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Abstract This paper is Part II of a two‐part paper that documents the Climate Model version 4X (CM4X)
hierarchy of coupled climate models developed at the Geophysical Fluid Dynamics Laboratory. Part I of this
paper is presented in Griffies et al. (2025a, https://doi.org/10.1029/2024MS004861). Here we present a suite
of case studies that examine ocean and sea ice features that are targeted for further research, which include sea
level, eastern boundary upwelling, Arctic and Southern Ocean sea ice, Southern Ocean circulation, and North
Atlantic circulation. The case studies are based on experiments that follow the protocol of version 6 from
the Coupled Model Intercomparison Project. The analysis reveals a systematic improvement in the simulation
fidelity of CM4X relative to its CM4.0 predecessor, as well as an improvement when refining the ocean/sea
ice horizontal grid spacing from the 0.25° of CM4X‐p25 to the 0.125° of CM4X‐p125. Even so, there remain
many outstanding biases, thus pointing to the need for further grid refinements, enhancements to numerical
methods, and/or advances in parameterizations, each of which target long‐standing model biases and
limitations.

Plain Language Summary We examine simulations from a new climate model hierarchy, referred to
as Climate Model version 4X (CM4X). The finer grid component of the hierarchy, CM4X‐p125, out shines its
coarser sibling, CM4X‐p25, for certain processes of interest for climate studies, though in others the results are
not dramatically distinct. Each case study reveals the advances made by moving from the predecessor CM4.0
climate model to finer grid spacing in either the atmosphere or ocean. Even so, there remain many unresolved
problems that help to guide further research and development goals and strategies.

1. Introduction and Content of This Paper
This paper is Part II of a two‐part paper that documents the CM4X hierarchy of coupled climate models, with Part
I presented in Griffies et al. (2025a). We developed CM4X to support research into the ocean and sea ice
components of the earth climate system, with CM4X comprised of two coupled climate models, CM4X‐p25 and
CM4X‐p125 (see Table 1 for a list of acronyms). These two models are identically configured, except for their
ocean and sea ice horizontal grid spacing and bottom topography. In Part I from Griffies et al. (2025a), we
documented the remarkable thermal equilibration properties of CM4X‐p125, and proposed the mesoscale
dominance hypothesis to help explain the behavior. In the present paper, we work through a suite of case studies
that focus on areas of planned research with CM4X.

As detailed in Section 3.1 of Griffies et al. (2025a), we present results from the following CMIP6 (Eyring
et al., 2016) simulations.
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• piControl: Pre‐industrial control with radiative forcing fixed at year 1850. This experiment illustrates how the
models drift from their initial conditions, taken from the early 21st century, and approach thermal equilibrium
under pre‐industrial forcing. It also helps to characterize the model's natural variability.

Table 1
Acronyms Used in This Paper, Their Meaning, and Relevant Citation or Section

Acronym Meaning Citation or section

AM4 GFDL Atmospheric Model 4.0 Zhao et al. (2018a, 2018b)

CM2‐O GFDL climate model hierarchy 2.0 Delworth et al. (2006), Griffies et al. (2015)

C96 AM4 with cubed‐sphere (≈100 km) Zhao et al. (2018a, 2018b)

C192 AM4 with cubed‐sphere (≈50 km) in CM4X Zhao (2020)

CMIP6 Coupled Model Intercomparison Project 6 Eyring et al. (2016)

CM4.0 GFDL Climate Model 4.0 (0.25° ocean and C96 atmosphere) Held et al. (2019)

CM4X GFDL Climate Model hierarchy This paper

CM4X‐p25 CM4X w/0.25° ocean and C192 atmosphere This paper

CM4X‐p125 CM4X with 0.125° ocean and C192 atmosphere This paper

CM4X‐p25‐C96 CM4X with 0.25° ocean and C96 atmosphere Section 3

ESM4.1 GFDL Earth System Model 4.1 Dunne et al. (2020)

GFDL Geophysical Fluid Dynamics Laboratory –

MOM6 Modular Ocean Model version 6 Adcroft et al. (2019), Griffies et al. (2020)

NWA12 NorthWest Atlantic 1/12° model Section 6.1 and Ross et al. (2023)

OM4.0 GFDL Ocean/Sea‐ice Model 4.0 (0.25°) Adcroft et al. (2019)

SIS2 Sea Ice Simulator version 2 Delworth et al. (2006), Adcroft et al. (2019)

AABW Antarctic Bottom Water Section 5

AAIW Antarctic Intermediate Water Section 5

ACC Antarctic Circumpolar Current Section 5

AIS Antarctic Ice Shelf Section 5

AMOC Atlantic Meridional Overturning Circulation Section 6

ASC Antarctic Slope Current Section 5

CDW Circumpolar Deep Water Section 5

EBUS Eastern boundary upwelling system Section 3

DSW Dense Shelf Water Section 5

NADW North Atlantic Deep Water Section 6

MKE Mean kinetic energy Section 6.1

MLD Mixed layer depth Section 6

OSNAP Overturning in the Subpolar North Atlantic Program Section 6

RAPID Rapid Climate Change Programme Section 6

RMSE Root‐mean‐square error Section 4

SAMW Sub‐Antarctic Mode Water Section 5

SCOW Scatterometer‐based Climatology of Ocean Winds Section 3

SIC Sea Ice Concentration Section 4

SIE Sea Ice Extent Section 4

SIT Sea Ice Thickness Section 4

SIV Sea Ice Volume Section 4

WMT Watermass transformation Sections 5.2 and 6.4

Note. The upper portion refers to model related acronyms and the lower portion to oceanographic and statistical related acronyms.
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• Historical: 1January of year 101 from the piControl is used to initialize a historical simulation that is run from
1850 to 2014. In this historical simulation, we did not account for temporal evolution in vegetation, land use,
or CO2 fertilization.

• SSP5‐8.5: 1January of year 2015 provides the initial condition for the CMIP6 SSP5‐8.5 scenario experiment,
which allows us to study how the CM4X models simulate climate change through to 2100.

The case studies exemplify aspects of the science going into the model and the science emerging from the model
simulations. The presentation generally follows a “show and tell” approach given that our primary aim in this
paper is to document features of the new CM4X hierarchy, with many of these features to be more thoroughly
examined in future studies.

We begin in Section 2 with a study of the global thermosteric sea level along with statistical patterns of dynamic
sea level. This analysis reveals that the historical thermosteric sea level in the CM4X models is somewhat
improved relative to CM4.0, and yet the patterns of sea level skewness in CM4.0 and CM4X remain in poor
agreement in comparison to ocean reanalysis. In Section 3 we examine properties of the eastern boundary up-
welling zones, which are regions of particular importance for biogeochemistry. Here we find an advance arises
from the refined atmospheric model grid used in CM4X relative to CM4.0 (see Section A1 of Griffies
et al. (2025a)), thus improving the fidelity of coastal wind patterns key to upwelling. Even so, long‐standing
biases in the low level clouds means that the upwelling zones remain far too warm relative to observations.
Section 4 studies the Arctic Ocean and Southern Ocean sea ice properties, revealing again that the CM4X model
represents an advance over the CM4.0 model, though with many longstanding biases remaining.

In Section 5 we study properties of the Southern Ocean simulation, with some focus on the region near Antarctica
given its importance to ongoing studies of ice shelf melt. A particularly encouraging feature of both CM4X‐p25
and CM4X‐p125 concerns the absence of the unphysically large open ocean polynyas that plagued CM4.0 (Held
et al., 2019) and its earth system model cousin ESM4.1 (Dunne et al., 2020). As a result, CM4X provides a
versatile coupled climate model tool for performing perturbation experiments to examine, say, the role of fresh
water melt around Antarctica such as in Beadling et al. (2022) and Tesdal et al. (2023), including examining the
role of the ocean in the sea surface temperature (SST) pattern effect (Andrews et al., 2018; Armour et al., 2013).
We complete the case studies in Section 6 with a focus on the North Atlantic circulation, considering both
horizontal and overturning circulation features in the middle and high latitudes. The CM4X simulations show
some advances over CM4.0 in the overturning and supolar gyre properties, and yet there remain nontrivial biases
in the overturning depth and attendant overflows (model is too shallow), as well as biases in the Gulf Stream
structure (simulated jet does not penetrate far enough from the coast). We close the paper in Section 7 with
concluding remarks on strategies for future ocean climate model development that are motivated by results from
the CM4X model hierarchy.

2. Thermosteric and Dynamic Sea Level
In this section we consider two aspects of sea level: global mean thermosteric sea level and patterns of dynamic
sea level. Previous studies have shown that refining horizontal grid spacing in coupled climate models improves
the simulation of ocean circulation and reduces biases, leading to more realistic spatial patterns of dynamic sea
level change (D. Li et al., 2022; van Westen et al., 2020; Wickramage et al., 2023). While the global mean
thermosteric sea‐level rise remains similar between low‐ and high‐resolution models (van Westen & Dijk-
stra, 2021), resolving mesoscale eddies alters regional sea‐level projections, particularly in boundary current
regions and the Southern Ocean (D. Li et al., 2022; Wickramage et al., 2023).

2.1. Global Mean Thermosteric Sea Level

Changes to global mean thermosteric sea level occur with seawater density changes affected by temperature
changes. Although seawater density is a nonlinear function of temperature, salinity, and pressure, we expect the
time series for thermosteric sea level to reflect that for global mean temperature, with Figure 1 supporting this
expectation. To generate this figure, we computed thermosteric sea level according to Section H9.5 of Griffies
et al. (2016) (CMIP variable zostoga), using software described in Krasting et al. (2024) and with full‐depth
monthly mean fields. Notably, the CM4.0 piControl drift is larger than CM4X‐p25, whereas there is negli-
gible drift in CM4X‐p125.
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Figure 1 suggests that differences between CM4X‐p25 and CM4X‐p125 are mostly due to the difference in drift
seen in the piControl runs. Removing a linear trend computed from the piControl leads to very similar global
thermal expansion in the historical and SSP5‐8.5 simulations (Figure 2). Evidently, the nonlinear effects noted by
Hallberg et al. (2013) are not revealed by these two simulations, presumably since their piControl states have not
drifted too far apart after 100 years.

During the 20th and early 21st centuries, the observed global‐mean sea level exhibited significant increases, with
thermosteric rise becoming increasingly significant in recent decades (Frederikse et al., 2020). Figure 2 shows
changes relative to the year 2002–2018 time mean, plotted over the historical simulations (from year 1850
through 2014) and 8 years of the SSP5‐8.5 projection (years 2015–2022). We accounted for model drift by
removing the long term linear trend in the corresponding piControl run from each historical + SSP5‐8.5 time
series. We also compare model results to multiple observation based analyses.

In Figure 2 we see that CM4.0 shows a nearly flat thermosteric sea level during 1940–1990, with similar behavior
found for many other CMIP6 models discussed by Jevrejeva et al. (2021). In contrast, the CM4X simulations
better align with the thermosteric sea level rise found by the observations during this period. Identifying the
mechanisms for these differences is outside the scope of the present paper. Even so, we emphasize certain points
discussed in Appendix A of Part I (Griffies et al., 2025a), offering particular attention to differences in the land
model. Namely, CM4.0 uses a dynamic vegetation whereas CM4X uses static vegetation. Based on the climate
sensitivity study from Zhao (2022), we hypothesize that land model differences, rather than ocean model dif-
ferences, explain the better agreement of the thermosteric sea level in CM4X compared to CM4.0.

Global thermosteric sea level rise has accelerated in recent decades (Dangendorf et al., 2019), with the CM4.0 and
CM4X simulations reflecting this acceleration. However, the models appear to overestimate the observational
trend since 1990, indicative of the large transient climate sensitivity found in CM4.0 (Winton et al., 2020). We
qualify this point by noting the models are mostly within the observational product uncertainty ranges, and further
updates of Ishii et al. (2017), including data up to 2022, diverge from the other observations and align more
closely with the models.

Figure 1. Global thermosteric sea level in piControl, historical (1850–2014), and SSP5‐8.5 (2014–2100) simulations using
Climate Model version 4X (CM4X) and CM4.0 climate models. Historical simulations for CM4X‐p25 and CM4X‐p125
branch from the corresponding piControl at year 101, whereas CM4.0 is branched from its piControl at year 251. This
different branching explains why the CM4.0 piControl does not line up with the CM4X piControls. Furthermore, CM4.0's
later branching means that its initial cooling phase seen in Part I (Griffies et al., 2025a) is outside of the time range of this
figure, so that the CM4.0 piControl exhibits a nearly linear drift throughout.
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2.2. Statistical Measures of Dynamic Sea Level Fluctuations

We consider statistical properties of the daily mean dynamic sea level (zos as in Griffies et al. (2016)), thus
allowing for a quantitative characterization of spatial structure of sea level fluctuations. In particular, we focus on
the standard deviation and skewness computed over the 20‐year segment 1995–2014 of the historical simulation.
The standard deviation was already presented in Figure 3 of Part I (Griffies et al., 2025a) as part of our discussion
of mesoscale eddy activity. Here we present the skewness.

To compute the statistics, we generate a 20‐year climatology of the daily mean dynamic sea level over the
historical period 1995–2014, denoted by zos. We then compute anomalies relative to the climatology

zosʹ (tn) = zos(tn) − zos(tmod(n,365)), (1)

where tn is the day within the N = 20 ∗ 365 total number of days, and tmod(n,365) is the climatological day (the
model uses a 365 day year). The standard deviation and skewness, computed at each horizontal ocean grid cell, are
given by

s = [
1
N
∑
N

n=1
[zosʹ (tn)]2]

1/2

and S =∑
N
n=1 [zosʹ (tn)]3

N s3
. (2)

The sea level standard deviation has dimensions of length whereas skewness is dimensionless. We compare
results from CM4X‐p25 and CM4X‐p125, and include the 1/12° GLORYS12 analysis from Lellouche
et al. (2021) as a benchmark.

