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ABSTRACT: To improve understanding of ocean processes impacting monthly sea surface temperature (SST) variability,
we analyze a Community Earth System Model, version 2, hierarchy in which models vary only in their degree of ocean
complexity. The most realistic ocean is a dynamical ocean model, as part of a fully coupled model (FCM). The next most
realistic ocean, from a mechanically decoupled model (MDM), is like the FCM but excludes anomalous wind stress–driven
ocean variability. The simplest ocean is a slab ocean model (SOM). Inclusion of a buoyancy coupled dynamic ocean as in
the MDM, which includes temperature advection and vertical mixing absent in the SOM, leads to dampening of SST vari-
ance everywhere and reduced persistence of SST anomalies in the high latitudes and equatorial Pacific compared to the
SOM. Inclusion of anomalous wind stress–driven ocean dynamics as in the FCM leads to higher SST variance and longer
persistence time scales in most regions compared to the MDM. The net role of the dynamic ocean, as an overall dampener
or amplifier of anomalous SST variance and persistence, is regionally dependent. Notably, we find that efforts to reduce
the complexity of the ocean models in the SOM and MDM configurations result in changes in the magnitude of the
thermodynamic forcing of SST variability compared to the FCM. These changes, in part, stem from differences in the sea-
sonally varying mixed layer depth and should be considered when attempting to quantify the relative contribution of
certain ocean mechanisms to differences in SST variability between the models.

KEYWORDS: Atmosphere-ocean interaction; Oceanic mixed layer; Sea surface temperature; Climate models;
Ocean models

1. Introduction

Identifying sources of climate variability, particularly as
originating from the ocean or atmosphere, is a central scien-
tific question with practical implications for predictability on
time scales ranging from subseasonal to decadal and longer.
The predictability of climate variations relies heavily on vari-
ability in the ocean, particularly from sea surface temperature
(SST) anomalies. Compared to the atmosphere, the higher

heat capacity of the ocean elongates the time scales of
ocean thermal anomalies (Frankignoul and Hasselmann 1977;
Bladé 1997; Barsugli and Battisti 1998), thereby supporting
sustained SST anomalies that may in turn lead to a persistent
ocean-forced atmospheric response (Bladé 1997). Seasonal
variations in the mixed layer depth (MLD) can also trap
wintertime thermal anomalies in the ocean’s subsurface that
then reemerge the following winter in the form of SST anom-
alies (Alexander and Deser 1995), leading to prediction skill
at longer lead times in the North Pacific (Joh et al. 2022). In
addition, the ocean dynamical response to the overlying winds
often evolves on time scales longer than the wind variability
itself, allowing ocean thermal variability to take on a lower
frequency compared to the atmosphere, thus extending the
potential predictability (Schneider et al. 2002). For example,
anomalous wind stress curl on monthly time scales in the
extratropical North Pacific can produce westward-propagating
ocean Rossby waves that take years to cross the basin, gener-
ating decadal SST signals near the Kuroshio Extension region
(Miller et al. 1998; Deser et al. 1999; Schneider and Miller
2001; Seager et al. 2001; Kwon and Deser 2007; Newman
et al. 2016) and leading to longer lead prediction skill (Joh
et al. 2022). On multiyear and decadal time scales, increased
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predictability of upper ocean thermal variations in the North
Atlantic (e.g., Smith et al. 2019) has been attributed to anom-
alous heat flux convergence in the subpolar gyre (Zhang et al.
2019; Yeager 2020).

