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Abstract

We examine the weakening of the Atlantic Meridional Overturning Circulation (AMOC) in response to increasing CO, at
different horizontal resolutions in a state-of-the-art climate model and in a small ensemble of models with differing reso-
lutions. There is a strong influence of the ocean mean state on the AMOC weakening: models with a more saline western
subpolar gyre have a greater formation of deep water there. This makes the AMOC more susceptible to weakening from an
increase in CO, since weakening ocean heat transports weaken the contrast between ocean and atmospheric temperatures
and hence weaken the buoyancy loss. In models with a greater proportion of deep water formation further north (in the
Greenland-Iceland-Norwegian basin), deep-water formation can be maintained by shifting further north to where there is a
greater ocean-atmosphere temperature contrast. We show that ocean horizontal resolution can have an impact on the mean
state, and hence AMOC weakening. In the models examined, those with higher resolutions tend to have a more westerly
location of the North Atlantic Current and stronger subpolar gyre. This likely leads to a greater impact of the warm, saline
subtropical Atlantic waters on the western subpolar gyre resulting in greater dense water formation there. Although there
is some improvement of the higher resolution models over the lower resolution models in terms of the mean state, both
still have biases and it is not clear which biases are the most important for influencing the AMOC strength and response to
increasing CO,.
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1 Introduction range in the weakening rates. In particular, the Fifth report

of the Intergovernmental Panel on Climate Change (IPCC)

Climate model projections show a weakening of the Atlantic
Meridional Overturning Circulation (AMOC) in response
to increased greenhouse gases, however there is a wide
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concluded that a weakening of the AMOC before 2100 was
very likely, but with a range of weakening of 12-54% for
a high-range scenario (Collins et al. 2013). This spread in
AMOC response in climate models has been shown to be
responsible for some of the model spread in projections of
surface temperature (Drijfhout et al. 2012), winter storms
over Europe (Woollings et al. 2012) and sea level changes
(Pardaens et al. 2011). Hence understanding the spread of
AMOC projections is of importance to improving climate
projections.

Several previous studies have investigated different rates
of AMOC weakening. Gregory et al. (2005) explored an
ensemble of climate models and showed that the major-
ity of AMOC weakening when CO, was increased was
from changes in surface heat fluxes, rather than freshwater
fluxes. They also showed a relationship between the AMOC
strength and weakening: models with a strong AMOC
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generally had a greater absolute AMOC weakening. A
stronger AMOC having a greater weakening has also been
seen in other multi-model ensembles (Weaver et al. 2012;
Winton et al. 2014).

One factor thought to affect the AMOC strength is the
horizontal resolution in the ocean. Many studies have found
a stronger AMOC in higher resolution models (Roberts et al.
2016, 2019a; Sein et al. 2018; Menary et al. 2018; Docquier
et al. 2019; Hirschi et al. 2020), though other studies have
found a weaker AMOC in higher resolution models (Yoko-
hata et al. 2007; Delworth et al. 2012; Winton et al. 2014).
Increasing resolution from non-eddying to eddy-permitting
(or even eddy-resolving) has been shown to improve biases
in the North Atlantic (Small et al. 2014; Menary et al. 2018;
Roberts et al. 2018, 2019a; Caldwell et al. 2019). Menary
et al. (2015) showed that increasing resolution resulted in
warmer and more saline waters in the subpolar gyre, and
that this change in the mean state affected mechanisms of
variability. Sein et al. (2018) showed that a higher resolution
model had a better Gulf Stream and North Atlantic current
path. Studies have also shown differences in regions where
there is water mass transformation (Sein et al. 2018), con-
vection (Menary et al. 2018) and sinking (Katsman et al.
2018) with resolution.

In this study we show that the low resolution (non-eddy-
ing) and medium resolution (eddy-permitting) versions
of the third Hadley Centre Global Environmental Model,
run in the Global Coupled configuration 3.1 (HadGEM3-
GC3.1), have different climatological mean states, and dif-
ferent responses to the increase of greenhouse gases. We
explore the reasons for these differences, also making use
of an ensemble of climate models at different resolutions
contributing to the HighResMIP experiments (Haarsma et al.
2016). Section 2 describes the models and experiments used.
Section 3 then explores the mean state and change under
increases in greenhouse gases in HadGEM3-GC3.1. Sec-
tion 4 expands the analysis to include a multi-model ensem-
ble and Sect. 5 explores how well the mean states compare
with observations. Conclusions are presented in Sect. 6.

2 Models and data
2.1 HadGEM3-G(C3.1

We use simulations from the third Hadley Centre Global
Environmental Model, run in the Global Coupled con-
figuration 3.1 (HadGEM3-GC3.1) in two different reso-
lutions. HadGEM3-GC3.1 is a global, coupled climate
model with atmosphere, ocean, sea ice and land compo-
nents. The medium resolution version (HadGEM3-GC3.1-
MM, referred to here as MR) has an atmospheric resolu-
tion of approximately 60km and an ocean resolution of
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0.25°. The development of the medium resolution version
is described in Williams et al. (2018). The low resolution
version (HadGEM3-GC3.1-LL, referred to here as LR) has
an atmospheric resolution of approximately 135km and
an ocean resolution of 1° (with refinement to 0.33° within
15° of the equator). The LR version is described in Kuh-
Ibrodt et al. (2018). Other differences are the inclusion of a
parameterization for eddy-induced transports in LR that is
not included in MR, and some parameter differences (Kuh-
Ibrodt et al. 2018). Both MR and LR use the same vertical
resolutions.