Figure 2. Historical and projected thermosteric sea level derived from CM4.0 and Climate Model version 4X (CM4X)
simulations, along with observational estimates. Models are plotted over the entire historical period (1850–2014), including
years 2015–2022 from the SSP5‐8.5 projections. Observational estimates are depicted by cyan‐shaded lines with dark‐solid
(Frederikse et al., 2020), light‐solid (Zanna et al., 2019), dash‐dotted (Levitus et al., 2012), dashed (Cheng et al., 2017) and
dotted (Ishii et al., 2017). For Frederikse et al. (2020), the shading represents the 5th–95th percentile range of a 5,000‐
member Monte Carlo ensemble. For Zanna et al. (2019), the shading represents ±2 standard deviation, based on
perturbations to the Green's functions and alternative sea surface temperature reconstructions. The global mean thermosteric sea
level estimates by Levitus et al. (2012), Cheng et al. (2017), and Ishii et al. (2017) do not include the deep ocean contribution
(below 2,000 m). The time series for CM4.0 and CM4X were detrended by subtracting the long‐term linear trend in the
piControl from the combined historical and SSP5‐8.5 scenario time series. The linear trend was derived from a linear fit over the
time period of the piControl run, matching the branch‐off year and duration of the historical and SSP5‐8.5 scenario simulations
(250 years).
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2.3. Skewness

Skewness is a third‐order statistic that quantifies the asymmetry of a distri-
bution. A positive skewness means that fluctuations are biased positive
relative to a Gaussian distribution, and vice versa for negative skewness. K. R.
Thompson and Demirov (2006) and Hughes et al. (2010) noted that sea level
skewness is positive on the poleward side of strong eastward currents (e.g.,
Gulf Stream, Kuroshio) and negative on the equatorward side, so that strong
currents are generally aligned with the zero contour.

As seen in Figure 3, CM4X‐p25 contains no clear zero skewness signature of
the Gulf Stream jet, contrary to that found in GLORYS12. CM4X‐p125
shows some hint of a zero skewness contour, but far less coherent than in
GLORYS12. The Kuroshio Current in CM4X‐p25 is also poorly revealed by
the CM4X‐p25 skewness, whereas the skewness in CM4X‐p125 resembles
GLORYS12 though with a muted signature. The Agulhas region in the CM4X
simulations suffers from the complementary bias found in the western
boundary currents. Namely, Agulhas eddies in the CM4X simulations remain
somewhat more coherent than found in GLORY12, thus producing a
nontrivial positive skewness signature reaching into the central portion of the
South Atlantic, with this signature in the models far larger than found in
GLORYS12.

As noted by K. R. Thompson and Demirov (2006), tropical sea level skew-
ness is dominated by large patterns associated with variability such as the El
Niño‐Southern Oscillation and Indian Ocean variability. The CM4X models
generally show a muted tropical variability relative to GLORYS12, which is
consistent with a muted tropical SST variability as revealed by the power
spectra in Figure 10 of Part I (Griffies et al., 2025a). Correspondingly, the
positive skewness in GLORYS12 extending along the coasts of North and
South America is missing in both CM4X‐p25 and CM4X‐p125.

2.4. Conclusions Regarding Sea Level

Figure 2 shows that both CM4X simulations reduce thermosteric sea level
biases found in CM4.0, and yet that result is possibly due to simplifications of
the land model as detailed in Section 2.4 and Appendix A of Part I (Griffies
et al., 2025a). The patterns for dynamic sea level standard deviation (Figure 3
in Part I) and skewness expose nontrivial biases in the middle latitude
boundary currents. These biases are reduced with CM4X‐p125 relative to
CM4X‐p25, and yet they suggest a need for either improved parameteriza-
tions or, as emphasized by Chassignet and Xu (2017), substantially finer grid
spacing. We find a highly muted CM4X tropical variability as revealed by the
sea level skewness, thus revealing how sea level skewness complements the
SST power spectra shown in Figure 10 of Part I (Griffies et al., 2025a), which
also shows muted tropical SST variability.

3. Eastern Boundary Upwelling Systems
Eastern boundary upwelling systems (EBUS) are among the most biologically productive areas of the World
Ocean (Strub et al., 2013). They are characterized by a sharp drop in SST near the coast, which results from the
upwelling of cooler interior waters through Ekman suction and lateral Ekman transport driven by equatorward
wind stresses. In Figure 4 we present a summer SST composite taken from CM4X‐p125, which exposes the cool
upwelling waters that contrast with the relatively warm surrounding waters.

As summarized by Richter (2015), many climate models exhibit large SST biases in EBUS due to the misrep-
resentation of stratocumulus cloud decks, leading to biases in the annual cycle of SST and ocean dynamics

Figure 3. Skewness (non‐dimensional) for the daily mean dynamic sea level
from GLORYS12 (Lellouche et al., 2021) (top panel), and CM4X‐p25
(middle panel) and CM4X‐p125 (lower panel). Each figure is created from
the deviation of the daily mean sea level relative to the climatological mean
for that day of the year, as detailed in Section 2.2. Each climatology is
created from years 1995–2014.
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(Gordon et al., 2000). This is an issue with atmospheric models that leads to uncertainty in low‐cloud feedbacks
for climate projections (Ceppi et al., 2024). The CM4X models similarly lack the appropriate cloud cover in
EBUS. Compared to cloud cover estimates from Kaspar et al. (2009), both CM4X‐p25 and CM4X‐p125 have at
best 20% less cloud cover over EBUS and as much as 40% less in regions in the Pacific EBUS. Moreno‐Chamarro
et al. (2021) find little improvements to cloud cover biases in EBUS with increasing atmospheric resolution in the
suite of high‐resolution climate models from HighResMIP (Haarsma et al., 2016). Similarly to their results, we
see little to no improvement in cloud cover biases compared to CM4.0 (Figure 17c of Held et al. (2019)) as well as
the companion experiment CM4X‐p25‐C96, which uses the C96 atmosphere along with the same ocean model
configuration as CM4X‐p25.

In addition to cloud cover biases, weaker than observed upwelling favorable winds contribute to weaker up-
welling (Richter, 2015; C. Wang et al., 2014) and associated warm SST biases. Many studies have reported
improvements in the representation of coastal upwelling with refined atmospheric resolution (Farneti et al., 2022;
Gent et al., 2010; Milinski et al., 2016; Putrasahan et al., 2013; Small et al., 2015). In this section, we focus on
improvements to the SST biases resulting from the introduction of the 50 km atmosphere in CM4X models, and
ask whether the refined grid spacing in CM4X‐p125 relative to CM4X‐p25 significantly alters the EBUS
representation.

3.1. Modeling Eastern Boundary Upwelling Systems

Because of their importance to the marine‐based economy, eastern boundary upwelling systems have been
extensively studied with ocean and climate models. The impact of wind stress on upwelling characteristics is
typically addressed in a regional context, such as the studies by Albert et al. (2010), Jacox and Edwards (2012),
Junker et al. (2015), Small et al. (2015), and Sylla et al. (2022). Furthermore, sensitivity of upwelling regions to
climate change is a topic of great interest, such as studied by Bakun et al. (2015), Rykaczewski et al. (2015), and
Bograd et al. (2023). We here consider the representation of upwelling in the CM4X climate models during their
historical simulations, and focus on the four upwelling systems shown in Figure 4: California and Peru in the
Pacific and Canary and Benguela in the Atlantic.

Figure 4. Sea surface temperature from CM4X‐p125, during summer months (July‐September in the northern hemisphere,
and January‐March in the southern hemisphere), as averaged over years 1980–2014.We place a stripe at the equator since we
map the summer months for both hemispheres, so there is a jump in months when crossing the equator. The dashed boxes
indicate the four eastern boundary upwelling systems analyzed: California, Peru, Canary, and Benguela. California box is
defined by 130°W to 120°W and 37°N to 44°N. Peru box is defined by 85°W to 74°W and 16°S to 6°S. Canary box is
defined by 20°W to 5°W and 21°N to 33°N. Benguela box is defined by 5°E to 20°E and 34°S to 21°S.
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Because of the fine spatial scales involved in coastal upwelling, both atmosphere and ocean models with rela-
tively coarse grids are limited in their ability to capture the relevant dynamical processes. Fine resolution is
needed in the atmosphere to represent the coastal wind stresses and their curl, and fine resolution is needed in the
ocean to realize upwelling localized near the coast. Varela et al. (2022) found that refined grid spacing allows
many CMIP6 climate models to improve their simulation of coastal SST relative to earlier model classes. For
example, the CM4.0 climate model captures the imprint of upwelling using its C96 atmosphere (approximately
100 km) and 0.25° ocean. Further refining the atmospheric grid to C192 (approximately 50 km) in CM4X leads us
to ask about its impact on the upwelling systems, as does refinement of the ocean grid from CM4X‐p25 to CM4X‐
p125.

3.2. Winds and SSTs in the Upwelling Regions

In Figure 5 we show the alongshore wind stress and wind stress curl as a function of the distance to the coast and
as averaged along the coast in the four upwelling regions. The alongshore/equatorward wind stress remains
stronger nearshore with the C192 atmosphere, with a drop confined to the inner 100 km from the coast instead of
150 km found in CM4X‐p25‐C96. This result holds for both CM4X‐p25 and CM4X‐p125, which is expected
since the ocean grid spacing is not a leading order effect on the wind stress near the coast. The sharper wind drop
near the coast found with the C192 atmosphere coincides with a greater wind stress curl in the nearshore region
(within 50 km from the coast) and with a decrease in the 50–100 km band. The CM4X experiments are compared
with the SCOW estimates (Risien & Chelton, 2008) based on QuikSCAT satellite measurements. Except for the
California system, modeled alongshore wind stresses are stronger than observed in the 100–300 km band. In all
regions, the modeled wind drop‐off at the coast is steeper than in the SCOW estimates, resulting in a stronger wind
stress curl at the coast. As a consequence, the wind stress curl in the inner 50 km is stronger and departs more from
SCOW in experiments with the C192 atmosphere compared to C96 atmosphere, but is weaker and closer to
SCOW in the 50–150 km band.

Figure 5. Alongshore wind stress (solid lines/red ticks) and wind stress curl (dashed lines/blue ticks) in the four major eastern
boundary upwelling systems during the summer months of 1980–2014. For coastal upwelling at these latitudes, the β term
(see Equation 2 of Taboada et al. (2018)) is neglected. Gridded data is averaged over the boxes of Figure 4. Note the distinct
vertical axes: signs can be reversed so that wind stress decreases at the coast and wind stress curl increases. CM4X‐p25‐c96 uses
the C96 atmosphere model, whereas the other models us the C192 atmosphere. Satellite measurements from SCOW (Risien &
Chelton, 2008) are added for reference although they cover a shorter time period (1999–2009).
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The distinct alongshore wind and wind stress curl lead to differences in the resulting SST profiles as averaged
over the four eastern boundary regions (Figure 6). The CM4X results are typically biased warm offshore in the
Pacific, whereas they are in better agreement in the Atlantic. The C192 atmosphere leads to an SST that drops
faster in the 50–150 km band in all eastern boundary regions. This result has a favorable impact in the California
system where it compensates for a warm offshore bias, and yet the SST gradient is stronger than observed. In the
Peru system, the SST gradient is in good agreement with observations and leads to a much improved simulation
using the C192 atmosphere, particularly in the CM4X‐p25 experiment and less so in the CM4X‐p125 experiment.
In the Benguela system, the SST drop at the coast is not present using the C96 atmosphere, whereas the CM4X
experiments using the C192 atmosphere are superior. Finally, the stronger SST gradient in the CM4X simulations
with the C192 atmosphere overshoots the observed values in the Canary system, whereas this region is better
captured using the C96 atmosphere.

3.3. Conclusions Regarding Eastern Boundary Upwelling

Ekman mechanics accounts for two key processes important for the upwelling regions: the cross‐shore Ekman
transport is proportional to alongshore wind stress (Smith, 1968) and Ekman suction is proportional to the wind
stress curl (Enriquez & Friehe, 1995; Pickett & Paduan, 2003). As noted in Jacox and Edwards (2012), cross‐
shore Ekman transport dominates in a narrow coastal band (within 50 km of the coast), whereas Ekman suc-
tion creates small but important upwelling velocities in a broader area extending from outside the coastal band to
200–300 km offshore (Jacox & Edwards, 2012).

Contrary to what is obtained in the aforementioned high‐resolution coastal modeling studies, results from the
CM4X experiments suggest that reduction in wind stress curl in the 50–200 km band, and its intensification in the
narrow nearshore area, favor a stronger cross‐shore SST gradient. In the CM4X models using the C192 atmo-
sphere, Ekman suction is concentrated in the nearshore area at the deficit of the broader offshore region. The

Figure 6. Sea surface temperature in the four major eastern boundary upwelling systems during the summer months of 1980–
2014. Results are averaged over the boxes of Figure 4. We include the satellite estimate from NOAA OIv2 (Huang
et al., 2020) over the period 1982–2014. Note the different temperature scales on the vertical axes.
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cross‐shore Ekman transport with the C192 atmosphere remains strong closer to the coast than with the
C96 atmosphere. This result suggests that strengthening of the Ekman transport part of the upwelling in the 50–
150 km band, in conjunction with the concentration of the wind stress curl at the coast, favors the upwelling.
These results are consistent with previous climate modeling works from Gent et al. (2010) and Small et al. (2015),
in which intensification of the coastal winds leads to stronger upwelling at the coast and overall reduction in SST
bias.

The simulated cross‐shore Ekman transport at the coast is weaker than the SCOW estimates but stronger offshore
in all but the California system, with an intersect ranging from 50 to 100 km depending on the region and
experiment considered. Since cross‐shore Ekman transport is expected to dominate in the inner 50 km to the coast,
this dominance should lead to decreased coastal upwelling, which contrasts to the CM4X SST gradients of
Figure 6. In addition, the Ekman suction part of the upwelling is remarkably consistent with satellite estimates in
the offshore part (distance >100 km) with the C192 atmosphere. The C96 atmosphere departs significantly from
these estimates in the 100–150 km band, which should lead to more Ekman suction upwelling velocities. Even so,
we do not find this upwelling signal in the SST gradients.

We do not have a hypothesis for the apparent contradiction between results from CM4X and previous climate
models compared to high‐resolution regional studies, especially the role of warm SST biases due to the lack of
low‐level clouds and the role of mesoscale eddies, which are also identified by Richter (2015) as an important
factor. Small et al. (2015) showed significant improvement in the Benguela EBUS obtained by shifting the wind
profile inland, enhancing alongshore wind stress and reducing wind stress curl at the coast so we cannot discard
the possibility of compensating errors in the CM4X experiments where the lack of alongshore wind stress at the
coast is offset by an enhanced wind stress curl with the C192 atmosphere.

4. Sea Ice in the Arctic Ocean and Southern Ocean
In this section, we analyze the simulated Arctic Ocean and Southern Ocean (“Antarctic”) sea ice within the CM4X
model hierarchy, focusing on the historical and SSP5‐8.5 experiments. We also include results from CM4.0 as a
point of comparison. To maximize use of the most recent observations, which include record low sea ice con-
ditions, we compute climatologies and trends over years 1979–2023 (as opposed to 1979–2014, with 2014 the end
of the historical experiment). Doing so requires appending years 2015–2023 from the SSP5‐8.5 scenario simu-
lations to the historical simulations. This step adds a forcing uncertainty to the comparison. For example,
observed global and annual‐mean CO2 increased from 400 to 417 ppm over the period 2015–2022, whereas
SSP5‐8.5 increases from 400 to 421 ppm over the same period (Vaishali Naik, personal communication). We
consider this additional model forcing uncertainty worth the benefits of an additional 9 years of observational
data.