Feedbacks between the atmosphere and the ocean also in-
crease the persistence of SST anomalies (McCreary 1983;
Latif and Barnett 1994; Gu and Philander 1997; Qiu 2003).
For example, the atmosphere–ocean coupled Bjerknes feed-
back (Bjerknes 1969) in the tropical Pacific gradually ampli-
fies SST anomalies, extending their lifetime and expanding
their zonal extent throughout the tropical Pacific. Feedbacks
between SST and clouds can enhance the variance of SST
anomalies on decadal and longer time scales (Bellomo et al.
2014), as well as impact the frequency of El Niño–Southern
Oscillation (ENSO) through coupling of the clouds to overly-
ing circulation (Rädel et al. 2016; Middlemas et al. 2019). The
cloud radiative effect (Hartmann and Short 1980; Norris and
Leovy 1994) on SST also contributes to SST variability on cli-
mate time scales. Overall, slower ocean processes and coupled
feedbacks can enhance the predictability of SST anomalies
and the associated atmospheric circulation changes. There-
fore, realistically representing these ocean-related processes
in coupled climate simulations impacts the simulated spatial
pattern, time scales, predictability, and impacts of SST
variability.

On the one hand, improving the representation of ocean
processes in coupled models is necessary to simulate the sta-
tistics of observed SST variability and coupling with the

overlying atmosphere (e.g., Bellucci et al. 2021; Meccia et al.
2021; Putrasahan et al. 2021; Tsartsali et al. 2022). On the
other hand, the complexity of the ocean and related processes
complicates attribution studies. Indeed, many breakthroughs
in climate dynamics have been made by stripping down com-
plex coupled models into simpler forms. This approach has
long been applied to uncover the physical processes necessary
to explain midlatitude SST variability (Frankignoul and
Hasselmann 1977; Frankignoul 1985; Barsugli and Battisti 1998;
Alexander et al. 2000; Seager et al. 2000; Deser et al. 2003; Liu
et al. 2023) and phenomenological SST variations like ENSO
(e.g., Zebiak and Cane 1987; Suarez and Schopf 1988; Battisti
and Hirst 1989; Jin 1997; Capotondi and Sardeshmukh 2015).
These studies motivate the approach taken in this paper, to
compare SST variability between a coupled model with a fully
interactive dynamic ocean, hereafter referred to as a fully cou-
pled model (FCM), and models with simpler representations of
ocean processes.

An interactive dynamic ocean, as in FCMs, can alter SST
through three broad categories of processes: 1) local ocean
processes, 2) ocean dynamical processes, and 3) thermo-
dynamically coupled air–sea processes (see Fig. 1, FCM col-
umn). We define local ocean processes as vertical ocean
processes that can act to both damp and enhance SST anoma-
lies, like mixing, entrainment, and processes that depend on
the MLD like the reemergence mechanism (Alexander and
Deser 1995). We define ocean dynamical processes as those
that invoke either the seasonally varying climatological mean

FIG. 1. Ocean and coupled air–sea processes important for SST variability represented in the CESM2 SOM, MDM,
and FCM. The term P* indicates processes that are parameterized through the prescribed Qflx in the SOM. The term
B* indicates that vertical mixing and entrainment related to anomalous wind stress–driven ocean circulation variabil-
ity are absent. While the MDM includes many of the ocean and coupled air–sea processes simulated by the FCM, the
MDM lacks any resulting variations that are driven by anomalous wind stress forcing on the ocean. The ocean circula-
tion variability may include contributions from the AMOC in the FCM andMDM. See Larson et al. (2020) for further
details.
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y or anomalous y ′ ocean circulation to change SST through
divergence of ocean heat transport yT, including features
such as gyre circulations, overturning circulations, Ekman
transports, and oceanic waves. The heat transport can be
driven by wind stress (momentum) or by buoyancy fluxes,
which consist of freshwater and thermal exchanges between
the atmosphere and the ocean. The ocean heat transport can
be decomposed into the following:

yT 5 yT 1 yT′ 1 (y ′buoyT 1 y ′tT) 1 (y ′buoyT′ 1 y ′tT
′), (1)