We use 150 years of the preindustrial control simulations
(CON), described in Menary et al. (2018) and also use ide-
alised experiments where CO, is increased by 1% per year
for 150 years (1PC). There are three ensemble members for
LR and four for MR in the 1PC experiments, starting from
different initial conditions in the control. In Figs. 1 and 2,
results are shown from all ensemble members to assess sig-
nificance of the differences. However in the remainder of the
study we use results from the first ensemble member only.
We also make use of historical simulations for comparison
with observations.

For some analysis we use decadal means. The AMOC has
variability on decadal timescales, and hence this may affect
decadal values, however signals from increasing CO, are
large compared with the variability (see Fig. 2).

2.2 PRIMAVERA ensemble

The PRIMAVERA-HighResMIP multi-model ensemble
of simulations use the CMIP6 HighResMIP experimental
design (Haarsma et al. 2016). This comprises a multi-dec-
adal spinup using fixed 1950s forcings, followed by a his-
torical and future scenario (RCP585) from 1950-2050 and
a parallel control simulation with fixed 1950s forcings. The
set up and forcings are described in more detail in Haarsma
et al. (2016) and Roberts et al. (2019a).

The models configured for HighResMIP and used here
are as follows: ECMWEF-IFS (Roberts et al. 2018); CNRM-
CM6-1 (Voldoire et al. 2019); CMCC-CM2-(V)HR4 (Cher-
chi et al. 2019); HadGEM3-GC3.1 (Roberts et al. 2019a);
EC-Earth3P (Haarsma et al. 2020). The model parameter
settings are discussed in Docquier et al. (2019) and Roberts
et al. (2019b). Note that all these coupled models use the
NEMO ocean model, though with a range of configurations.
The different models and effective resolutions are shown in
Table 1. Of these models we note that ECMWF-IFS only
provided the experiment with fixed 1950s forcings so is not
included in some figures.



Impact of ocean resolution and mean state on the rate of AMOC weakening

LR: control
0 ‘
15
1000 10
] 5
£ 2000
g 0
3000 s
4000 =10
-15
5000 T T T T T
-25 0 25 50 75
latitude
MR: control
0
15
1000
10
5
£ 2000
@ 0
3000 4 _5
4000 =0
-15
5000 T T T T

=25 0 25 50 75
latitude

Fig.1 The time-mean, ensemble mean AMOC streamfunctions in
CON (left, Sv) and trend of AMOC in 1PC (right, Sv/yr). Unshaded
regions are where the trend is not significant (where the trend is

2.3 Observational data

We compare climate model data to observational data from
several sources. Firstly we use the gridded temperature and
salinity data sets of EN4 (Good et al. 2013) and CORA
(Cabanes et al. 2013). The former has data from 1900 to
the present and the latter from 1990. We calculate clima-
tologies for the preindustrial period using years 1900-1950
from EN4 only. Although this period is not preindustrial,
changes in the climate from preindustrial are found to be
smaller than differences between the models and between
models and observations. We also use a present day period
(2000-2014) for both EN4 and CORA. This period has
many more observations and hence the observational data
set are much better constrained, however an assessment of
present day conditions is also assessing the changes in the
model from the preindustrial period in response to increas-
ing greenhouse gases and changes in aerosols. However we
find that the changes in both the observations and models
from the preindustrial period to present day are relatively
small in comparison to the differences between the models
and between models and observations.
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1713
LR: trend
0
0.08
1000
0.04
2000 A
0.00
3000 A
-0.04
4000 -
-0.08
5000 T T T T T
-25 0 25 50 75
latitude
MR: trend
0
0.08
1000
0.04
2000
0.00
3000
-0.04
4000
-0.08
5000 T T T

o

=25 25 50 75

latitude

smaller than twice the ensemble standard deviation). Top panels show
the AMOC for LR and bottom panels for MR

We also use continuous observations of the AMOC from
two locations. The RAPID array (McCarthy et al. 2015)
has measured the AMOC in depth space at 26.5° N since
2004 (with ~ 14 years of data available), and the OSNAP
array (Lozier et al. 2017) has measured the AMOC in den-
sity space along a transect at around 50°-60° N since 2014
(with 21 months of data available). There may be have been
changes in the AMOC since the preindustrial period, how-
ever the AMOC is also understood to have large variability
on different timescales (Buckley and Marshall 2016). Hence
in comparison with model timeseries we construct a prob-
ability density function of time means of 14 years or 21
months long respectively.