4.1. Arctic Ocean Sea Ice

Figure 7a plots Pan‐Arctic sea ice extent (SIE) climatologies computed over 1979–2023 across the model hi-
erarchy. The seasonal cycle of Pan‐Arctic SIE is well simulated by both CM4X models and both models show
improvements relative to the CM4.0 simulation. The RMS errors of the Pan‐Arctic SIE climatology are
0.57 × 106 km2 and 0.51 × 106 km2 in the CM4X‐p125 and CM4X‐p25 models, respectively, which are lower
than the median CMIP5 model RMSE of 1.45 × 106 km2 (Shu et al., 2015) and the CM4.0 RMSE of
0.62 × 106 km2. CM4X‐p25 has Pan‐Arctic SIE improvements in non‐summer months relative to CM4.0, and
has a negative summer bias which is similar in magnitude to CM4.0's positive summertime bias. CM4x‐p125 is
generally similar to CM4.0 in winter and spring and similar to CM4X‐p25 in summer and autumn months.

The climatological sea ice concentration (SIC) biases of the models are shown in Figure 8. The spatial pattern of
winter Arctic SIC bias is similar across the models (top row in Figure 8), implying that the improved winter Pan‐
Arctic SIE simulation of CM4X‐p25 primarily results from cancellation of positive and negative SIC errors. In
winter months, the models have positive biases (too much ice coverage) in the Greenland‐Iceland‐Norwegian
(GIN), Barents, and Bering Seas and negative biases in the Labrador Sea and the Sea of Okhotsk. These
winter SIC biases closely mirror the patterns of SST bias (compare with Figure 14 from Part I of Griffies
et al. (2025a)). The notable positive SIC bias in the GIN and Barents Seas has been persistent across earlier
generations of Geophysical Fluid Dynamics Laboratory (GFDL) models, such as CM2.1, ESM2M, ESM2G, and
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CM3 (Delworth et al., 2006; Dunne et al., 2012; Griffies et al., 2011), possibly related to a combination of too
little ocean heat transport into the GIN and Barents Seas and too much ice export through Fram Strait (see
Figure 9). The finer grid spacing in CM4X‐p125, with its enhanced mesoscale eddy activity, does not ameliorate
this bias.

The CM4X models have similar patterns and magnitudes of summer SIC bias (second row of Figure 8), which
differ from the SIC biases of CM4.0. The main improvement in CM4X is the reduced positive bias in the
Beaufort, Chukchi, and East Siberian Seas. This summer SIC bias in CM4.0 is associated with an erroneous
pattern of winter sea ice thickness (SIT), which has the model's thickest ice located in the Beaufort, Chukchi and
East Siberian Seas rather than north of Greenland and Ellesmere Island as found in the observations (see
Figures 9c and 9d). This anomalously thick winter ice in the Beaufort, Chukchi, and East Siberian Seas leads to
delayed melt in these regions, resulting in a spatially coincident positive bias in summer SIC. We find that the
CM4X models share a similar bias in SIT spatial pattern. However, their mean SIT is reduced, resulting in lower
summer SIC throughout most of the Arctic (Figures 9a and 9b). This thinner mean state also results in an
exacerbated negative SIC bias in the Greenland Sea and along the northern boundaries of the Barents, Kara, and
Laptev Seas, which is a degradation relative to CM4.0. One region that is unchanged is the Canadian Arctic
Archipelago which has a consistent positive summer SIC bias across CM4.0, CM4X‐p25, and CM4X‐p125.

Figure 10 shows Arctic sea ice mass budget climatologies computed following the methodology of Keen
et al. (2021), which averages mass budget terms over a Central Arctic domain (see inset of Figure 10d). This
domain encompasses the region of thickest Arctic ice and its boundaries include all flux gates to the North
Atlantic and North Pacific sectors. The sea ice mass budget consists of a dynamic tendency term associated with
ice mass transport convergence (export) and thermodynamic tendency terms associated with congelation and
frazil ice growth, basal melt, and top melt. All terms are defined such that positive values indicate mass gain and
negative values indicate mass loss and are expressed as a thickness tendency in m/yr (note that the SIS2 sea ice
model uses a constant sea ice density of 905 kg/m3). The thinner Arctic ice in CM4X primarily results from
increased summer basal and top melt relative to CM4.0. The CM4X models have less mass loss due to ice export
in autumn. This reduced autumn ice export in CM4X is likely associated with the thinner and less extensive mean
state in these models, as their ice drift patterns are similar to CM4.0 (see Figure 9). CM4X‐p125 has a similar SIT
mean state to CM4X‐p25, but has more winter growth, potentially associated with enhanced ice formation in sea
ice leads in this higher resolution model.

Figure 7. Pan‐Arctic and Pan‐Antarctic sea ice extent (SIE) climatologies (106 km2) computed over the years 1979–2023
from satellite observations (black), CM4X‐p125 (blue), CM4X‐p25 (red), and CM4.0 (green). Pan‐Arctic and Pan‐Antarctic
SIE are defined as the area integral of all grid cells covered by at least 15% sea ice concentration (SIC) in the northern and
southern hemispheres, respectively. Temporal root‐mean‐square error are computed between the simulated and observed SIE
seasonal cycles and shown in colored text. The observed SIE is computed using passive microwave satellite SIC observations
from the NOAA/National Snow and Ice Data Center Climate Data Record of SIC, version 4 (Data Set ID: G02202; Meier
et al., 2021).
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We next consider the time evolution of Arctic SIE and sea ice volume (SIV) in Figures 11 and 12. Each model
simulates SIE trends inMarch and September in reasonable quantitative agreement with the observed SIE decline.
Given the large degree of internal variability in Arctic SIE trends, we do not expect a perfect match between

Figure 8. Arctic and Southern Ocean sea ice concentration (SIC) climatological biases (model minus NOAA/National Snow
and Ice Data Center Climate Data Record observations) in March and September computed over 1979–2023. The black
contours indicate the observed climatological sea ice edge position (15% SIC contour). Black text indicates the SIC root‐
mean‐square error area‐averaged over the zone of SIC variability, defined as all grid points where the model or observed
monthly SIC standard deviation exceeds 5%.
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observations and a single model realization (DeRepentigny et al., 2020; Jahn et al., 2016). The trend differences
between the CM4X and CM4.0 historical simulations and observations are smaller than the typical ranges
estimated by single‐model initial condition large ensembles performed with other GCMs, which have trend
uncertainty ranges (±2 standard deviations) of approximately 0.5 ×106 km2/decade (Horvat, 2021). This sug-
gests that the CM4X and CM4.0 models are not inconsistent with observed trends. There are some trend dif-
ferences between the CM4X and CM4.0 models, but multi‐member ensembles are necessary to determine if
differences are statistically robust. CM4X and CM4.0 each simulate substantial decadal‐to‐multidecadal vari-
ability over the 20th century. This low‐freqeuncy variability becomes notably muted under the high‐forcing
SSP5‐8.5 scenario used over the 21st century.

Figure 12 shows that the models are biased thin relative to the Pan‐Arctic Ice Ocean Modeling and Assimilation
System (PIOMAS; J. Zhang & Rothrock, 2003) SIT reanalysis, a product that has reasonably good agreement
with available in situ, aircraft, and satellite observations of SIT (Landy et al., 2022; X. Wang et al., 2016). The
CM4X models have a larger thin bias than CM4.0, but similar SIV timeseries to each other. This result suggest
that the thinner ice in CM4X‐p125 relative to CM4.0 is not the result of refined ocean grid spacing. The models

Figure 9. March Arctic sea ice thickness (SIT) climatologies (m; shading) and climatological DJFM sea ice drift (cm/s;
vectors) in Climate Model version 4X, CM4.0, and observations computed over the period 2011–2023. The SIT observations
come from the Alfred‐Wegener‐Institute monthly SIT product (Ricker et al., 2014) and span 2011–2023. The sea ice drift
observations are from the low‐resolution daily sea ice drift product of the EUMETSAT Ocean and Sea Ice Satellite
Application Facility and span 2010–2023 (Lavergne et al., 2010). Mean SIT values are computed over the Central Arctic
basin domain of Bushuk et al. (2023).
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simulate a strong decline of Arctic SIV in all months of the year (Figure 12). Despite their mean state SIV biases,
the models simulate similar rates of historical SIV loss relative to PIOMAS.

Under the SSP5‐8.5 forcing scenario, the models simulate a complete loss of summer Arctic SIE and SIV over the
21st century. The first ice‐free summers occur in the years 2040 (CM4X‐p125), 2038 (CM4X‐p25), and 2052
(CM4.0), as defined by SIE< 106 km2. This ice‐free timing is consistent with the ice‐free range of 2015–2052 as
estimated by selected CMIP6 models (Jahn et al., 2024; Notz & Community, 2020). All three models also reach
ice free conditions in the months of July–November by the year 2100 (not shown).

4.2. Southern Ocean Sea Ice

CM4.0, CM4X‐p25, and CM4X‐p125 each capture the asymmetric seasonal cycle of Southern Ocean SIE, with
five months of ice retreat and seven months of ice advance (Figure 7b). The models' SIE biases are generally
larger in the Southern Ocean than in the Arctic. CM4.0 has an exaggerated Southern Ocean SIE seasonal cycle
with too little sea ice in austral summer and too much sea ice in austral winter. The CM4X models have more
extensive Southern Ocean sea ice than CM4.0 in all months of the year, likely associated with increased near‐
infrared land ice albedos used in CM4X to promote Southern Ocean ventilation and production of AABW
(see Appendix A4 in Part I (Griffies et al., 2025a)). These higher albedos result in a cooler Southern Ocean surface

Figure 10. Arctic sea ice mass budget climatologies computed over the Central Arctic basin domain shown in panel (d) over
the time period 1979–2023. The mass budget consists of sea ice thickness tendency terms (m/yr) corresponding to
congelation and frazil ice growth (a), mass transport convergence (b), basal melt (c), and top melt (d). Positive values
correspond to mass gain and negative values correspond to mass loss. The y‐axis range is the same across the panels, thus
allowing for direct comparison of the various terms.
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climate with more sea ice than CM4.0. The increased sea ice coverage in CM4X improves upon the CM4.0 biases
in summer months yet exacerbates the winter sea ice biases. The RMS errors of the Pan‐Antarctic SIE climatology
are 2.38 × 106 km2 (CM4X‐p125), 3.35 × 106 km2 (CM4X‐p25), and 2.15 × 106 km2 (CM4.0), which can be
compared to the CMIP5 multi‐model mean RMSE of 3.42 × 106 km2 (Shu et al., 2015). A low bias in summer
Southern Ocean sea ice is a ubiquitous bias across CMIP6 models (Roach et al., 2020), which the CM4X models
ameliorate.

Figure 8 shows climatological Southern Ocean SIC biases. The spatial pattern of summer SIC is well captured by
CM4X‐p125, whereas CM4X‐p25 simulates too much sea ice in the Weddell and King Haakon VII Seas and too
little in the Ross Sea (bottom row of Figure 8). All three models fail to simulate summer sea ice along the
coastlines of the Indian Ocean and West Pacific sectors, which are regions with substantial landfast sea ice
coverage (Fraser et al., 2023). Note that the version of the SIS2 sea ice model used for CM4X and CM4.0 does not
include a landfast ice parameterization. The summer SIC RMSE for both CM4X models is reduced relative to
CM4.0, which has negative SIC biases throughout the summer sea ice zone. All three models have positive winter
SIC biases that are relatively circumpolar, however the biases are progressively stronger in CM4.0, CM4X‐p125,
and CM4X‐p25 (third row of Figure 8). CM4.0 has negative SIC biases within the sea ice pack near Valdivia
abyssal plain, suggestive of too much vertical mixing and a tendency for CM4.0 to form open‐ocean super‐

Figure 11. Time series of Arctic and Southern Ocean sea ice extent in March and September in CM4X‐p125 (blue), CM4X‐
p25 (red), CM4.0 (green), and NOAA/National Snow and Ice Data Center observations (black) in March and September. The
simulations use version 6 from the Coupled Model Intercomparison Project Historical (1850–2014) and SSP5‐8.5 forcings
(2015–2099).
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polynyas in this region. These negative SIC biases are not present in the CM4X models, reflecting the absence in
CM4X of the spurious super‐polynyas (see Section 5).

The climatological winter Southern Ocean sea ice drift is shown in Figure 13. The general patterns of observed
Southern Ocean sea ice drift are well captured by the models, with each model simulating northward sea ice
export in the Weddell and Ross Seas, westward drift along the Antarctic Coastal Current (ACoC), and strong
eastward drift associated with the Antarctic Circumpolar Current (ACC). The models have drift speeds that are
generally too fast relative to observations, which is also a relatively common bias across CMIP5 models (Holmes
et al., 2019). This bias may contribute to the models' positive biases in wintertime SIC, since stronger drift implies
a greater northward export of sea ice. We also find that the drift speeds along the ACoC are notably higher than
observed, especially in the zone of landfast sea ice along the eastern Antarctic coastline. This overly mobile sea
ice shows that the model is unable to simulate landfast ice, and this potentially underpins the negative summer SIC
biases in this region.

In Figure 14 we show Southern Ocean sea ice mass budgets computed over the region south of 63°S (see inset of
Figure 14d). We chose this region to encompass the primary zone of sea ice growth and melt while also capturing
the dominant flux gates for sea ice export. Relative to CM4.0, the CM4X models show a clear shift in sea ice
growth to earlier in the autumn season, consistent with the higher glacier albedos and cooler surface climate in

Figure 12. Time series of Arctic and Antarctic sea ice volume in March and September in CM4X‐p125 (blue), CM4X‐p25
(red), CM4.0 (green), and PIOMAS sea ice thickness reanalysis (black) in March and September. The simulations use
version 6 from the CoupledModel Intercomparison Project Historical (1850–2014) and SSP5‐8.5 forcings (2015–2099). The
PIOMAS data spans 1979–2023 and is based on an assimilation system that incorporates sea ice concentration, sea surface
temperature, and atmopsheric reanalysis constraints (J. Zhang & Rothrock, 2003).
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CM4X (see Appendix A3 in Part I (Griffies et al., 2025a)). The CM4Xmodels also have more total annual sea ice
growth, forming approximately an additional 0.1 m of sea ice each year. The CM4X models also have more sea
ice export during autumn, likely associated with the enhanced sea ice growth and thicker sea ice produced over
these months. The dominant melt contributions come from basal melt, with the CM4X models showing a later
spring onset of basal melt compared to CM4.0, consistent with the higher albedo and cooler surface climate in
these runs. CM4X‐p125 shows slightly reduced ice growth and slightly reduced ice export relative to CM4X‐p25.
We also note that, compared to the Arctic, Southern Ocean sea ice has larger basal melt contributions during
winter months, which tend to increase as winter mixed layers deepen.

