figures  10a–10d). This pattern’s persistence must result from processes in the ocean, 
because the persistence time scale of atmospheric anomalies is less than a month (Ambaum & Hoskins, 2002). 
At lag 0, the SLP pattern becomes more zonal and the eastern SLP anomaly intensifies (Figure 10d). After lag 
0, the pattern reverses (Figures 10e and 10f) with a pattern that looks similar to the negative phase of the NAO. 
In CESM1-LR, there is a similar SLP pattern at lead times and at lag 0 (Figures 10g–10j). After lag 0, the SLP 
pattern dissipates completely in CESM1-LR (Figure 10l). However, unlike many low-resolution models, includ-
ing CESM1-LR and the LR models discussed in Oldenburg et al. (2021), CESM1-HR shows a coherent SLP 
pattern after the time of maximum AMOC. This indicates an atmospheric response to the low-frequency AMOC 
variability not seen in the equivalent low-resolution model, but which has been reported in a number of obser-
vational studies (Czaja & Frankignoul, 1999, 2002; Czaja et al., 2019; Gastineau & Frankignoul, 2015; Venzke 
et al., 1999; S. M. Wills et al., 2016). This response can also be seen in the negative lagged correlation of the NAO 
with LFC 1 (Figure 9c), which peaks at a lag of 5 years.

In both HR and LR models, the effect of the SLP pattern at lead times on the subpolar winter mixed-layer depths 
can be seen in Figure S4 in Supporting Information S1, which shows deepening mixed-layer depths, particularly 
in the Labrador Sea. The time evolution of Labrador Sea mixed-layer depth mirrors that of the NAO (Figures 9c 
and 9d). The Eastern North Atlantic (ENA) mixed-layer depth does follow the NAO to some degree, especially in 
CESM1-LR, but it does not mirror it to the same degree as the Labrador Sea in CESM1-HR (Figures 9c and 9d).

In CESM1-HR, WMT in the Labrador Sea strengthens in the years leading up to maximum AMOC, reaching its 
maximum at lead 2, concurrent with the strengthening of AMOC and the mixed layer deepening in the Labrador 
Sea, IIB, and GIN Seas (Figure 11a). This peak is equal to 1.29 Sv and is located at 𝐴𝐴 𝐴𝐴2 = 36.83  kg 𝐴𝐴 m−3 , which is 
at a substantially higher density than the location of the maximum AMOC anomaly at lag 0, but is still within the 
density range of the broad positive AMOC anomaly. After lead 2, the WMT rapidly decreases. The ENA WMT, 
which includes both the GIN Seas and IIB, also increases at lead times, peaking at lead 1 (not shown). This peak 
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is equal to 0.83 Sv and is located at 𝐴𝐴 𝐴𝐴2 = 36.84 , which is further from the peak in AMOC than the Labrador Sea 
WMT peak. The peak in ENA WMT is mostly due to changes in IIB WMT rather than the GIN Seas (not shown).

In CESM1-LR, the Labrador Sea WMT also increases at lead times, reaching its maximum at lead 2  years 
(Figure 11b). This maximum is equal to 3.99 Sv and is located at 𝐴𝐴 𝐴𝐴2 = 36.76  kg 𝐴𝐴 m−3 , which is at a slightly higher 
density than the maximum AMOC anomaly. The ENA WMT also strengthens at lead times but already peaks by 
lead 4 years (Figure 11d). This peak is equal to 0.82 Sv and is located at 𝐴𝐴 𝐴𝐴2 = 36.62  kg 𝐴𝐴 m−3 , which is at a substan-
tially lower density than the maximum AMOC anomaly. This WMT increase is mostly due to changes in the IIB 
rather than the GIN Seas (not shown).

Based on these results, the mechanisms of AMOC variability between CESM1-HR and CESM1-LR are qual-
itatively similar but still have quantitative differences. In both models, the Labrador Sea plays a dominant role 
in driving low-frequency AMOC variability, and the leading SLP patterns are similar. The primary differences 
are that CESM1-HR, unlike CESM1-LR, shows a substantial atmospheric response after the time of maximum 
AMOC and that the Labrador Sea does not dominate the WMT variability as much as it does in CESM1-LR.

Figure 10.  Lead–lag regressions of sea-level pressure averaged over January–March onto the first LFC of AMOC for (a–f) CESM1-HR and (g–l) CESM1-LR. Lead 
times represent anomalies that lead the LFC, that is, before the time of maximum AMOC. Because the LFCs are unitless, the units of the regressions are Pa (N/𝐴𝐴 m

2 ).
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5.  Discussion and Conclusions
In Section 3, we showed that a coupled model with increased atmospheric and ocean resolutions accurately repro-
duces the WMT, SSTs, and sea-surface salinities found in a reanalysis-forced high-resolution ocean simulation. 
The ocean resolution appears to be particularly important, as even a low-resolution ocean simulation forced with 
atmospheric reanalysis data does not represent the WMT as accurately as the high-resolution-coupled model 
simulation. This illustrates the importance of resolving, rather than parameterizing, mesoscale eddies for the 
ability to accurately represent mixed-layer depth and deep water formation, particularly in the Labrador Sea.