3 HadGEM3-GC3.1 results
3.1 AMOC mean state and response
In both resolutions of HadGEM3-GC3.1 there is a clear

AMOC cell in the preindustrial experiments (Fig. 1, left).
This cell is stronger in MR than LR, other than in the
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Fig.2 AMOC (M26z) timeseries for MR (red) and LR (blue). Top
left: timeseries for CON (dashed) and individual ensemble members
for 1PC (solid). Top right: ensemble mean. Bottom left: As top right

Table 1 PRIMAVERA models
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range

60 80
year

160 liO 140

but for fractional anomaly. Bottom right: as bottom left but having
first applied a 10 year running mean. Shading shows the ensemble

Model

Atmospheric model

Atmosphere Ocean/ice model Ocean resolution

resolution (km)

CMCC-CM2-HR4
CMCC-CM2-VHR4
CNRM-CM6-1
CNRM-CM6-1-HR
EC-Earth3P
EC-Earth3P-HR
ECMWF-IFS-LR
ECMWF-IFS-HR
HadGEM3-GC31-LL
HadGEM3-GC31-MM
HadGEM3-GC31-HM

CAM4

CAM4
ARPEGES6.3
ARPEGE®6.3
IES cycle 36r4
IES cycle 36r4
IFS cycle 43r1
IFS cycle 43r1
UM

UM

UM

100 NEMO3.6/CIC4.0 0.25°
25 NEMO3.6/CIC4.0 0.25°
250 NEMO3.6/GELATO 1°
50 NEMO3.6/GELATO  0.25°
100 NEMO3.6/LIM3 1°
50 NEMO3.6/LIM3 0.25°
50 NEMO3.4/LIM2 1°
25 NEMO3.4/LIM2 0.25°
250 NEMO3.6/CICES. 1 1°
100 NEMO3.6/CICE5.1  0.25°
50 NEMO3.6/CICE5.1  0.25°
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Fig.3 AMOC streamfunctions (Sv) in density space as decadal means for LR (top) and MR (bottom). Left: time mean for first decade of 1PC

(0-10). Right: time mean for last decade of 1PC (140-150)

subpolar North Atlantic and the GIN (Greenland-Iceland-
Norwegian) seas where the cell is stronger and deeper in
LR. In the subpolar gyre, although the AMOC is weaker in
MR than LR in depth coordinates, it is stronger in density
coordinates (Fig. 3, left). Similar results are found in Hirschi
et al. (2020). However the GIN seas overturning is weaker
in MR in both coordinates.

In the experiments where CO, concentrations are
increased at 1% per year (1PC) there is a strong weakening
of the AMOC in both models, which is nearly linear (Fig. 2).
The metric used here is the maximum AMOC in depth space
at 26.5° N (M26z). The AMOC in MR starts stronger but
weakens more quickly and to a lower value than LR. The
trends of the ensemble means are 0.055 Sv/year in LR and
0.078 Sv/year in MR. By the time of CO, doubling (mean
of years 135-145) LR has weakened by 7.2 + 0.7 Sv, or
47% + 4%; and MR has weakened by 10.4 + 0.5 Sv or 64%
+ 3% (uncertainties are twice the standard deviation across
the ensembles). The two ensembles are clearly statistically
different with a greater absolute and fractional weakening
for the higher resolution model.

The weakening is significant across the whole AMOC cell
in both MR and LR (Fig. 1, right) with a greater weaken-
ing in MR throughout the cell, with the exception of north
of 50° N (ie the subpolar North Atlantic and GIN seas).
We note that in both resolutions the AMOC shallows as it
weakens, resulting in a greater trend in the lower part of
the cell. In density space (Fig. 3) both models show a clear
weakening of the circulation south of 67° N, and a shift
to lighter densities. The AMOC at 45° N in density space
(M45) weakens more in MR than LR, both in absolute terms
and in percentage terms (see Table 2). The AMOC at 67° N
in density space (M67) is initially stronger in LR than MR.
This overturning weakens little in LR, but shifts to a much
lighter density class.

If we regard the overturning north of 45° or 67° N as the
transformation into deeper density classes north of 45° or
67° N, then the difference is the transformation in the subpo-
lar gyre between 45° and 67° N. Figure 4 shows the profiles
at 45° and 67° N as well as the difference between them.
This highlights that there is very little difference in overturn-
ing between 45° and 67° N in both models at the end of the
1PC experiment and that the majority of the overturning
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Fig.4 AMOC (density space) profiles at 45°, 67° N and the differ-
ence between them. Dashed lines are AMOC profiles implied from
surface fluxes (F, see “Appendix”). Blue lines are from the first 10

Table 2 Magnitudes of AMOC in density space

Model Year 45° N 67° N 45°-67° N
LR 0-10 13.5 4.6 12.3
140-150 5.8 4.1 2.7
A 7.7 (57%) 0.5 (10%) 9.6 (78%)
MR 0-10 17.4 4.0 16.0
140-150 3.7 1.0 3.1
A 13.7 (719%) 2.9 (74%) 12.9 (81%)