Figures 11c, 11d and 12c, 12d show time evolution of Southern Ocean SIE and SIV, respectively. Roach
et al. (2020) showed that nearly every CMIP6 model simulates a negative Southern Ocean SIE trend in both
summer and winter, failing to capture the observed trends that are close to zero in these seasons. This behavior is
also the case for the CM4X and CM4.0 models, which simulate declines of Southern Ocean SIE in all months of
the year over the period 1979–2023. This mismatch in modeled and observed trends may have contributions from
missing meltwater forcing from Antarctic ice sheet and ice shelf melt (Bronselaer et al., 2018; Schmidt
et al., 2023), systematic coupled model errors (Kay et al., 2016; Purich et al., 2016; Rackow et al., 2022), and
internal climate variability (Meehl et al., 2016; L. Zhang et al., 2019). The CM4X and CM4.0 models simulate ice
free Southern Ocean conditions (defined here as SIE< 106 km2) in January–March by the year 2100, with CM4.0

Figure 13. September Southern Ocean sea ice concentration (SIC) climatologies (shading) and climatological JJAS sea ice
drift (cm/s; vectors) in CM4X, CM4.0, and observations computed over the period 2011–2023. SIC and sea ice drift
observations are from NOAA/National Snow and Ice Data Center and Ocean and Sea Ice Satellite Application Facility
(OSISAF), respectively. Note that the OSISAF southern hemisphere drift observations span the period 2013–2023.
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reaching ice free states much earlier than CM4X. CM4X‐p125 and CM4X‐p25 have their first ice‐free February in
years 2049 and 2050, respectively, whereas CM4.0 simulates an ice free February states intermittently throughout
the 20th century.

4.3. Conclusions Regarding the Sea Ice Simulations

Both CM4X models provide credible simulations of the Pan‐Arctic sea ice mean state and trends, however the
models simulate notable regional SIC errors, which are likely a combination of sea ice model physics errors and
coupled model errors that originate in the atmospheric and oceanic components. It is notable that the spatial
pattern of SIC and SIT model errors are very similar across the 1/4° and 1/8° CM4X configurations, and closely
resemble the error patterns of the GFDL‐ESM4.1 (Dunne et al., 2020) and GFDL‐SPEAR (Bushuk et al., 2022)
models, which have nominal horizontal grid spacings of 1/2° and 1°, respectively. This similarity suggests that sea
ice model errors are relatively insensitive to horizontal grid spacing across the 1/8°–1° range. We note that a
similar result for global ice‐ocean simulations was reported by Chassignet et al. (2020), who found that SIC errors
were similar between coarse (∼1°) and fine (∼0.1°) resolution model counterparts. Models in the CM4X reso-
lution range are not eddy resolving in the Arctic Ocean basin and Subpolar seas (see Figure 1 from Part I (Griffies
et al., 2025a)), and it is possible that a clearer impact of fine horizontal grid spacing would emerge in models that
are fully eddy resolving in the Arctic. These eddy‐resolving grids represent scales below the formal length scale of

Figure 14. Southern Ocean sea ice mass budget climatologies computed over all gridpoints south of 63°S as shown in panel
(d) over the period 1979–2023. The mass budget consists of sea ice thickness tendency terms (m/year) corresponding to
congelation and frazil ice growth (a), mass transport convergence (b), basal melt (c), and top melt (d). Positive values
correspond to mass gain and negative values correspond to mass loss. The y‐axis range is the same across the panels, thus
allowing for direct comparison of the various terms, and for comparing to the Arctic mass budget in Figure 10.
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validity for viscous‐plastic and other continuum sea ice rheologies (Feltham, 2008). Even so, recent work has
shown that the viscous‐plastic rheology can simulate good agreement with observed sea ice drift and deformation
even with 1 km grid spacing (Hutter et al., 2018). Key Arctic sea ice priorities for future model development
include improving the spatial pattern of SIT, improving the magnitude and pattern of sea ice drift, and improving
the persistent positive SIC bias in the GIN and Barents Seas.

Compared to the Arctic, the CM4X models have larger errors for the Southern Ocean sea ice mean state and
trends, which is also a generic property across most CMIP models (Shu et al., 2015). For Southern Ocean sea ice,
there appears to be a modest benefit from refined ice‐ocean grid spacing, as CM4X‐p125 has slightly reduced
biases relative to CM4X‐p25. It is notable that CM4X ice‐ocean resolution does not clearly influence historical
Southern Ocean sea ice trends, as CM4X‐p125 and CM4X‐p25 have comparable SIE trends across all months of
the year. Key Southern Ocean sea ice priorities for future model development include improving the significant
positive biases in wintertime SIC, reducing sea ice drift speeds, adding a representation of landfast Antarctic sea
ice, improving simulated summer SIC in East Antarctica, and improving the simulation of SIE trends across all
seasons. The slightly improved sea ice in CM4X‐p125 may be the result of improved representation of Southern
Ocean circulation and transport in the higher resolution model, which we investigate in the following Section.

In summary, we have here provided a sea ice comparison using coupled model simulations run over a full his-
torical and 21st century scenario period. For Arctic sea ice, we found minimal impacts of refining the ocean grid
spacing from 1/4° to 1/8°, whereas some modest improvements were identified for Antarctic sea ice. Future
studies with analogous hierarchies of coupled models are required to understand the general nature of these
findings.

5. Southern Ocean
The Southern Ocean plays a dominant role in anthropogenic heat and carbon uptake (DeVries et al., 2019;
Frölicher et al., 2015; Roemmich et al., 2015), thus the representation of physical processes in this region is
critical for accurately simulating the transient climate response. The Southern Ocean is home to the strongest
current on the planet, the ACC, which acts as the primary pathway for inter‐basin exchange of physical and
biogeochemical tracers. Intimately linked to the structure of the ACC, the Southern Ocean is also home to a
meridional overturning circulation whose deep branch ventilates the densest waters in the World Ocean, namely
the Antarctic Bottom Water (AABW), and whose intermediate branch plays a large role in the oceanic seques-
tration of anthropogenic heat and carbon (see Morrison et al. (2022) for a review of physical processes). Addi-
tionally, the waters on and just offshore of the Antarctic continental shelf in the subpolar Southern Ocean directly
influence the mass balance of the Antarctic Ice Sheet and thus dynamics in this region exert a strong influence on
global sea level rise (Paolo et al., 2015). Indeed, such concerns about sea level rise have placed a growing
appreciation for the important role of Antarctic continental slope and shelf processes in the global climate system.
Recent work has emphasized the need for improved model representation of ocean dynamics along the Antarctic
continental slope and Antarctic shelf, including the Antarctic Slope Current (ASC) and ACoC (Beadling
et al., 2022; Moorman et al., 2020; Purich & England, 2021; A. F. Thompson et al., 2018).

Mesoscale eddies, as well as jets and boundary currents, play a central role in the dynamics of the ACC and ASC,
the meridional overturning circulation, and shelf‐open‐ocean exchange (e.g., Goddard et al., 2017; Stewart
et al., 2018, 2019). Hence, this region provides strong motivation to refine ocean grid spacing for studying the role
of the Southern Ocean in climate. Although the CM4X models remain too coarse to resolve many key processes
on the shelf (e.g., see Hewitt et al. (2022) as well as Figure 1 from Part I (Griffies et al., 2025a)), they succeed in
pushing the envelope of global climate models by offering a refined representation of flows on the shelf and slope
(grid spacing is roughly 7 km at 70°S in CM4X‐p125), thus offering a tool to probe the role of these currents on
larger scale climate.

In this section we provide a case study on the Southern Ocean horizontal and overturning circulations as found in
the CM4X simulations. We focus on comparing CM4X‐p25 and CM4X‐p125 to expose differences arising from
refined horizontal grid spacing in the ocean. Additionally, for selected diagnostics we include results from
CM4.0, particularly when discussing the super‐polynyas that plague CM4.0 (Beadling et al., 2022; Dunne
et al., 2020; Held et al., 2019) and yet are absent from CM4X.
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5.1. Features of the Horizontal Circulation

The ACC has been a topic of study with large‐scale and fine resolution numerical models since the 1990s,
following the pioneering efforts of the FRAM project (FRAM Group, 1991) and further pursued across a grid
resolution hierarchy by Hallberg and Gnanadesikan (2006). These studies, and many more, have helped to
establish the fundamental importance of the ACC for large scale climate dynamics (Rintoul & Naveira Gara-
bato, 2013; Rintoul, 2018; Rintoul et al., 2001). Despite this fundamental importance, many coupled climate
models still struggle to accurately represent the mean‐state ACC strength and structure (Beadling et al., 2020). For
the CM4X models, the ACC is revealed by a strong eastward zonal flow comprised of multiple jet‐like structures
such as seen in Figures 4 and 5 of Part I (Griffies et al., 2025a), as well as Figure 15 shown here. Many details of
the stronger ACC flow patterns are similar between CM4X‐p25 and CM4X‐p125, reflecting the deep reaching
nature of Southern Ocean currents that are affected by bottom topography and thus generally follow f /H contours
( f is the Coriolis parameter andH is the bottom depth). We also commented on this feature of the Southern Ocean
in Figure 5 from Griffies et al. (2025a), where much of the kinetic energy in the Southern Ocean is dominated by
the depth averaged velocity.

Moving south towards Antarctica, we encounter the westward flowing ASC along the continental slope. As
reviewed by A. F. Thompson et al. (2018), the ASC is present in most regions around Antarctica, with the notable
exception of the West Antarctic Peninsula and westward until reaching the Amundsen Sea.

Though transporting far less mass than the ACC, there is a growing appreciation for the impacts of the ASC on
regional and global climate. In particular, as reviewed by Beadling (2023), the ASC acts as a barrier to meltwater
originating from Antarctic ice shelves leaving the continental shelf, and conversely as a barrier to relatively warm
Circumpolar Deep Waters penetrating towards the continental shelf from the north. As encountered in modeling
studies such as Goddard et al. (2017), Moorman et al. (2020), Lockwood et al. (2021), Beadling et al. (2022),
Tesdal et al. (2023), a realistically strong ASC introduces a fundamentally new dynamical regime into the
Southern Ocean that is absent from coarse models (roughly those ocean models with horizontal grids coarser than
0.25°). Given the extremely small Rossby deformation radius along the Antarctic continental slope/shelf region
(see Figure 1 from Part I, Griffies et al., 2025a), it is likely that global models will fail to accurately represent the
full dynamical impacts of the ASC until reaching toward 1 km horizontal grid spacing and finer.

In Figure 15 we display two meridional‐depth sections, one through the Drake Passage and one south of Tas-
mania. Here we see the deep reaching eastward jet‐like flows found in both sections, along with distinct westward

Figure 15. Thirty‐year mean zonal velocity along a longitude within the Drake Passage (upper row) and south of Tasmania
(lower row). Note the deep reaching zonal flows, with some deep reaching westward flows. Also note that strong and deep
reaching westward flowing Antarctic Slope Current seen in the section south of Tasmania, whereas this current is largely
absent in the Drake Passage section (see A. F. Thompson et al. (2018) for a review). The colorbars are the same for all panels,
though the latitude range differs for the top row and bottom row.

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004862

GRIFFIES ET AL. 20 of 46

 19422466, 2025, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024M

S004862 by Princeton U
niversity, W

iley O
nline L

ibrary on [20/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



flows. The westward flows are generally weaker and found particularly at depth and, for the Tasmanian section,
we find the strong westward flowing ASC along the Antarctic continental slope. Note the rather weak flow in the
Tasmanian section for latitudes between approximately 60°S and 55°S, with the upper flow weakly westward and
deep flows very weak. The topography between these regions is rather fine scale, suggesting that this “rough”
topography acts to weaken the otherwise deep reaching flow. This feature of the flow over the rough topography
may suggest a role for the rough bottommodes of LaCasce (2017). Even so, the horizontal flow does not generally
vanish at the bottom, which contrasts to the assumptions of LaCasce (2017). Indeed, the Drake Passage section of
CM4X‐p125 is notable for its bottom enhanced westward flows. It is notable that all eastward flows are surface
intensified (equivalent barotropic), whereas some of the westward flows in the open ACC, and particularly in the
Drake Passage section, are bottom intensified. The presence of deep westward jets in the vicinity of the ACC have
been noted in previous observational studies and high resolution simulations (Xu et al., 2020).

In Figure 16 we show the Drake Passage transport, which measures the zonal flow in the ACC. CM4X‐p25 is
roughly 10–15 Sv stronger than CM4X‐p125 throughout the historical simulation, with CM4X‐p125 consistent
with the CMIP6 ensemble mean whereas CM4X‐p25 is consistent with the lower end of the observational based
estimates. After roughly 100 years of spin‐up, both piControl simulations exhibit multi‐decadal fluctuations of
roughly 10 Sv. For the historical simulation, CM4X‐p125 shows a slight decrease whereas CM4X‐p25 is roughly
unchanged. Both models show a decline during the SSP5‐8.5 until around year 2060, at which point the strength
stabilizes (CM4X‐p25) or begins to rebound (CM4X‐p125).

5.2. Ventilation, Watermass Transformation, and Overturning Circulation

The CM4X mixed layer depths in Figure 9 from Part I (Griffies et al., 2025a) reveals a narrow band of deep
mixing on the Antarctic continental shelf where dense shelf water (DSW) forms and then subsequently overflows
down the continental slope, ventilating the deep ocean and leading to the formation of AABW (Rintoul, 2018;
Rintoul & Naveira Garabato, 2013). In Figure 17 we display bottom temperature and salinity on the Antarctic
continental shelf, defined here as the region landward of the 1,000 m isobath. These shelf properties play a central
role in determining the volume and formation rate of DSW and influence the stability of ice shelves ringing the
continent. Both CM4X‐p25 and CM4X‐p125 produce spatial distributions of bottom temperature and salinity
qualitatively consistent with observations, yet with notable differences in magnitudes in specific regions. For

Figure 16. Time series of annual mean mass transport through the Drake Passage in units of Sverdrup (109 kg s− 1) for the
Climate Model version 4X simulations. The gray shaded region is the historical portion of the simulation. The colored
markers on the right edge of the plot indicate the observed estimate of the total flow through the Drake Passage from the
cDrake array from Donohue et al. (2016), based on an observation period of 2007–2011 (173 ± 11 Sv; 1σ from reported
uncertainty); the observationally‐constrained Biogeochemical Southern Ocean State Estimate (Verdy &Mazloff, 2017) at 1/6°
and integrated from 2013 to 2018 (159 ± 2.2 Sv; 1σ standard deviation of annual means); the 1/12° HYbrid Coordinate Ocean
Model (Xu et al., 2020) averaged over 1979 to 2018 (157 ± 2.3 Sv; 1σ standard deviation of annual means); and the version 6
from the Coupled Model Intercomparison Project Drake Passage transport ensemble mean of historical simulations averaged
from 1986 to 2005 (137 ± 37 Sv; 1σ ensemble spread) (Beadling et al., 2020). The markers are placed at the edge of the figure
rather than their respective time periods for clarity.
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bottom temperatures, both the CM4X models are more consistent with observations than that simulated by most
models within the CMIP6 ensemble, which exhibit significant biases (e.g., Figure S8 from Purich and En-
gland (2021)). CM4X‐p125 exhibits a warmer and slightly more saline West Antarctic shelf compared to
CM4X‐p25.