which consists of the mean heat transport yT (first term on
the right-hand side), the anomalous transport of anomalous
temperature T′ by the mean circulation (second term), the
anomalous transport of mean temperature by the anomalous cir-
culation (third term), and the anomalous transport of anomalous
temperature by the anomalous circulation (fourth term). The
anomalous circulation is decomposed into that driven by anoma-
lous wind stress y ′t and anomalous buoyancy forcing y ′buoy.
Dynamic ocean circulation variability is generally thought to en-
hance large-scale SST variability (Larson et al. 2018b), although
with some exceptions related to Ekman transport in the subtrop-
ical oceans (Kang et al. 2008; Larson et al. 2018b; Small et al.
2020; Takahashi et al. 2021; Hasan et al. 2022). Dynamic ocean
processes may also act to dampen SST variability, for example,
through advection of mean ocean temperature. We stress that
this decomposition is shown primarily to improve the conceptual
understanding and distinction of processes between the hierar-
chy members. We acknowledge that this decomposition assumes
that the buoyancy and wind stress contributions are roughly lin-
ear, which neglects the possible occurrence of nonlinear interac-
tions between the different processes.

We define thermodynamically coupled air–sea processes as
those in which the SST is thermodynamically coupled to
changes in the atmosphere, including the damping of SST
anomalies through turbulent heat fluxes (e.g., Newtonian
cooling) and the generation of SST anomalies through pro-
cesses such as the wind–evaporation–SST (WES; Xie and
Philander 1994) and cloud–SST feedbacks. Specifically, these
are local thermodynamically coupled processes where air–sea
heat exchange leads to the anomalous SST without invoking
ocean circulation changes. Hereafter, “ocean damping” refers
to all ocean processes that may damp SST anomalies, includ-
ing vertical mixing, entrainment, mixed layer depth processes,
and advection by the mean ocean circulation.

Evaluating the role of a dynamic ocean on SST variability
is often done through comparisons between a FCM and a ver-
sion of the model in which the dynamic ocean is replaced with
a thermodynamic mixed layer, often referred to as a slab
ocean model (SOM; see the SOM column in Fig. 1 for related
processes). The thermodynamic mixed layer ocean allows for
consistency between the air–sea heat fluxes and changes in
the underlying ocean temperature and modifies the represen-
tation of the atmospheric circulation and heat flux response to
SST (Saravanan and Chang 1999; Yulaeva et al. 2001; Sutton
and Mathieu 2002). SST variations that occur only in the
FCM or SST anomaly patterns that have significantly different

variances when comparing the SOM with the FCM indicate a
role for interactive ocean dynamics (Gozdz et al. 2024). Indeed,
SOMs can simulate unrealistically high SST variability, presum-
ably due to the lack of ocean damping (Murphy et al. 2021; Liu
et al. 2023). Often it is assumed that if similar climate variations
occur in the SOM and FCM versions, ocean dynamics are con-
sidered unnecessary to generate the variability. However, this
argument is sometimes difficult to support, as SOMs lack both
ocean processes that damp SST anomalies as well as ocean dy-
namics known to amplify SST variance. Therefore, if similar
magnitude SST variability occurs in the SOM as the FCM, it
may be for different physical reasons, although this can be diffi-
cult to prove (Clement et al. 2015; Zhang et al. 2016; Cane et al.
2017). Another complicating factor is that SOMs generally ap-
ply a time-invariant MLD which impacts MLD processes im-
portant for SST variability (Bitz et al. 2012; Yamamoto et al.
2020; Liu et al. 2023). Overall, these disparities make it difficult
to attribute differences or similarities in the SOM and FCM
SST to specific oceanic or coupled air–sea processes.