Columns 3 and 4 show values for latitudes 45° N and 67° N, calcu-
lated as the maximum of the streamfunction at that latitude in density
space. Column 5 shows the maximum of the difference in stream-
function between 45° N and 67° N. Rows show values at different
decades. The difference 4 is between the two time periods and the
percentage change calculated with respect to the initial period

comes from the GIN seas (north of 67° N). This is empha-
sised further if we calculate the overturning implied by sur-
face buoyancy fluxes (F, see “Appendix”). The profiles of
implied overturning show good agreement with the AMOC
profiles, with differences in the density classes of MR at
the end of the 1PC experiment likely to be because the den-
sity transformation and overturning are not sufficiently in
equilibrium. There are also differences because the implied
overturning is only from surface fluxes and does not include
density changes from mixing and cabbelling. The implied
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years of the experiment (0-10) and red lines are from the last 10
years (140-150). Values for lighter densities are not shown

Table 3 As Table 2, but for the overturning in density space implied
by density transformation

Model  Year 45° N 67° N 45°-67° N
LR 0-10 13.7 6.5 11.3
140-150 7.2 6.9 0.7
A 6.5 (47%) —03(=5%)  10.6 (94%)
MR 0-10 18.7 5.7 17.3
140-150 4.0 33 0.8
A 147 (719%) 2.4 (43%) 16.5 (95%)

overturning shows that there is no density transformation to
a deeper density class between 45° and 67° N at the end of
the 1PC experiments in either model so the overturning seen
there is either from diapycnal mixing or because the state is
not in equilibrium.

Since the overturning between 45° and 67° N and
that north of 67° N respond differently to the increase in
CO, we can consider how this impacts the total AMOC
weakening experienced in each model. North of 67° N
there is some weakening of the overturning, though this
is smaller than the weakening between 45° and 67° N,
where there is a large weakening of ~ 80% in both models
(Table 2). The overturning implied by the density trans-
formation (Table 3) shows this even more clearly, with
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the majority of the weakening occuring between 45° and
67° N, and the density transformation to denser classes
there showing a nearly complete cessation. If we were to
assume that the overturning north of 67° N (M) did
not change (AM;y = 0) and the overturning between 45°
and 67° N (Msp;) completely shut down (AMgp; = Mgpg;)
then the fractional change in the AMOC would be
(AMgy + AMspe) /Mgy + Mspe) = (M /Mgpe + 1)_1
(where Mgy and Mgp; are the values in the control).
Hence the model with the greatest proportion of Mp; rela-
tive to M,y in the control has the greatest fractional weak-
ening. Since MR has a greater proportion of overturning
and water mass transformation occuring south of 67° N
we would therefore expect it to have a greater fractional
weakening. Previous studies have found that models with
stronger AMOC have a greater AMOC weakening when
CO, is increased (Gregory et al. 2005; Weaver et al. 2012;
Winton et al. 2014). When considering fractional change,
the results are less clear: only Winton et al. (2014) shows a
relationship, with a clear increase in fractional weakening
when the AMOC is stronger.

3.2 Location of density transformation

The previous section discussed how the location of den-
sity transformation in the mean state could influence the
weakening when CO, increases. To examine this in more
detail we show the surface buoyancy fluxes for the two
models and for the first and last decade of the 1PC experi-
ment (Fig. 5). The majority of the density transformation
to denser water classes in the first decade (0—10) occurs
in the east SPG with transformation also in the west SPG
and GIN seas (fourth row of Fig. 5). This transformation is
mainly due to heat loss, though there is a little freshening
from greater precipitation than evaporation, and from sea
ice melt in the GIN seas (not shown). Isolating transforma-
tions from different density classes shows transformation
of the lighter waters in the east SPG (row 1), then denser
waters in the north-east SPG (row 2) and densest waters in
the west SPG and GIN seas (row 3 of Fig. 5). Hence water
travels anticlockwise around the SPG, and northwards into
the GIN seas, becoming denser from surface fluxes. The
MR model has greater transformation of light to mid-den-
sity waters in the east SPG and in the Gulf Stream exten-
sion than LR, likely because surface waters are warmer
(not shown). For the transformation of the mid to dense
water, MR has more in the west SPG (south of 67° N), but
less in the GIN seas (north of 67° N) than LR. This is con-
sistent with the streamfunctions in density space (Fig. 4).

At the end of the 1PC experiment, both models show
very little transformation to denser water classes south of
67° N. In fact much of the SPG is losing density, mainly

through gaining heat, since the atmosphere has warmed
more than the ocean. The transformation to denser water in
the GIN seas has shifted further northwards since, because
the atmosphere has warmed more than the ocean, the water
has to travel to a higher latitude where the atmospheric
temperature is relatively cooler to lose heat.

Density transformation occurs at the surface, but
changes in stratification impact convection and hence
subsurface properties, leading to changes in vertical sink-
ing and hence the AMOC (Spall 2004; Katsman et al.
2018). Mixed layer depths (a proxy for deep convection)
are shown in Fig. 6. In the first decade these show that the
west SPG is the most important deep convection site in
MR and that the GIN seas is the most important for LR.
This is consistent with locations of the densest density
transformations. At the end of the 1PC experiment, both
models show no deep convection south of 67° N.