The better representation of WMT is explained by a more accurate representation of the density structure in the 
high-resolution simulation compared to the low-resolution simulations, which have relatively uniform density 
fields in comparison, particularly in the Labrador Sea. Smaller discrepancies in surface heat fluxes in the deep 
water formation regions in the high-resolution simulation also help explain why it captures the climatological 
WMT better than the low-resolution simulations.

In Section 4, we used LFCA to assess the mechanisms of low-frequency AMOC variability in high- and low-res-
olution versions of the same model, finding that the mechanisms are qualitatively similar but quantitatively 
different. The Labrador Sea WMT still plays a major role in the WMT and AMOC variability in the high-resolu-
tion model despite the fact that it shows a smaller role for the Labrador Sea in climatological WMT and AMOC 
than the low-resolution version. The analysis here neglects interior ocean mixing. However, despite the fact 
that most of the Labrador Sea WMT changes occur at higher densities than the AMOC changes, the Labrador 
Sea’s dominance in AMOC variability likely still holds because mixing tends to make the densest water lighter. 
This corroborates the results found in recent studies of low- and high-resolution-coupled models (Oldenburg 
et al., 2021; Yeager et al., 2021).

One noteworthy difference between the high- and low-resolution simulations is that the high-resolution simula-
tion shows a substantial atmospheric response to the AMOC variability not seen in the low-resolution simulation. 

Figure 11.  Lead–lag regressions of water mass transformation (WMT) onto the first LFC of AMOC for CESM1-HR (left column) and CESM1-LR (right column). (a, 
b) WMT integrated throughout the Labrador Sea section. (c, d) WMT integrated throughout the Eastern North Atlantic (ENA) region. The black vertical lines represent 
the density where the AMOC regression at lag 0 is at its maximum in each model. The gray shaded areas show the density range where the AMOC regression at lag 0 
is within 25% of its maximum value. The black lines in Figure 1 show what we consider to be the Labrador Sea, the IIB, and the GIN Seas in this calculation. The ENA 
here includes both the GIN Seas and the IIB. Lead times represent anomalies that lead the LFC, that is, before the time of maximum AMOC. Because the LFCs are 
unitless, the units of the regressions are Sv. Note the difference in scale between (b) and the others.
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This type of atmospheric response has been seen in a study of a medium-resolution-coupled model, but with 
a longer lag time between the AMOC change and the negative NAO response (Wen et  al.,  2016). NAO-like 
responses of differing signs to AMOC variability have also been found in other modeling studies (Dong & 
Sutton, 2003; Frankignoul et al., 2013, 2015; Gastineau & Frankignoul, 2012; Gastineau et al., 2013). The model 
simulations we analyzed here do not give insight into whether the atmospheric or oceanic resolution is respon-
sible for the increased atmospheric response to AMOC variability in CESM1-HR, but recent work suggests that 
the atmospheric response to near-surface ocean anomalies is larger at higher atmospheric resolution (e.g., Czaja 
et al., 2019). As mentioned above, atmospheric responses to North Atlantic Ocean variability have also been 
found in observational studies, primarily via analyses of SST variations, albeit typically with much shorter lag 
times between the peak in the SST patterns and the SLP response (Czaja & Frankignoul, 1999, 2002; Gastineau 
& Frankignoul, 2015; Venzke et al., 1999; S. M. Wills et al., 2016). Overall, it appears that the mode of AMOC 
variability in the high-resolution model is associated with stronger anomalies in atmospheric fields (i.e., SLP), 
while the low-resolution version is associated with stronger anomalies in ocean fields, namely WMT, particularly 
in the Labrador Sea.

Our results suggest that increasing the ocean and atmospheric resolution of a coupled model substantially 
improves the representation of climatological AMOC and WMT. However, the mechanisms driving low-fre-
quency AMOC variability remain qualitatively similar even though the climatologies differ. The mechanisms 
of low-frequency variability are consistent with what was found in three low-resolution-coupled models with 
distinct representations of WMT in the different subpolar North Atlantic deep water formation regions, which 
all showed similar mechanisms of AMOC and OHT variability, with the Labrador Sea playing a dominant role 
(Oldenburg et al., 2021).

Data Availability Statement
CESM1-LR data can be downloaded at https://earthsystemgrid.org. CESM1-HR data can be found at https://
ihesp.tamu.edu/. Postprocessed data used to create some of the figures in this paper can be found at https://faculty.
washington.edu/karmour/code/Oldenburg/. Further JRA55-LR and JRA55-HR data used in this study are availa-
ble on request. MATLAB and Python code for LFCA is available at https://github.com/rcjwills/lfca.
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