Compared to the Schmidtko et al. (2014) climatology, CM4X‐p125 exhibits a warm bias in the Amundsen and
Bellingshausen Seas. The West Antarctic shelf regime is characterized as a “warm shelf” (A. F. Thompson
et al., 2018), where upward sloping isopycnals and the lack of an ASC allows warm CDW to readily access the
shelf. The warmer West Antarctic bottom temperatures in CM4X‐p125 are consistent with a slightly warmer
mean‐state off shore reservoir of CDW compared to CM4X‐p25. CM4X‐p125 also exhibits a much fresher East
Antarctic shelf that could be related to its stronger ASC compared to CM4X‐p25. Observations along the East
Antarctic shelf are mainly available near Prydz Bay, where both CM4X models exhibit a fresh bias, with the bias
stronger in CM4X‐p125.

The spatial pattern of surface watermass transformation (water mass transformation (WMT)) across the densest
waters confirm that both versions of CM4X simulate DSW formation and subsequent down slope flow in realistic
locations along the Antarctic shelf (Jacobs, 2004; Silvano et al., 2023), highlighting the shelves around Weddell
Sea, Prydz Bay, Adelie Land, and the Ross Sea (Figure 18). The red shading in Figures 18a and 18b shows the
mean surface WMT per unit area across σ2 (potential density referenced to 2,000 dbar) classes for the period
1975–2012, focusing on the densest water classes. Choosing the densest waters available in each region captures
the spatial distribution of where DSW formation occurs that contributes to the formation of AABW. The bottom
age distribution (green shading in Figures 18a and 18b) illustrates the pathways of newly formed dense waters
from the Antarctic slope to the abyssal ocean. These patterns align with the known AABW pathways identified
from observational studies (e.g., Silvano et al., 2023) and is consistent with passive tracers studies using a
reanalysis‐forced model (Solodoch et al., 2022).

The total DSW formation over the Antarctic continental shelf, estimated as the maximum surface WMT, is
approximately 5 Sv and occurs for σ2 > 37 kg m− 3, with CM4X‐p25 exhibiting a slightly greater DSW formation
compared to CM4X‐p125 (Figure 18c). Furthermore, the surface WMT is shifted towards higher σ2 by around
0.1 kg m− 3 in CM4X‐p25 compared to CM4X‐p125, especially in the Ross Sea sector (dashed lines in

Figure 17. Temperature and salinity along the bottom of the Antarctic shelf from the Climate Model version 4X models and
as compared to the observational based analysis of Schmidtko et al. (2014). The fields are averages for the period 1975–2012,
which is the time period used by Schmidtko et al. (2014). We define the shelf as the region with depth shallower than
1,000 m.
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Figure 18c), which is consistent with the formation of higher salinity waters in this region (Figure 17). The Ross
Sea sector shows the highest WMT rates compared to other regions, while the Weddell Sea sector (dotted lines in
Figure 18c) also exhibits significant WMT, in agreement with observational estimates identifying these two
regions as the major sources of DSW and AABW (Silvano et al., 2023).

To interpret Figure 18c, it is important to note at what densities positiveWMT occurs. Both the Ross andWeddell
sections in Figure 18c represent the majority of the WMT in the range of σ2 > 37 kg m− 3. Adding these two
together explains the bulk contribution to dense water formation required for AABW. Although less spatially
extensive, Prydz Bay and the Adelie Land also show localized surface WMT at σ2 > 37 kg m− 3 (Figures 18a and
18b). Other regions over the Antarctic shelf show positive WMT. However, these transformations occur at
generally lighter densities (σ2 < 37 kg m− 3) . As shown in Figure 19 (discussed below), the bottom cell over-
turning is associated with waters denser than σ2 = 37 kg m− 3, indicating that any surface WMT at lighter
densities is not expected to contribute to AABW formation and bottom cell overturning.

The spatial pattern in bottom age (Figures 18a and 18b) is also consistent with the difference in surface WMT
between the two CM4X models, and the dominant role of surface WMT in the Ross and Weddell sections,
showing slightly younger bottom waters in CM4X‐p25 along the AABW pathways due to the higher density
waters formed on the shelf, emanating away from the Ross and Weddell Seas. The total DSW formation rate of
approximately 5 Sv in both CM4X model configurations is on the lower end of the observational range, which
spans 5–15 Sv (Silvano et al., 2023). However, this formation rate is a significant improvement compared to most

Figure 18. Surface water mass transformation (WMT) on the Antarctic continental shelf and bottom water age distribution
over the abyssal Southern Ocean in (a) CM4X‐p125 and (b) CM4X‐p25. The red shading in panels a and b represent the time
mean (1975–2012) surface WMT per unit area across σ2 potential density classes (potential density referenced to
2,000 dbar), separately determined in the four key dense shelf water formation regions based on the densest water class. For the
Weddell, Prydz/Adelie, and Ross shelves the surface WMT is mapped across σ2 isopycnals of 37.2, 37.1, and 37.3 in CM4X‐
p125, and 37.4, 37.2, and 37.5 in CM4X‐p25. The green shading in panels a and b represents the bottom age tracer at year 2009,
normalized to the total simulation length (100 years of spinup + 1850–2009 historical = 260 years). (c) Mean (1975–2012)
surface WMT in σ2 integrated over the Antarctic shelf, Weddell (62°W–10°E) and Ross section (154°E–134°W) for CM4X‐
p125 (red lines) and CM4X‐p25 (black lines).
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CMIP6 models (Heuzé, 2021), which tend to yield weaker AABW transport with a multi‐model median of
2.8 ± 1.4 Sv, suggesting that both CM4X simulations capture the relevant processes responsible for DSW and
AABW production.

The overturning circulation streamfunction offers a means to both measure and to visualize ventilation of the
ocean interior. As a complement to the pole‐to‐pole overturning in Figure 8 from Part I (Griffies et al., 2025a) that
illustrates connections between the Southern Ocean and North Atlantic, in Figure 19 we focus on the Southern
Ocean overturning. The AABW cell is the densest cell (blue counterclockwise cell) associated with waters formed
via DSW production on the Antarctic shelf and subsequent overflow and entrainment into the abyssal ocean (i.e.,
the processes shown in Figure 18). CM4X‐p25 shows slightly larger formation around 65°S–70°S, and yet the
AABW signal is slightly stronger in CM4X‐p125 upon reaching 30°S. This disagreement between the strength of
the AABW cell in the subpolar region and at 30°S indicates potentially larger interior mixing in CM4X‐p25 which
erodes the strong AABW transport away from the subpolar region (see discussion of water mass transformations
in Section 6.5 of Part I (Griffies et al., 2025a)). The other (blue) counterclockwise overturning cell is split into two
sections in CM4X‐p25 and CM4X‐p125, though it is nearly connected in CM4X‐p125. In the low latitudes, this
cell is associated with subtropical mode waters. As discussed by Hallberg and Gnanadesikan (2006) (see their
Section 3a), the merging of this cell southward across 45°S results from meridional mass transport from transient
mesoscale eddies, with such eddy variability stronger in CM4X‐p125 (e.g., East Australian Current, Agulhas
Rings). The dense flow in the red clockwise cell is associated with North Atlantic Deep Water (NADW) and
CDWmoving south, with a portion of this water lightened into Antarctic IntermediateWater (AAIW) and another
portion densified into AABW.

5.3. Multi‐Decadal Fluctuations in the piControl Simulations

In Figure 20 we show the time series for the Drake Passage transport from the piControl simulations in CM4X as
well as CM4.0. As described by Held et al. (2019), the large amplitude multi‐decadal fluctuations in CM4.0 are
associated with very large (i.e., super) polynyas in the Ross Sea. Such polynyas also appear in the ESM4
simulation of Dunne et al. (2020). In contrast, these super‐polynyas are absent in both CM4X‐p25 and CM4X‐
p125, with both models exhibiting more modest multi‐decadal fluctuations. One hypothesis for the absence of
super‐polynyas in CM4X relates to the increase in land ice albedo relative to CM4.0, resulting in a slightly cooler
Antarctic climate in CM4X that supports more intermittent ventilation with smaller polynyas, rather than the
buildup of massive subsurface heat that charges the super‐polynyas in CM4.0 (L. Zhang et al., 2021). This hy-
pothesis is tested in Appendix A3 of Part I (Griffies et al., 2025a), where CM4.0 is run with the CM4X albedos.
This CM4.0‐albedo configuration results in a global mean ocean temperature more aligned with CM4X than the

Figure 19. Meridional‐density (ρ2000) overturning circulation in the Southern Ocean as computed using time mean flow from
years 1980–2009, with CM4X‐p25 on the left and CM4X‐p125 on the right.
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original CM4.0. Furthermore, CM4.0‐albedo has no Southern Ocean super‐polynyas for a simulation run for
nearly 1,000 years.

As a further means to distinguish the CM4X Southern Ocean simulations from CM4.0, Figure 21 provides time
series for Antarctic shelf salinity, circulation strength of the bottom overturning cell, AABW transport at 30°S, as
well as Hovmöller diagrams of surface WMT due to heat fluxes in σ2. Here we again see signatures of the super‐
polynyas in CM4.0, whereas both CM4X simulations exhibit smaller amplitude fluctuations. The variability in
CM4.0 highlights how the occurrence of large open‐ocean polynyas lead to a series of interconnected changes in
physical processes within the Southern Ocean. The CM4.0 piControl exhibits marked multi‐decadal oscillations
in shelf salinity, offshore heat loss, and dense water formation, seen in Figure 21 as positive excursions of surface
WMT at the densest open waters (σ2 > 37) . These episodes of enhanced dense water formation directly impact the
large‐scale circulation, as evidenced by the concurrent peak in the strength of the bottom overturning cell, fol-
lowed by increased AABW transport at 30°S. Furthermore, the same multi‐decadal fluctuations are seen in the
Drake Passage transport (Figure 20), illustrating the connection between dense water formation, overturning and
the strength of the ACC.

The multi‐decadal oscillations are still present in the CM4X‐p25 piControl simulations, but are more muted
compared to CM4.0. We observe variability in the subpolar cell strength that oscillates around 20 Sv with a clear
periodicity. This muted variability is also reflected in the Antarctic shelf salinity and the offshore surface WMT.
Thus, there is some intrinsic variability that is still apparent in CM4X‐p25, consistent with L. Zhang et al. (2021),
occurring at higher frequency and with weaker amplitude when land ice albedo is increased. Figures 20 and 21
suggest that the oscillations do not have as large an impact across different parts of the Southern Ocean in CM4X‐
p25 as they do in CM4.0. Interestingly, these oscillations are not as clearly seen in the CM4X‐p125, and we have
no hypothesis for this muted variability.

5.4. Transient Climate Response

In Figure 22 we provide a suite of five time series for various properties around the Southern Ocean during the
piControl spin‐up, historical, and SSP5‐8.5 scenario, that emphasize the coupling of properties between the shelf
and open ocean. This coupling is also found in the shelf‐open‐ocean diagnostics presented in Figure 21. A key
take away from Figure 22 is the general agreement in the transient response regardless of slight differences in the
mean‐state. Both CM4X models show a steep drop in shelf salinity at the start of the SSP5‐8.5 simulation that is
driven by freshening associated with an enhanced hydrological cycle and sea ice melt (and decreased sea ice
formation) under increased warming. This drop also coincides with a sharp acceleration of the ASC in both
models. The temporal pattern of ASC acceleration differs depending on location as the mean‐state ASC is

Figure 20. Time series of annual mean mass transport through the Drake Passage in units of Sverdrup (109 kg s− 1) for the
piControl simulations from Climate Model version 4X and CM4.0. See the caption of Figure 16 for a detailed description of
the markers on the right side of the figure.
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influenced by different dynamics along the shelf (Huneke et al., 2022). However, a strong ASC acceleration is
consistently found from years 2014–2060, regardless of location.

The increased strength of the ASC also likely contributes to the consistent response found in shelf salinity via a
positive feedback mechanism established between shelf freshening that enhances the ASC and thus leading to
more freshwater trapping on the shelf (Beadling et al., 2022; Lockwood et al., 2021; Moorman et al., 2020).
Despite initial differences in the strength of the subpolar cell, with CM4X‐p25 showing stronger abyssal over-
turning, both models exhibit a similar magnitude of decline in bottom cell strength by the end of the 21st century
under the SSP5‐8.5 scenario. CM4X‐p125 displays a steady weakening over time, whereas CM4X‐p25 experi-
ences a more abrupt reduction. Nevertheless, both models demonstrate comparable trends in AABW export at
30S, highlighting consistent responses to the transient conditions throughout the historical and SSP5‐8.5
simulations.

Many of the features discussed here are generally consistent with previous studies that have investigated transient
responses of near‐shelf dynamics using fine‐resolution ocean‐sea ice or fully coupled models. The decrease in
shelf bottom salinity and ASC acceleration under SSP5‐8.5 is consistent with results from idealized simulations
imposing 21st century changes in thermal and wind forcing using the ACCESS‐OM2‐01 global ocean‐sea ice
model at 0.1° (Dawson et al., 2025; Ong et al., 2024) and with 1pctCO2 simulations performed with the 0.1°
GFDL‐CM2.6 coupled climate model (Goddard et al., 2017; Lockwood et al., 2021). The transient reduction in

Figure 21. Time series for the annual mean salinity as area averaged around the bottom of the Antarctic shelf (upper left),
circulation strength of the bottom overturning cell (middle left) and AABW transport at 30S (lower left) for CM4X‐p125,
CM4X‐p25, and CM4.0 piControl simulations. The finer lines in the middle and lower left panels are annual means. The
thick lines in the middle panel are decadal means, while the thicker lines in the lower panel are 10‐year running means. The
right panels show Hovmöller diagrams of surface forced water mass transformation in σ2‐space (potential density referenced
to 2,000 dbar, minus 1000 kg m− 3) over the open Southern Ocean due to heat fluxes in CM4X‐p125 (upper), CM4X‐p25
(middle) and CM4.0 (lower). When calculating the area‐average in the upper left panel we define the Antarctic shelf as the
region with depths shallower than 1,000 m. The yellow dashed line in the upper left denotes the observation‐based
climatological mean of Antarctic shelf salinity from Schmidtko et al. (2014).
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bottom cell strength and AABW export is consistent with the AABW decline projected under increased warming
in CMIP‐class models (Heuzé et al., 2015; Lockwood et al., 2021) and with enhanced stratification of the
Antarctic margin found under 1pctCO2 forcing in fine resolution simulations (Goddard et al., 2017; Lockwood
et al., 2021; Q. Li et al., 2023; Dawson et al., 2025). Investigating the differences between CM4X‐p25 and
CM4X‐p125 and the mechanisms driving the response in shelf and open‐ocean processes under SSP5‐8.5 is a
topic of further investigation.