3.3 Role of the mean state

To understand why the two models have different prefer-
ential locations for density transformation we examine the
water mass properties (Fig. 7). The upper ocean in the west
SPG is warmer and saltier in MR than LR. Salinity domi-
nates the effect on density resulting in the upper ocean being
denser and less stratified (see later discussion of Fig. 15).
This is consistent with the deeper west SPG MLD in MR.
Since the upper ocean is warmer in MR than LR, despite
having more surface heat loss (ie a density gain, see Fig. 5),
we can conclude that MR in the west SPG has a greater
influence of warm, salty waters originating from the North
Atlantic than does LR. The opposite is true in the GIN seas,
where LR has a warmer and saltier upper ocean, implying a
greater influence of water from the North Atlantic.

If we examine the circulation integrated over the upper
500 m (Fig. 8) we can see the MR has a stonger subpolar
circulation. The full-depth subpolar gyre strength is also
stronger (not shown). Warm and salty subtropical waters
are transported northwards in the North Atlantic current and
then recirculated westwards into the west SPG and north-
wards into the east GIN seas. Figure 8c shows that the east-
wards transport in the upper waters towards the west SPG is
stronger in MR, consistent with the stronger subpolar gyre
strength. This leads to a greater transport of warm and salty
North Atlantic water into the west SPG. The transports of
upper water (< 500 m) into the GIN seas between Iceland and
Scotland is stronger in LR (7.8 Sv and 5.8 Sv in LR and MR
respectively), consistent with MR having a stronger overturn-
ing transport into the GIN seas (Fig. 3). This greater transport
of North Atlantic waters into the GIN seas in LR results in
the greater temperature and salinity in the east GIN seas.

Figure 8 shows that the path of the North Atlantic current
is in a more westerly location in MR than LR. This can also

@ Springer
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«Fig.5 Surface buoyancy fluxes into given density surfaces. Top 4
rows are from the first decade of 1PC showing the density flux into
light (1026.7-1027.3 kg/m?), medium (1027.3-1027.6 kg/m?), and
dense (1027.6-1028.2 kg/m?) density clases and the total (row 4).
Last row is the total for the last decade of 1PC. Left column is LR
and right column is MR

be seen from Fig. 7 where the warm and salty water of the
current are located further west in MR, whereas in LR they are
more concentrated along the eastern boundary. This difference
in path location could influence the relative transports into the
west SPG and GIN seas since the North Atlantic waters could
be more readily entrained into the recirculating gyre, rather
than continuing northwards into the GIN seas.

3.4 Why do different regions respond differently
to an increase in CO,?

We have shown that density transformation and deep con-
vection in the west SPG is more greatly affected by the
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climate change as a result of the increase in CO, than the
density transformation and deep convection in the GIN seas.
As discussed in the previous section, at the end of the 1PC
experiment, surface buoyancy fluxes show that there is little
transformation to denser classes south of 67° N. In the con-
trol in both models, there is a heat transport by the oceans
into the subpolar North Atlantic and the GIN seas, and then
the heat is lost forming denser water. With the increase in
CO, the AMOC, and meridional heat transport, weaken
in both models. Hence, although both the subpolar ocean
and the overlying atmosphere experience warming under
increased CO,, the ocean warms less than the atmosphere,
reducing the net ocean-atmosphere temperature difference in
the subpolar Atlantic. The water in the west SPG therefore
loses little heat to the atmosphere so there is little density
transformation. In contrast, the water that enters the GIN
seas can continue moving northwards until it eventually
reaches a latitude where the atmosphere is cooler and heat
can be lost. This leads to a shift northwards in the dense
water transformation. The northwards shift of the sea ice
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Fig. 6 Decadal means of March MLD. First decade of 1PC (left) and last decade (right) for LR (top) and MR (bottom). Black lines show the

extent (defined as a concentration of 0.1) of March sea ice
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temperature (left) and salinity (right). Top panel also shows the salin-
ity difference between MR and LR at 200 m depth
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Fig.9 Scatter plot for PRIMAVERA models showing change in
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of control to remove drift) versus the mean AMOC strength (mean
of 150 years of control). Indices are the AMOC at 26.5° N in depth
space, the AMOC at 45° N in density space, the AMOC difference

edge (Fig. 6) also allows the ocean at higher latitudes to
exchange fluxes with the atmosphere. The water moving
into the west SPG, on the other hand, will recirculate in the
SPG and not reach higher latitudes where the atmosphere is
cooler. Hence the dense water transformation in the western
subpolar gyre can be switched off more easily.

In summary, we find that the two models have different
paths of the North Atlantic current and strengths of the sub-
polar gyre, and that this may effect the mean state and the
regions where dense water forms. The model (MR) with a
warmer, more saline west SPG has greater surface trans-
formation of dense water there and a greater overturning in
density space south of 67° N (within the SPG). Both models
show a cessation of dense water formation within the SPG
by the end of the 1PC run (Fig. 5), and this has a greater
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impact on MR since it has a greater fraction of its dense
water formation within the SPG rather than in the GIN seas
(Fig. 4).

4 Multi-model analysis
4.1 Influence of the mean state

To explore the potential for the mean state of the subpolar
North Atlantic to affect weakening of the AMOC we exam-
ine the multi-model ensemble PRIMAVERA. We calculate
the AMOC in depth space at 26.5° N (M26z) and the AMOC
in density space at 45° and 67° N (M45, M67). These are
shown in Fig. 9. Both M26z and M45 show that models
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sity (rows 3) with the mean AMOC (left) and AMOC change (right).

with a stronger AMOC in the control have a greater AMOC
weakening, and a greater fractional AMOC weakening, in
agreement with the analysis of HaddGEM3-GC3.1 (though it
should be noted that the scenario is different: see Sect. 2.2).
M67 shows a strengthening of the AMOC in many models.
This difference (a strengthening rather than the weaken-
ing found in the 1PC runs of HadGEM3-GC3.1) may be
because of the different scenario, in particular could be
because of changes in aerosols as well as greenhouse gases.
The changes in M67 are relatively small and contribute little
to the changes at M45.

To examine the potential role of the pathways to the
west SPG and GIN seas, we construct an index AS, which
is the difference between the surface salinity in the west
SPG (55°-65° N, 30°-60° W) and eastern GIN seas (60°
-80° N, 0°-20° W). See grey boxes in Fig. 7 for regions.
Previous analysis has shown that the water mass properties
in these regions are indicative of how much of the warm,
saline subtropical Atlantic water reaches the two regions.
Since much of the density transformation along the pathway
is due to heat loss, we regard salinity difference as being a
better indicator than temperature difference. There is some
relationship between 4S and both the AMOC magnitude
(corr = 0.68) and the amount of AMOC weakening (corr =
0.83) in the PRIMAVERA runs, however the relationship is
much stronger with the surface density or salinity in the west

T T T T
27.0 27.1 27.2 27.3

WSPG dens - 1000 (kg/m3)

26.9 27.4

Symbols represent different models (see key in Fig. 9) with resolu-
tions equivalent to MR being represented by a ‘cross’ and coarser
resolutions by a ‘plus’

SPG itself (Fig. 10). This surface salinity depends on both
the salinity of the North Atlantic current, and the proportion
of North Atlantic water that reaches the west SPG region,
although other processes (convection, export of fresh water
from the Arctic) may also be important.

4.2 Influence of resolution

Figure 9 shows that those models with a low ocean resolu-
tion tend to have a weaker AMOC and a smaller AMOC
reduction (both in absolute and percentage changes). They
are also the models where the surface west SPG is the fresh-
est and most buoyant (Fig. 10). Figure 11 shows the surface
salinity along a section near 60° N (see Fig. 7 for section)
and at 50° N. The higher resolution models are more saline
in the west, though there is less difference in salinity in the
east and in the core of the North Atlantic current (maximum
salinity in the section). This results in a smaller salinity gra-
dient across the section and a smaller value of AS (Fig. 10).
The higher resolution models mostly (with one exception,
EC-EARTH-HR) have a more westerly location of the North
Atlantic current at 50° N. The high resolution models also
have a stronger subpolar gyre strength (Fig. 11c), consist-
ent with a multi-model study of ocean only models (Hirschi
et al. 2020). These circulation differences are likely to be
responsible for a greater transport of North Atlantic water
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Fig. 11 Surface salinity in the control by longitude across the Atlantic
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in Fig. 7 (middle). Bottom panel shows the Atlantic subpolar gyre

reaching the west SPG. Regarding the transport into the GIN
seas, there is no clear resolution dependence of M67, the
overturning transport into the GIN seas (Fig. 9).

Hence, the higher resolution models in this ensemble have
a more saline and dense west SPG, and it is likely that this is
related to the stronger transport of North Atlantic waters into
the west SPG as measured by the stronger subpolar gyre. We
also postulate that this is related to the more westerly North
Atlantic current position (Fig. 8), though more experiments
would be required to prove this. Also, we have shown that
the density of the west SPG has a strong relationship with
the AMOC strength (particularly the AMOC associated with
dense water formation south of 67° N), and that there is
also a strong relationship with the subsequent amount of
AMOC weakening. These results support the results found
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longitude

streamfunction at 58° N. Lines represent different models in PRIMA-
VERA (see key) with resolutions equivalent to MR being represented
by a dashed line and coarser resolutions by a solid line

in the analysis of HadGEM3-GC3.1, however the PRIMA-
VERA ensemble only has a few models (two of which are
the two resolutions of HadGEM3-GC3.1), and all models
use the NEMO ocean model (though at different versions
and with different settings), although with different atmos-
phere and ice models. Hence these relationships may not
hold in a structurally different model. Previous studies have
found relationships between the temperature and salinity of
the subpolar North Atlantic and the AMOC strength (Wang
et al. 2014; Danabasoglu et al. 2014; Mecking et al. 2017)
and between the AMOC strength and weakening (Gregory
et al. 2005; Weaver et al. 2012; Winton et al. 2014). The link
to resolution is less clear. In particular Sein et al. (2018) also
showed a more westerly North Atlantic current position in
their higher resolution models, but showed weaker AMOC
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Fig. 12 Temperature and salinity at 50° N in CON. Shown are cross sections of temperature (left) and salinity (right) for LR (top), MR (middle)

and the observational data set EN4 (bottom)

strengths. It is possible that other factors influenced the SPG
salinity in that model.