5.5. Conclusions Regarding the Southern Ocean Simulations

While enhanced accuracy of Southern Ocean process representation has been found with fine grid spacing in
global ocean sea‐ice models (e.g., ACCESS‐OM2 Kiss et al. (2020)), the evaluation given here for CM4X is the
first for coupled climate model configurations available for multi‐centennial timescale simulations. The credible
representation of Southern Ocean properties in CM4X opens up opportunities to study coupled Southern Ocean
processes and Antarctic margin dynamics. The largest improvement in the CM4X models relative to previous
generation GFDLmodels (CM4.0 and ESM4), is the lack of large amplitude multi‐decadal oscillations associated
with super polyna events. The presence of such large amplitude variability in CM4.0 prevented a suitable control
run from which to branch perturbation experiments. Namely, the super‐polynya‐driven variability imprinted on
the global climate and the Southern Ocean mean state, thus making it nontrivial to interpret signal and “noise” in
transient responses to forcing perturbation experiments (Beadling et al., 2022; Tesdal et al., 2023).

Figure 22. Time series for various properties around the Southern Ocean during the piControl spin‐up, historical, and SSP5‐
8.5 scenario. (a) Spatially averaged continental shelf bottom salinity (b) circulation strength of the bottom overturning cell,
(c) AABW volume transport at 30°S, (d) Antarctic Slope Current (ASC) strength at 20°E and (e) ASC strength at 130°W.
The ASC strength is shown at two different locations due to its flow characteristics being governed by different dynamics
around the continental shelf (A. F. Thompson et al., 2018). The finer lines in panels (b) and (c) are annual means, while thicker
lines in panels (b) and (c) are 5‐year running means. When calculating the area‐average in panel (a), we define the Antarctic
shelf as the region with depths shallower than 1,000 m. The yellow dashed line in the upper left denotes the observation‐based
climatological mean of Antarctic shelf salinity from Schmidtko et al. (2014).
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Particularly notable features of the CM4X Southern Ocean simulation include the credible representations of
Antarctic shelf hydrography, realistic locations of DSW production and overflow, and resolution of a strong ASC
along the continental slope. A realistic representation of shelf properties and dynamics along the shelf‐slope is
required for examining shelf‐open‐ocean interactions, improving confidence in the thermal forcing of the AIS in a
transient climate, and providing boundary conditions for dynamical ice sheet models. The credibility of CM4X
near and along the Antarctic margin is encouraging for the utility of studying high latitude processes and for
coupling with dynamical ice sheet models.

Additionally, with differing horizontal grid spacing providing for different degrees of representation of ocean
mesoscale features, the CM4X suite is well positioned to probe the role of the ocean mesoscale within the climate
system. Slight differences identified here between CM4X‐p25 and CM4X‐p125 in their velocity structure, Drake
Passage transport, and Southern Ocean overturning may be linked to differing representation of mesoscale
features and topography. Future work will aim at disentangling the mechanics of these differences between the
two models and understanding whether these differences imprint on the transient climate response. A horizontal
resolution of 1/8° is still too coarse to resolve mesoscale dynamics in much of the Southern Ocean (Hall-
berg, 2013), which may explain why CM4X‐p125 does not show a consistent improvement over CM4X‐p25 in
this region. Further assessment will further probe the benefit of simulating the Southern Ocean and Antarctic
margin at the refined resolution in CM4X‐p125 as compared to CM4X‐p25.

6. North Atlantic Circulation
In this section we survey the horizontal and meridional overturning circulation features of the North Atlantic
portion of the CM4X simulations, with comparisons made to observational estimates and other models, when
available.

6.1. Gulf Stream

Here we focus on the Gulf Stream representation in CM4X as it compares to theoretical expectations, observed
three dimensional structure (Todd, 2021), and the representation in a 1/12° regional ocean simulation also using
the MOM6 dynamical core (NWA12, Ross et al., 2023).

6.1.1. Expectations From Previous Studies

Past efforts to determine controls on the simulated Gulf Stream have focused on the latitude of separation from the
coast, as well as behavior of the jet and mesoscale eddies post separation (Chassignet & Marshall, 2008). This
latitude of separation and/or the mean latitude of the Gulf Stream extension is often associated with a temperature
front or the zero barotropic vorticity contour (Section 6.2). In this section we consider jet coherence and jet
location relative to the continental slope. This analysis finds that once leaving the coast, the CM4X simulations
have a rather diffuse and meandering Gulf Stream jet that is, unfortunately, rather distinct from observational
measurements.

Gulf Stream fidelity depends on model horizontal grid spacing relative to the first baroclinic Rossby radius of
deformation. At middle latitudes, Hallberg (2013) (see also Figure 1 from Part I, Griffies et al., 2025a) reveals a
requirement of approximately 0.25° over the deep ocean (deeper than 3,000 m) and approximately 0.125° closer
to the coast (500 m< depth <3000 m). Since the Gulf Stream “leans” on the US east coast continental shelf prior
to separation, we expect accurate simulations require grid spacing to be at or finer than 0.125°.

Gulf Stream simulation features also depend on the spatial structure of wind forcing, deep western boundary
current strength, bathymetric slope resolution, and model viscosity parameterizations that moderate resolved
mesoscale turbulence (Chassignet & Marshall, 2008; Chassignet & Xu, 2017; Debreu et al., 2022; Ezer, 2016;
Hurlburt & Hogan, 2000; Parsons, 2006). Chassignet and Marshall (2008) show how choices of biharmonic and/
or Laplacian viscosity control the latitude of separation, determine the presence or absence of standing eddies, and
shape downstream instability behavior. The authors demonstrate that use of a low biharmonic viscosity can result
in early separation and the presence of a standing eddy near Cape Hatteras, while use of a Laplacian can result in
flow that is too laminar and a Gulf Stream that does not penetrate into the North Atlantic interior.
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6.1.2. Plan View and Vertical Sections of the Gulf Stream

Qualitative plan view comparisons of surface mean kinetic energy (MKE) and SST in CM4X simulations with
NWA12 and observations reveal decreased jet coherence as flow encounters and passes the Charleston Bump
(Figure 23). The observed time mean latitude of separation is approximately 37.5°N (qualitatively identified as
the maximum latitude of MKE greater than 0.5 m2 s− 2) while in CM4X‐p25 it is approximately 31°N and in
CM4X‐p125 approximately 32°N. This slight shift northwards with refined grid spacing continues when
comparing to the 1/12° regional ocean model, where Gulf Stream separation occurs at approximately 37°N. As
resolution increases, jet coherence generally increases as flow regroups between the Charleston Bump and Cape
Hatteras. As discussed by Chassignet andMarshall (2008), this characterization of the Gulf Stream separation and
particular focus on jet coherence and the horizontal spreading of MKE centers on the impact of viscosity choices
on flow around the Charleston Bump. In both CM4X simulations use of a relatively low biharmonic viscosity, as
well as representation limitations associated with relatively coarse horizontal resolution, are likely the cause of
early separation. In CM4X‐p125, the increase in jet coherence around the Charleston Bump is accompanied by a
decrease in SST bias along the mid‐Atlantic Bight. This decrease is coincident with a decrease in surface MKE
along this portion of the continental slope, suggesting the Gulf Stream extension, despite being too diffuse, pulls
away from the coast north of Cape Hatteras.

Upstream of separation, surface MKE is greater in CM4X‐p125 than in CM4X‐p25 and closer to observed
magnitudes. This increase in Gulf Stream speed in CM4X‐p125 may be responsible for more realistic flow around
the Charleston Bump compared to CM4X‐p25. The vertical extent of this relative increase is seen in a zonal cross‐
section at 29.5°N (Figures 24a–24d). While the depth penetration of the Gulf Stream is similar in all panels,
CM4X‐p125 upper‐ocean northward velocity (at depths shallower than 300 m) is over 50% larger than in
CM4X‐p25.

Figure 23. (a) 2000–2010 time mean sea surface temperature (SST) from NOAA's Optimum Interpolation SST (OISST),
with the black circle identifying the Charleston Bump topography feature. (b) Same as a from NWA12 1/12° degree regional
ocean model (Ross et al., 2023). (c)–(d) CM4X‐p25,p125 SST bias (model‐obs.) with respect to OISST. (e) Time mean surface
kinetic energy (mean kinetic energy (MKE)) derived from observations collected between June 2015 and July 2020
(Todd, 2021). Blue contours identify the 100, 500, 1,000, 2,000, and 3,000 m isobaths. Black dashed lines are the locations of
zonal, Cape Hatteras, and meridional cross‐sections in Figure 24. (f) 2010–2014 time mean surface kinetic energy from the
NWA12 1/12° degree regional ocean model (Ross et al., 2023). Time mean sea surface height contours are added in white.
(g) Same as (f) but for CM4X‐p25. (h) Same as (f) but for CM4X‐p125. (i)–(k) MKE as in panels (f)–(h) yet at 1,800 m (note
colormap scale change).

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004862

GRIFFIES ET AL. 29 of 46

 19422466, 2025, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024M

S004862 by Princeton U
niversity, W

iley O
nline L

ibrary on [20/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Differences between CM4X and observations and NWA12 are more significant post separation. In both CM4X‐
p25 and CM4X‐p125, the eastward flowing jet rapidly dissipates post separation, resulting in a diffuse field of
eddies that meander further north than observed eddy activity. Correspondingly, MKE is spread across roughly
30°N to 40°N, and dissipates moving eastward. Cross‐sections at Cape Hatteras and at 70.5°W (Figures 24e–24l)
reveal the vertical structure of velocity to rapidly decrease with increasing depth. Compared to observations and
NWA12, the CM4X Gulf Stream structure is far too surface intensified and horizontally diffuse. At 1,800 m, a
depth greater than that at which gliders collected measurements in Todd (2021), the spatial distribution of MKE
appears similar in CM4X and NWA12. Noted differences between CM4X‐p25 and CM4X‐p125 include the near
barotropic standing eddy in CM4X‐p25 (Figures 23c–23f) and a more energetic deep slope current north of
37.5°N in CM4X‐p25.

6.2. Barotropic Vorticity

Interactions between deep ocean flows and sloping bathymetry result in bottom stretching and bottom pressure
torques, influencing the western boundary currents and ocean circulation (Hughes & De Cuevas, 2001; Khatri
et al., 2024; Schoonover et al., 2016; Waldman & Giordani, 2023; R. Zhang & Vallis, 2007). We investigate how
spatial resolution differences between CM4X‐p25 and CM4X‐p125, particularly concerning mesoscale eddies
and other small‐scale features, affect the strength of the North Atlantic gyre circulations. For this purpose, we use
the time‐mean barotropic vorticity budget, which is often used to study how surface winds and bathymetry control
ocean gyres (Holland, 1967; Stommel, 1948). Following Yeager (2015), we use the streamfunction, ψ, form of the
barotropic vorticity budget, written as

Figure 24. Panel (a) through (d): Time mean meridional velocity at 29.5°N as a function of depth and longitude from
Todd (2021) (2015–2020), NWA12 (2000–2010), CM4X‐p25 (2000–2010), and CM4X‐p125 (2000–2010). Heavy black
contour is the 0 value, light black solid/dashed contours are 0.5 and − 0.5 m s− 1, and gray shading is the model bathymetry
(NWA12 bathymetry is used in panel a). (e–h) Time mean cross‐transect velocity extending southeast of Cape Hatteras. Panels
(i) through (l): Time mean zonal velocity at 70.5°W. Positive velocities are into the page.
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− ∫

xe

x
V dx

⏟̅̅⏞⏞̅̅⏟
ψ

=
− 1
βρ0

∫

xe

x
ẑ ⋅ (∇ × τs) dx

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
ψτs

+ Addtl. (3)

Here, V is the vertically integrated meridional velocity (dimensions of L2 T− 1), β is the meridional derivative of
the Coriolis parameter, τs is the surface wind stress, xe represents the eastern continental boundary and ρ0 is the
Boussinesq reference density. The term “Addtl” represents the contributions from bottom pressure torque,
advection, bottom friction, horizontal viscous and time‐mean tendency terms (see Khatri et al. (2024) for a
complete vorticity budget analysis).

The North Atlantic gyre circulations are primarily driven by surface winds and the time‐mean spatial patterns of
subtropical and subpolar gyres in the open ocean are well captured by the wind stress curl term, ψτs (Figure 25).
However, gyre transport magnitudes are not fully explained by winds and other vorticity budget terms make
significant contributions in setting the gyre strength. For example, besides surface wind stress, bottom pressure
torques and nonlinear velocity advection are typically the largest terms influencing gyre transports (Hughes & De
Cuevas, 2001; Yeager, 2015). Particularly, the return flow in the western boundary region is primarily mediated
by bottom pressure torques and nonlinear advection, essentially balancing the potential vorticity input from
surface winds that drive the meridional flow in open ocean gyres (Khatri et al., 2024; Le Corre et al., 2020, also
evident from Figure 25c1–25c2).