5 Comparison to observations

The large differences in AMOC weakening in our two
models have been shown to be related to the mean state.
This raises the question of which model has the most real-
istic initial state, and hence might have the more credible

projections of AMOC weakening. The control states from
which the 1PC runs are initialised are run with preindustrial
forcing, which would seriously limit the observations for
comparison. However additional analysis with the equivalent
historical simulations (not shown in every case) shows that
the differences between the models and between models and
observations are much larger than the difference between
each model’s preindustrial and recent historical periods.
Comparison with sections (Figs. 12, 13) show that
although both models are warmer and saltier than the
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Fig. 13 Temperature and salinity along the OSNAP section in CON. Shown are cross sections of temperature (left) and salinity (right) for LR

(top), MR (middle) and the OSNAP observational dataset (bottom)

observations, the biases are generally reduced in MR. In
particular MR has a better (more westerly) position of the
North Atlantic current in Fig. 12, and doesn’t have the cold,
fresh surface anomaly, with a subsurface increase in tem-
perature and salinity seen in the easterly SPG of LR.
Surface fields (Fig. 14) also show a clear improvement
of MR over LR within much of the subtropical and sub-
polar North Atlantic. Both models show biases in the GIN
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seas: too salty along the coast of Norway, and too cold
and fresh over much of the GIN seas. However, in the
west SPG, the results are less clear. Maps of surface fields
show that MR is too warm and salty in the Labrador Sea,
part of the west SPG, though has a good agreement over
the Irminger Sea. LR has a better salinity field in the Lab-
rador Sea, though is too cold and fresh near the subtropi-
cal/subpolar gyre boundary. Surface biases are generally
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Fig. 14 Surface temperature (left) and salinity (right). The top rows
show the difference of CON in LR and MR from EN4 over the prein-
dustrial period. The third row shows the difference between MR and

reduced in LR, however the stratification (and profiles
of temperature and salinity) is better in MR (Fig. 15).
These results support our findings that MR has a greater
influence of warm, saline waters on the west SPG, but
are unclear whether this is supported by the observations.
Treguier et al. (2005) found that the models in their study

LR and the last row shows the difference between the preindustrial
period (1900-1950) and the present day (2000-2014) in EN4

(which were all of higher resolution than this study), may
have overestimated the salt transport around and across
the Reykjanes ridge.

Comparison with AMOC profiles shows both models are
too weak and shallow at 26.5° N, though MR is slightly
improved (Fig. 16). We also show the overturning in density
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space across a section in the SPG for comparison with obser-
vations (Lozier et al. 2017). This can also be split into two
sections: the overturning across the western section (Lab-
rador sea) and the overturning across the eastern section
(between Greenland and Scotland. The AMOC in LR has a
better magnitude of overturning in both sections and a better
density of the maximum overturning in the western section.
Zou et al. (2020) suggest that salinity biases in the Labrador
Sea can affect the overturning in density space across the
western section. We do see some differences which might
be related to the salinity biases, however both models agree
reasonably well with the observations of overturning in both
sections, including that the overturning in the Labrador Sea
is weak.

Another AMOC-related metric that can be compared to
observations is mixed layer depths. These are a proxy for
deep convection and are related to the AMOC strength (Spall
2004). Figure 6 shows March mixed layer depths from the
two resolutions. In both resolutions the mixed layer depths in
the west SPG are too deep [observations show climatologi-
cal mixed layer depths of less than 1000 m (de Boyer Mon-
tégut et al. 2004)], however MR has a greater bias. Having
too deep a mixed layer in the west SPG is a common bias
among climate models (Heuze 2017), however this bias may
be worse in models with a higher horizontal ocean resolution
(Koenigk et al. 2020).

Although the higher resolution model (MR) performs
better at some aspects of the North Atlantic circulation,
in particular the location of the North Atlantic current, in
other aspects, such as the properties in the west SPG and the
OSNAP strengths, the lower resolution model (LR) performs
better. The improvement of the North Atlantic current path
could degrade the properties in the west SPG if it is compen-
sating for other errors in circulation or atmospheric interac-
tions. Climate models have difficulty resolving many pro-
cesses in the subpolar gyre, even at high resolution (Treguier
et al. 2005; Fox-Kemper et al. 2019). The west SPG is a
region where cold, fresh Arctic waters meet the warm, saline
Atlantic waters and where dense water transformation and
deep convection occur, so model deficiencies in representing
fresh coastal regions, transports through narrow straits, over-
flows and sinking could result in temperature and salinity
biases. One aspect that is different in the two resolutions is
the parameterisation of mixing by eddies: it is parameterised
in LR, however in MR eddies are starting to be resolved
and it is unclear whether parameterised mixing should be
included as well (Hewitt et al. 2017). In HadGEM3-GC3.1
parameterisations were not included for MR, however they
are included for some of the PRIMAVERA models with the
same resolution and this does not appear to have a significant
impact on the AMOC. We note that Winton et al. (2014)
found that different eddy parameterisations affected the
AMOC strength and hence the rate of AMOC weakening.

6 Conclusions

We have shown that the AMOC in HadGEM3-GC3.1 is
stronger and has a greater weakening in response to increases
in greenhouse gases in the model with higher resolution.
Differences in the mean state are associated with the forma-
tion of deep water and convection in different regions: our
results suggest that models with a greater advection of warm,
saline water into the west SPG experience a greater heat loss
there and hence a greater formation of deep waters. When
there is an increase in CO,, the atmosphere warms and ocean
cools (because of a reduction in heat transport as the AMOC
weakens), leading to less heat loss from the ocean which can
eventually shut down the formation of deep water there. In
models where there is more deep water formation in the GIN
seas, the cooler waters associated with a weakening AMOC
can move northwards until they reach a latitude where the
atmosphere is cooler and heat loss (and deep water forma-
tion) can occur. The relationship between the mean state
and AMOC strength has been found in other studies (Wang
et al. 2014; Danabasoglu et al. 2014; Mecking et al. 2017)
and the relationship between AMOC strength and weaken-
ing has also been described (Gregory et al. 2005; Weaver
et al. 2012; Winton et al. 2014). Previous studies have also
found a greater sensitivity to increasing CO, of the sinking
in the SPG than the GIN seas (Wood et al. 1999; Brodeau
and Koenigk 2016).

We also find some influence of the horizontal ocean reso-
lution on the mean state, and hence on the AMOC weaken-
ing. Models with a higher (eddy-permitting) resolution gener-
ally have a stronger subpolar gyre and an improved path of
the Gulf Stream and North Atlantic current, though there may
still be deficiencies at eddy-permitting resolution (Chassignet
and Marshall 2008; Scaife et al. 2011). These differences in
circulation appear to result in a stronger influence of sub-
tropical waters on the west SPG. In the ensemble of models
examined, those with a higher resolution have a more saline
and dense west SPG, a stronger AMOC and a greater AMOC
weakening. Other studies have shown higher resolution mod-
els having a stronger AMOC (Roberts et al. 2016, 2019a;
Sein et al. 2018; Menary et al. 2018; Docquier et al. 2019;
Hirschi et al. 2020), however most of these studies (and all of
the models in this study) have used the same ocean submodel
(NEMO). Some other modelling studies have come to the
opposite conclusion (Yokohata et al. 2007; Delworth et al.
2012; Winton et al. 2014). In particular Winton et al. (2014)
found that, although there was greater AMOC weakening in
their lower resolution model, the weakening was primarily
affected by the mean state, and that changes in eddy param-
eterisations could significantly change the mean state and
hence the AMOC weakening. Hence it is likely that, even
if there is some influence of ocean resolution on the mean
state of the subpolar North Atlantic, there are other factors
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that affect the mean state, and hence the AMOC response to
increasing greenhouse gases.

Winton et al. (2014) also found that higher resolution
models had a stronger AMOC and a greater transient climate
response (TCR). In MR and LR there is a slight difference
in TCR (2.5 and 2.7 °C respectively) although the equilib-
rium climate sensitivity is similar (Andrews et al. 2019). The
slight difference found here is consistent with the relatively
small difference between AMOC states compared to those
in Winton et al. (2014).

Further research is required to understand the sensitivity
of the AMOC to resolution and the mean state in a wider
range of climate models. Climate models have different
biases in their mean state (Flato et al. 2013), so a greater
understanding of which aspects of the biases are the most
important for the AMOC could help us to reduce the uncer-
tainty in future AMOC projections and to target processes
for model development.
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Appendix

Following Marsh (2000), if we assume a steady state and
incompressibility, then the density transformation across a
given density p north of a latitude, must be equal to the
export of waters denser than p southwards by the overturning
in density space. Hence a streamfunction at a given latitude
can be calculated from the density transformation north of
that latitude. The main component of that density transfor-
mation is surface buoyancy forcing (from surface heat and
freshwater flux), with smaller contributions from diapycnal
diffusion and density changes along isopycnals (cabbelling).
We neglect these smaller changes and calculate an implied
overturning from surface buoyancy forcing alone. We note
that in the 1PC experiments the ocean state is evolving and

@ Springer

not in steady state. Hence the overturning circulation may
not have time to adjust completely to the density transforma-
tions. However, previous studies (Grist et al. 2009, 2012)
found good agreement between the two at decadal timescales
when examing variability.

We first calculate the surface buoyancy flux B = B;, + B

B, =- C% )
B, =—p2W ®)
1-—ys

where Q is the surface heat flux, Cp the specific heat capac-
ity of water, p the surface density, s the non-dimensional
surface salinity and W the surface fresh water flux (from
precipitation, evaporation, runoff and ice processes). The
two parameters @ and f are the thermal and haline expansion
coefficients and are calculated from the gradient of density
with respect to temperature and salinity at each grid point.
See Josey et al. (2009) for more details.

From the surface buoyancy flux we calculate the area
integrated surface buoyancy flux (B;,(L, p)) north of the
latitude L and where the isopycnal p outcrops. Then calcu-
late the overturning at this latitude implied by the buoyancy
fluxes

The method is described in more detail in Marsh (2000) and
Josey et al. (2009).
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