Figure 25. Barotropic streamfunction (Sv) estimated using vorticity budget terms in Equation 3 with a 30‐year time‐mean.
The top row (panels a1–c1) show the CM4X‐p25 piControl and the middle row (panels a2–c2) shows CM4X‐p125
piControl. Panels (d) shows the subtropical and subpolar gyre transports (estimated as the maximum or minimum of the
barotropic streamfunction ψ) and the associated contributions from ψτs at the locations of ψ extrema. In CM4X‐p25, the
maximum subtropical and subpolar transports occur at 34.9°N, 71.5°W and 59.7°N, 54.3°W, respectively, while in CM4X‐
p125, the maximum subtropical and subpolar transports occur at 31.9°N, 69.5°W and 58.9°N, 48.9°W, respectively. Spatial
maps in panels (c1–c2) are the differences of maps shown in panels (a1–a2) and (b1–b2). To filter out grid‐scale noise,
streamfunction maps are spatially smoothed to 1° resolution using the GCM‐Filters from Loose et al. (2022). Time‐mean and
spatial smoothing are performed on vorticity budget diagnostics computed online, thus retaining the impact of small‐scale
dynamics and eddy‐eddy interactions on large scales.
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Comparing CM4X‐p25 and CM4X‐p125 reveals that refined ocean grid spacing leads to a weaker time‐mean
subpolar gyre transport, while the subtropical gyre transport remains almost the same at about 69.2 Sv. The
minimum transports in the subpolar gyre are − 49.8 Sv and − 42.1 Sv in CM4X‐p25 and CM4X‐p125, respectively
(Figure 25d). The wind stress term doesn't change significantly; in fact, it tends to strengthen the subpolar gyre in
the higher‐resolution CM4X‐p125 simulation. Therefore, the weakening in the subpolar gyre is primarily asso-
ciated with changes in the strength of the Addtl terms in Equation 3.

We hypthesize that this subpolar gyre weakening is associated with bottom pressure torque and nonlinear
advection terms, which are affected by the finer scale bathymetry and better resolved mesoscale deep flows in
CMX‐p125 relative to CM4X‐p25. These terms have been shown to be strongly influenced by spatial model
resolution (Le Corre et al., 2020; Yeager, 2015), which in turn influences gyres and boundary currents. Im-
provements in simulating the subpolar circulation and transport have been observed in eddy‐resolving ocean
models due to improved boundary currents (Marzocchi et al., 2015). The southward subpolar transport of 42 Sv in
CM4X‐p125 is close to estimates from Xu et al. (2013), who determined the southward transport in the Labrador
Sea near 53°N to be approximately 39 Sv.

6.3. Atlantic Meridional Overturning Circulation (AMOC)

Direct Atlantic Meridional Overturning Circulation (AMOC) observations from Overturning in the Subpolar
North Atlantic Program (OSNAP) over the recent periods (F. Li et al., 2019; Lozier et al., 2019), as well as the
reconstruction of the long‐term mean AMOC over the past several decades using robust diagnostic calculations
(R. Zhang & Thomas, 2021), show that the subpolar AMOC across the OSNAP section is dominated by its eastern
component rather than the western component that extends across the Labrador Sea. Climate models often
overestimate the maximum AMOC strength across OSNAPWest (F. Li et al., 2019; Thomas et al., 2015; Yeager
et al., 2021). This model bias is likely related to overestimation in coarse resolution models of the Labrador Sea
open‐ocean deep convection and its role in the AMOC across OSNAP West. As discussed in R. Zhang and
Thomas (2021), too much open ocean Labrador Sea convection unrealistically overlaps with the less resolved
boundary outflow from the Labrador Sea basin, thus leading to unrealistically high density in the less resolved
boundary outflow from the Labrador Sea basin in relatively coarse models.

Figures 26a–26d shows that CM4X‐p125 has a maximum climatological density space AMOC strength across
OSNAP West that has been reduced relative to CM4X‐p25, with CM4X‐p125 results closer to OSNAP mea-
surements of 2 Sv (F. Li et al., 2021; Lozier et al., 2019). The modeled maximum climatological density space
AMOC strength across OSNAP East (or across the entire OSNAP section) has also been improved with CM4X‐
p125 relative to CM4X‐p25, with Figures 26b, 26c, 26e, and 26f showing CM4X‐p125 values closer to the
OSNAP measurements. The modeled maximum climatological subpolar AMOC in density space is reduced in
CM4X‐p125 compared to that in CM4X‐p25 (Figure 27), which is consistent with the improvement across
OSNAP West and East (Figure 26).

Since both CM4X‐p125 and CM4X‐p25 have the same atmosphere model, we hypothesize that improvements in
the CM4X‐p125 mean state subpolar AMOC are due to its refined horizontal ocean grid spacing compared to
CM4X‐p25. Improvements in the simulated maximum AMOC strength across OSNAP West in CM4X‐p125
(Figures 26a–26d) are likely linked to its improved and reduced Labrador Sea winter deep convection area
compared to that simulated in CM4X‐p25, as reflected in the climatological winter MLD seen in Figure 9 in Part I
Griffies et al. (2025a). The Labrador Sea winter MLD in CM4X‐p25 is unrealistically deep and broad, which we
hypothesize is related to under‐representation of the dense overflows entering the Labrador Sea and the less
resolved mesoscale eddy restratification (Tagklis et al., 2020). The winter Labrador Sea MLD is improved
(shoaled) in CM4X‐p125, which has a slightly better representation of the dense overflows across the OSNAP
section as seen in Figure 28, as well as a stronger resolved mesoscale eddy restratification. However, neither
CM4X‐p125 nor CM4X‐p25 simulate the observed winter deep convection in the Greenland Sea (again, see
Figure 9 in Part I Griffies et al. (2025a)).

Over the subpolar North Atlantic, horizontal circulations across sloping isopycnals play an important role in the
density‐space AMOC besides the depth‐space AMOC, with R. Zhang and Thomas (2021) emphasizing the utility
of a Sigma‐Z diagram to characterize this circulation (Figure 29). The horizontal circulation contribution to the
density‐space AMOC is defined as the difference between the density‐space and depth‐space AMOC (R. Zhang &
Thomas, 2021). Across OSNAP East (right column of Figure 29) in the upper ocean above 1,000 m and less dense
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than σ0 = 27.7 kg m− 3, both CM4X‐p125 and CM4X‐p25 well simulate the horizontal circulation contribution
as compared to observational measurements. Here, the horizontal circulation contribution is associated with the
relatively lighter positive (poleward) inflow and the relatively denser negative (equatorward) outflow that are
canceled at the same depth level, but not at the same density level. Note the non‐zero net transport not canceled at
the same depth level contributes to the depth‐space AMOC, which is also called the thermal wind contribution to
the density‐space AMOC and is separated from the horizontal circulation contribution (R. Zhang &
Thomas, 2021). As seen in Figures 29d–29f, this structure corresponds well to that measured from observations.
However, across OSNAP East in the deep ocean below 1,000 m and denser than σ0 = 27.7 kg m− 3, both models
underestimate the horizontal circulation contribution compared to observations (Figures 29d–29f). That is, ob-
servations reveal more pronounced horizontal circulation contribution, which is associated with the relatively
lighter positive inflow and the relatively denser negative outflow canceled at the same depth level, but not at the
same density level.

This modeling bias in the deep ocean is related to an underestimation of the Nordic Sea overflows (i.e., Denmark
Strait overflow and Iceland‐Scotland overflow) and associated recirculation in both CM4X‐p125 and CM4X‐p25
(Figure 28). With refined horizontal grid spacing, the velocity depicted in Figure 28 shows that CM4X‐p125 has a
slightly better representation of the Nordic Sea overflows and associated recirculation, and thus a slightly better
representation of the horizontal circulation contribution in the deep ocean below 1,000 m and denser than
σ0 = 27.7 kg m− 3 (Figures 29d–29f). The difference between CM4X simulations and observational measure-
ments in the density space AMOC streamfunction across OSNAP East does not appear pronounced at the range
denser than σ0 = 27.7 kg m− 3 (Figure 26b). Even so, the Sigma‐Z diagram in Figures 29d–29f clearly reveals
differences between the simulated and observed AMOC structure in the deep ocean (below 1,000 m and denser
than σ0 = 27.7 kg m− 3). Namely, the observationally measured positive/negative volume transport within this
deep ocean range is much stronger than that modeled.

Figure 26. Top row: Climatological annual mean density space Atlantic Meridional Overturning Circulation (AMOC)
streamfunction across Overturning in the Subpolar North Atlantic Program (OSNAP) West, OSNAP East, and the full
OSNAP section for CM4X‐p25, CM4X‐p125, and the OSNAP observations over the period of 2014–2020. The model
results are from the historical and SSP5‐8.5 scenario experiments to compare with the ONSAP observations over the same
period of 2014–2020. Bottom row: Time series of the maximumAMOC strength across OSNAPWest, OSNAP East, and the
full OSNAP section, in comparison with the OSNAP observations over the period of 2014–2020. The annual mean time
series (thin lines) are smoothed with a 10‐year running mean (thick lines). The dark lines in bottom rows depict the ranges
(mean±one standard deviation of rolling annual mean) of observations.

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004862

GRIFFIES ET AL. 33 of 46

 19422466, 2025, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024M

S004862 by Princeton U
niversity, W

iley O
nline L

ibrary on [20/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Across OSNAPWest (left column of Figure 29), the horizontal circulation contributions are canceled at the same
depth level, but not at the same density level. In turn, the density space AMOC in the upper ocean above 1,000 m
is too strong in CM4X‐p25 compared to that estimated from observations (Figures 29a–29c). However, in CM4X‐
p125, the horizontal circulation contribution (i.e., positive and negative volume transport canceled at the same
depth but not at the same density level) in the upper ocean above 1,000 m becomes less strong, which compares
better with the field measurements than CM4X‐p25 (Figures 29a and 29b). This improvement in CM4X‐p125 is
related to the improved (reduced) Labrador Sea winter deep convection area (see the MLD in Figure 9 of Part I,
Griffies et al., 2025a) and a better resolved Labrador Sea boundary current in CM4X‐p125 (Figure 28).
Consistently, the density contrast between the Labrador Sea boundary outflow and inflow is reduced and thus the
maximum density space AMOC across OSNAPWest (mainly contributed by the horizontal circulation) becomes
weaker in CM4X‐p125 compared to that simulated in CM4X‐p25 (Figures 26a–26d). The observed density
structure between the Labrador Sea boundary outflow and inflow is almost symmetric (Figure 28), consistent with
a very weak horizontal circulation contribution (Figure 29a) and thus a very weak maximum density space
AMOC strength across OSNAP West (Figures 26a–26d) in observations.

Across the RAPID section in the subtropical North Atlantic, both CM4X‐p125 and CM4X‐p25 simulate a similar
maximum AMOC strength as that estimated from the RAPID program (Cunningham et al., 2007; McCarthy

Figure 27. Climatological annual mean Atlantic Meridional Overturning Circulation streamfunction as a function of latitude
in potential density (ρ2, a–c) and geopotential (d–f) for the historical simulations over the period of 1980–2009 using CM4.0,
CM4X‐p25, and CM4X‐p125. In CM4X‐p25 and CM4X‐p125 panels, the magenta contour identifies the zero contour of
CM4.0. Contours are shown at 2 Sv increments. The figure includes transport in the Atlantic, Arctic, Mediterranean, and Baltic
basins. Latitudes for the Rapid Climate Change Programme and OSNAP arrays are denoted on the lower left panel.
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et al., 2015; Smeed et al., 2018), but the penetration depth of the simulated AMOC is much shallower than that
observed (Figure 30). The simulated shallow AMOC across the RAPID section is a typical bias found in many
models due to deficiencies representing the dense and deep‐penetrating Nordic Sea overflows (Danabasoglu
et al., 2010, 2014; H. Wang et al., 2015; R. Zhang et al., 2011). The penetration depth of the simulated AMOC
across the RAPID section is slightly deeper in CM4X‐p125 than that in CM4X‐p25 (Figures 27d–27f and 30) due
to slightly better representation of the Nordic Sea overflows in CM4X‐p125.

The simulated multidecadal AMOC variability across the RAPID section in both CM4X‐p125 and CM4X‐p25
piControl simulations (middle panel of Figure 30) is weaker than the observationally‐based estimate (Yan
et al., 2018). The simulated historical AMOC across the RAPID section in both CM4X‐p125 and CM4X‐p25 has
less pronounced multidecadal variations than simulated in CM4.0 (bottom panel of Figure 30). The more pro-
nounced multidecadal AMOC variations in CM4.0 (e.g., an increase up to 20 Sv and decline afterwards) are
mainly induced by multidecadal changes in external radiative forcing (e.g., anthropogenic aerosols) as also found
in many CMIP6 models (Menary et al., 2020), which are unrealistic and opposite to those indicated by the

Figure 28. Mean velocity and potential density across Overturning in the Subpolar North Atlantic Program (OSNAP) West
(left) and OSNAP East (right). The top row shows the OSNAP observations averaged over years 2014–2020 from Fu
et al. (2023). The middle row shows CM4X‐p125, and the bottom row shows CM4X‐p25, with both models averaged over
years 2014–2020. The color bar on the right column indicates the densities of the colored potential density contour lines. The
red isopycnals in (a–f) denote the density level at which the maximum mean Atlantic Meridional Overturning Circulation
occurs in each subsection, with these densities given for (OSNAPWest, OSNAP East) by (27.67 kg m− 3, 27.55 kg m− 3) for
the observations, (27.69 kg m− 3, 27.55 kg m− 3) for CM4X‐p125, and (27.67 kg m− 3, 27.55 kg m− 3) in CM4X‐p25.
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observed AMOC fingerprint (Yan et al., 2019) and inconsistent with further observational measures (Held
et al., 2019; Menary et al., 2020; Robson et al., 2022). The improved historical AMOC changes simulated in
CM4X are likely related to the refined horizontal atmospheric grid spacing used by CM4X (50 km) compared to
that employed in CM4.0 (100 km) (see Appendix A1 in Part I, Griffies et al., 2025a). Previous studies have shown
that climate models with coarse horizontal atmospheric grid spacing overestimate the aerosol indirect effect
(Donner et al., 2016; Sato et al., 2018; Zhao et al., 2018b). The impact of the horizontal atmospheric grid spacing
on the aerosol indirect effect deserves more future investigation.

The static vegetation approach (no land use change, no CO2 fertilization effect, and no demography change)
employed in CM4X historical simulations might also contribute to the different simulated historical AMOC
changes compared to those simulated in CM4.0 (again, see Appendix A2 in Part I, Griffies et al., 2025a).

Figure 29. Sigma‐z diagram of volume transport across Overturning in the Subpolar North Atlantic Program (OSNAP) West
(left column) and East (right column) for OSNAP observations (Fu et al., 2023) (top row), CM4X‐p125 (middle row), and
CM4X‐p25 (bottom row), all computed over years 2014–2020. The color shading in each panel shows the integrated volume
transport (Sv) (red refers to poleward transport and blue is equatorward) across each section over each potential density (σ0;
potential density referenced to 0 dbar) bin (x‐axis) and depth bin (y‐axis). The integrated transport across each subsection over
each potential density bin summed over the entire depth range is shown in the blue curve above. The integrated transport across
each subsection at each depth bin summed over the entire potential density range is shown in the blue curve on the left. The blue
line plots for the Climate Model version 4X (CM4X) results have the OSNAP measurements from panels (a) and (d) (here
shown in orange) plotted for direct comparison to CM4X.
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Additional experiments in future studies are needed to fully understand the
improvement in simulated historical AMOC changes in CM4X. In Figure 30
we also show the AMOC strength for the SSP5‐8.5 scenario experiment,
whereby the AMOC weakens starting around year 2000 in CM4.0 and
CM4X, with the year 2100 strength in each model less than half their pre‐
industrial strength.

6.4. Formation of North Atlantic Deep Water by Surface Buoyancy
Fluxes and Modification by Mixing

Figure 31 shows the time‐mean of the water mass budget (diagnosed
following Drake et al. (2025)) in potential density coordinates,

∂tM≥ = Ψ≥ + S≥ + G (4)

for two key regions of the Subpolar North Atlantic. M≥ = M≥ (σ2, t) is the
mass of water denser than σ2 at time t within a given region; Ψ≥ is the total
transport into the region for waters denser than σ2; S≥ is direct addition of
seawater mass from boundary fluxes; and G is the total WMT rate (positive
when it tends to increase the mass of denser water). We further decompose
Ψ≥ = ∑Ψ (boundary)

≥ into contributions from different sections along the re-
gions' boundaries and G ≡ ∑G( process) to distinguish contributions from
boundary fluxes G(BF) (primarily due to air‐sea fluxes of heat, salt, and
freshwater), parameterized mixing processes G(mix), and spurious numerical
mixing G(Spu). All terms are diagnosed directly from mass, heat, and salt
tendencies, except for the spurious numerical mixing G(Spu), which we iden-
tify as the budget residual (see Drake et al. (2025) for details). Because we use
monthly‐mean budget tendencies that are binned online into depth co-
ordinates, however, some error may be introduced by the omission of sub‐
monthly correlations between the tendencies and σ2.

In the Labrador Sea (Figures 31a and 31b), there is a nearly perfect time‐mean
balance between surface‐forced water mass transformations (peaking at
− 7 Sv at σ2 = 36.6 kg/m3) and export across the OSNAP‐West section.
Contributions from other terms are negligible, such as the inflow of dense
water through Davis Strait and local transformation by mixing processes. In
the Irminger Sea and Iceland Basin (Figures 31c and 31d), by contrast, the
peak surface‐forced WMT is weaker (10 Sv) and occurs at a lighter density
(36.2 kg/m3) than what is exported southward across the OSNAP‐East sec-
tion, which peaks at 15 Sv for waters denser than σ2 = 36.4 kg/m3. The
difference between the transformation and overturning transport is due to (a)
relatively dense Nordic Sea waters overflowing across the Greenland Scot-
land Ridge (peaking at 36.6 kg/m3) and (b) spurious numerical entrainment of
the lighter surface‐forced waters (as opposed to parameterized entrainment,
which is relatively weak). These model results are qualitatively consistent
with the observation‐based analysis of Evans et al. (2023), in that the total
surface‐forced WMT peaks at a lighter density than the overturning across
OSNAP and that interior mixing processes play a non‐negligible role in this

transformation. In both cases, the differences between CM4X‐p25 and CM4X‐p125 are relatively modest: due to
slightly less spurious numerical mixing, CM4X‐p125 appears to export less deep water across OSNAP‐East at the
peak density but more at the highest densities.

Figure 31e shows the spatial distribution of surface‐forced water mass transformations at the isopycnal of peak
export across the OSNAP arrays in each region. In the Irminger Sea and Iceland Basin, transformations are

Figure 30. Top panel: Climatological annual mean Atlantic Meridional
Overturning Circulation (AMOC) streamfunction strength across the Rapid
Climate Change Programme (RAPID) section (26.5°N) for the models
computed over years 2004–2022 using CM4.0, CM4X‐p25, and CM4X‐p125,
in comparison with the RAPID observations over the period of 2004–2022.
Positive values correspond to clockwise overturning when looking west.
Middle panel: Time series of the maximum annual mean AMOC strength across
the RAPID section for the preindustrial control simulations using CM4.0,
CM4X‐25, and CM4X‐p125. The time series are smoothed with a 30‐year
running mean. The dark line on the right depicts the range (mean±one standard
deviation of annual mean) of the observed maximum annual mean AMOC
strength across the RAPID section over the period of 2004–2022. Bottom panel:
Time series fromCM4.0, CM4X‐p25, and CM4X‐p125 of the maximum annual
mean AMOC strength across the RAPID section for the piControl, historical
over years 1850–2014 (shaded region), and the SSP5‐8.5 scenario experiment
from 2014 to 2100. The time series are smoothed with a 5‐year running mean.
The dark line on the right depicts the range (mean±one standard deviation of
annual mean) of the observed maximum annual mean AMOC strength across
the RAPID section over the period of 2004–2022.
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concentrated immediately downstream of the Denmark Strait, further downstream along the East Greenland
Current, along the Reykjanes Ridge, and on the southern edge of the Iceland Faroe Ridge, qualitatively consistent
with observation‐based estimates (Petit et al., 2020). In the Labrador Sea, transformations are concentrated along
the northwestern continental slope, also qualitatively consistent with observation‐based estimates (Zou
et al., 2024).

As discussed in Section 6.3, the deep water export across OSNAP‐West is unrealistically strong in both CM4X‐
p25 and CM4X‐p125. Our water mass analysis suggests this result is a direct result of too‐high surface‐forced
water mass transformations, supporting the previous section's hypothesis that this is related to a bias in dense
layer outcrop areas or mixed‐layer depths. Furthermore, our analysis suggests that the light and shallow biases of
the CM4X AMOC is in part attributable to spurious numerical mixing, which transforms a few Sv of inflowing
dense Nordic waters (with 36.8 kg/m3 ≤ σ2 ≤ 37.2 kg/m3) towards lighter density classes. The regional WMT
budget calculations shown here are extended to the global scale in Section 6.5 of Part I (Griffies et al., 2025a).

Figure 31. Water mass budgets in potential density (σ2) coordinates in CM4Xp25 (a, c) and CM4Xp125 (b, d, e) for a
Labrador Sea region (a, b) and a Irminger Sea and Iceland Basin region (c, d). In panel (e), the Labrador region is bounded to
the northwest by a Davis Strait section (blue) and to the southeast by the Overturning in the Subpolar North Atlantic Program
(OSNAP)‐West section (green; see Fu et al. (2023)) while the Irminger‐Iceland region is bounded to the northeast by the
Greenland‐Scotland Ridge (orange) and the to south by the OSNAP‐East section (red). Within the two regions, colors
represent the rates of water mass transformation per unit area across the isopycnal of peak transport across the OSNAP array
(dashed and dotted lines in a–d) due to boundary fluxes (i.e., the integrand of G(BF), which is dominated by air‐sea heat and
freshwater fluxes). Outside of the two regions, colors represent seafloor depth. All terms in the water mass budget are computed
following Drake et al. (2025) and represent the 2010–2024 time‐mean of monthly‐mean transformation rates diagnosed from
the forced (historical+ SSP5‐8.5) scenarios. [Overturning transport values differ from those reported in Section 6.3 because we
use different density coordinates, averaging intervals, and forcing scenarios].
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6.5. Conclusions Regarding the North Atlantic Simulations

While representation of the deep western boundary current is expected to play a role in altering Gulf Stream
vertical structure, Ezer (2016), Schoonover et al. (2017), and Debreu et al. (2022) stress the importance of
realistically resolving a smooth continental slope so to allow for realistic flow‐topography interactions. Resolving
flow‐topography interactions is a function of model horizontal and vertical grid spacing. As discussed in Ap-
pendix A8 of Part I (Griffies et al., 2025a), both CM4X‐p25 and CM4X‐p125 make use of a realistic topography
consistent with the horizontal grid spacing, and with CM4X‐p125 making use of updated topographic data sets
relative to CM4X‐p25 (whose topography is discussed in Adcroft et al. (2019)). Likely the result of improvements
on many fronts, Chassignet and Xu (2017) conclude that a transition from unrealistic to realistic representation of
the Gulf Stream and offshore mesoscale turbulence should be expected once reaching 1/12° and finer. Hence, we
withhold expectation that the Gulf Stream in CM4X should match the observational estimates from Todd (2021),
with the slight improvements in CM4X‐p125 relative to CM4X‐p25 suggesting a trend in the right direction.

When compared to CM4.0, the CM4X simulations generally have a better representation of the maximumAMOC
strength across both the subpolar and the subtropical sections, and multidecadal AMOC changes in the CM4X
historical simulations are also improved. Comparing CM4X‐p125 and CM4X‐p25, the refined grid spacing in
CM4X‐p125 leads to a slightly better AMOC representation across the OSNAP section, especially across the
OSNAP West subsection enclosing the Labrador Sea with improved (reduced) density contrast between the
Labrador Sea boundary outflow and inflow. A linear relationship between subpolar gyre strength and the
maximum subpolar overturning strength is generally observed in many climate models (Meccia et al., 2021).
Thus, the relatively weaker subpolar gyre in CM4X‐p125 compared to CM4X‐p25 is consistent with the reduction
in the maximum AMOC strength across the OSNAP section.

Many North Atlantic modeling biases in CM4.0 also exist in CM4X, such as the overestimation of winter deep
convection in the Labrador Sea, the missing winter deep convection in the Greenland Sea, the underestimation of
the strength of the dense Nordic Sea overflows across the OSNAP section, the shallow AMOC depth, and the
weak low‐frequency AMOC variability in the piControl simulation. These long‐standing modeling biases in the
North Atlantic, especially the underestimation of the dense Nordic Sea overflows that also appears in other
coupled climate models with a hierarchy of resolutions (Roberts et al., 2019; Yeager et al., 2021), are key areas for
future improvements and more experiments are needed to address the processes involved in reducing these biases.
In particular, future improvements in the strength of the dense Nordic Sea overflows (including both the Denmark
Strait overflow and the Iceland‐Scotland overflow) across the subpolar section will enhance the vertical strati-
fication in the Labrador Sea and thus reduce the Labrador Sea winter deep convection strength, as well as deepen
the downstream AMOC. Future improvements in the Arctic dense water formation might also contribute to the
improvement of the dense Nordic Sea overflows and the downstream AMOC.

7. Strategies for Ocean Climate Model Development
CM4X exemplifies the value of a hierarchy of coupled climate models where the only difference is the grid
spacing. Such hierarchies provide a means to expose the importance, or lack thereof, for the enhanced repre-
sentation of dynamical processes. Having two or more model configurations among a hierarchy provokes
questions that go unasked with a single model. We propose that the expansion of model phase space to include
carefully built hierarchies, such as the CM4Xwhose members represent a vigorous ocean mesoscale, is a useful, if
not necessary, step to furthering the science going into climate models and the science emerging from simulations.

Although CM4X‐p125 reaches thermal equilibrium in a remarkably short time (see the Part I analysis in Griffies
et al. (2025a)), the analysis in this paper revealed that there remain many familiar biases in need of being
addressed in future development projects. Particular biases revealed in our analysis include: weak interannual
variability in the tropics, as revealed by the skewness of the sea level (Figure 3 in Section 2.2); a poor repre-
sentation of the eastern boundary upwelling zones, in part due to under‐resolved ocean and atmosphere dynamics
as well as the representation of low level clouds (Section 3); biases in the sea ice seasonal cycle, reflecting a
number of possible process biases (Section 4); overly strong ventilation properties of mode and intermediate
waters of the Southern Ocean, likely related to under‐resolved mesoscale eddy processes at the high latitudes
(Figure 9 of Part I); an overly diffuse Gulf Stream as it leaves the American coast, possibly due to over‐dissipation
(Sections 2.2 and 6.1); overly shallow overflows in the North Atlantic (Figure 27) and overly deep mixed layers in
the Labrador Sea (Figure 9 in Part I, Griffies et al., 2025a), likely due to under‐resolved mesoscale processes and
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too much entrainment in the deep overflows. Even with these remaining issues, each of the biases are generally
reduced in CM4X‐p125 relative to CM4X‐p25. From an oceanographic perspective, the key advantage of rapid
thermal equilibration is that it allows one to examine ocean properties within a thermally equilibrated climate
model, with those properties not having drastically drifted outside their physically sensible range. So although
CM4X‐p125 has many biases in need of further reduction, we propose that it provides a powerful venue for
studying climate dynamics.

There are compelling arguments that, for purposes of centennial climate studies and climate change projections,
the community should prioritize advances in numerical and computational methods to facilitate the direct
simulation of the ocean mesoscale (Silvestri et al., 2024). The order of magnitude reduction in thermal equili-
bration time found in the CM4X‐p125 simulation, relative to CM4X‐p25, bolsters that argument. That is, the finer
ocean grid used in CM4X‐p125 has four times the number of grid points and uses half the time step; however, this
factor of eight added expense for CM4X‐p125 is offset by its factor of 10 shorter thermal equilibration time.
Advances signaled by CM4X‐p125 are supported by advances in the numerical methods related to the MOM6
vertical Lagrangian dynamical core (Griffies et al., 2020). In particular, the quasi‐isopycnal vertical coordinate
used in the ocean interior greatly reduces spurious diapycnal mixing relative to a geopotential‐like coordinate
(Adcroft et al., 2019). Spurious numerical mixing is very difficult to minimize using standard Eulerian based
numerical methods in the presence of a strong downscale cascade of tracer variance enabled by mesoscale eddies
(Griffies et al., 2000). Developments leading to the MOM6 dynamical core were partly motivated to address this
difficulty, particularly when confronted with the hundreds to thousands of mesoscale eddy turnover timescales
accessed by climate simulations, thus allowing for seemingly small numerical errors to accumulate to have
nontrivial detrimental impacts on stratification. Combining advances in numerical methods to advances in
computational hardware and software could render CM4X‐p125 the coarsest, not the finest, member of a future
climate model hierarchy.

Data Availability Statement
Software comprising the model as well as the software for creating the figures are available from Griffies
et al. (2025b).

Observation‐based data sets used in this paper are cited locally. We are indebted to the many efforts of the various
programs providing observational‐based data used to help evaluate these simulations, including the following.

• The Argo program provides data that were collected and made freely available by the International Argo
Program and the national programs that contribute to it, with access available from http://www.argo.ucsd.edu
and http://argo.jcommops.org.

• The Argo Program is part of the Global Ocean Observing System.
• Data from the RAPIDAMOC observing project is funded by the U.K. Natural Environment Research Council,

U.S. National Science Foundation (NSF) and with support from NOAA. The data is freely available from
https://rapid.ac.uk/, and we made use of the release documented in Moat et al. (2025).

• Data from the full OSNAP (Overturning in the Subpolar North Atlantic Program) array (Fu et al., 2023) were
downloaded from https://www.o-snap.org/. OSNAP data are collected and made freely available by the
OSNAP project and all the national programs that contribute to it (www.o-snap.org). The DOI for this data set
is https://doi.org/10.35090/gatech/70342.
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