The present study addresses the above concerns by analyz-
ing monthly SST variability in a coupled model hierarchy with
an intermediate step between SOM and FCM versions, allow-
ing for attribution of the different ocean and air–sea coupled
processes associated with an interactive ocean in driving SST.
This intermediate step is a mechanically decoupled model
(MDM; Larson and Kirtman 2015; Larson et al. 2017, 2018b,
2020). The MDM includes the same dynamic ocean model as
the FCM, but the ocean lacks anomalous wind stress–driven
ocean dynamics (Fig. 1, MDM column). Therefore, SST
variations in the MDM are buoyancy forced, which includes
contributions from air–sea thermodynamics as well as ocean
dynamics driven by buoyancy forcing, whereas variations in
the SOM are strictly forced by air–sea thermodynamics. How-
ever, the presence of the seasonally varying ocean circulation
and MLD, as well as anomalous buoyancy-forced ocean dy-
namics like the basin-scale Atlantic meridional overturning
circulation (AMOC), can also modify SST variability in the
MDM. Importantly, key sources of ocean damping are also
present in the MDM, including vertical mixing, entrainment,
and advection by the mean ocean circulation, whereas many
dynamical sources of SST variability, as facilitated through
anomalous wind stress–driven ocean dynamics, are absent.
More generally, the MDM contains more ocean processes
than the SOM, but fewer than the FCM. Comparing the SOM
and MDM can uncover the collective role of MLD variability,
buoyancy coupled ocean dynamics, and ocean damping on cli-
mate variations, whereas comparing the MDM and FCM can
uncover the role of wind stress–driven ocean dynamics on
SST variability. We present considerations for interpreting
the relative contribution of these different physical processes
in this paper.

While previous studies have compared SST variations
between SOM and FCM simulations (e.g., Bitz et al. 2012;
Clement et al. 2011, 2015; Murphy et al. 2021) and MDM ver-
sus FCM simulations (Larson et al. 2017, 2018b; Zhang et al.
2021; Luongo et al. 2024), to our knowledge, this is the first at-
tempt to systematically analyze all three versions together to
diagnose the role of ocean processes and MLD climatologies
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in driving anomalous SST. The paper is organized as follows.
Section 2 introduces the Community Earth System Model,
version 2 (CESM2), hierarchy and observational datasets.
Section 3 introduces analysis methods. Section 4 compares
the MLD climatology, annual-mean SST, and SST variability
between the model versions and investigates the role of ocean
processes and MLD differences to understand the SST differ-
ences. Sections 5–7 include a summary, implications, and dis-
cussion, respectively.

2. CESM2 hierarchy

All model versions analyzed in this study originate from the
CESM2 (Danabasoglu et al. 2020) base code. Figure 2 shows
a schematic representation of the air–sea coupling and ocean
component of each hierarchy member considered in this
study. Hierarchy members are introduced in order from most
to least ocean complexity, beginning with the FCM.

a. FCM

CESM2 is a state-of-the-art fully coupled model consisting
of atmosphere, ocean, land, and sea ice, and while it has the
capability of simulating the Greenland ice sheet, the simula-
tions here assume fixed ice sheets (Danabasoglu et al. 2020).
The individual interactive model components are the Com-
munity Atmosphere Model, version 6 (CAM6), the Parallel
Ocean Program, version 2 (POP2; Smith et al. 2010), the
Community Land Model, version 5 (CLM5; Lawrence et al.
2019), and the Los Alamos Community Ice Code, version 5
(CICE5; Hunke et al. 2015), sea ice model. The model com-
ponents exchange fluxes through the Common Infrastructure
for Modeling the Earth (CIME) coupler framework. The
CAM6 and POP2 model simulate the general circulation of
the atmosphere and ocean, respectively.

All configurations of CESM2 considered in this comparison
are of nominal 18 horizontal resolution. In CAM6 and CLM5,
the latitudinal grid spacing is 0.98, longitudinal grid spacing is
1.258, and the vertical dimension of CAM6 is divided into 32

levels with a model top at around 40 km. Both POP2 and
CICE5 have a variable latitudinal grid with finer resolution at
the equator of 0.278, uniform longitudinal grid of 1.1258, and
60 vertical levels. The vertical levels are uniformly distributed
every 10 m in the upper 160 m and gradually coarsen in depth
below. All configurations are run with fixed preindustrial radi-
ative forcing from the year 1850, so climate variations in all
models are due to natural variability and not changes in exter-
nal forcing. The FCM analyzed in this study is the version of
CESM2 that contributed to phase 6 of Coupled Model Inter-
comparison Project (CMIP6; Eyring et al. 2016) and is freely
available on NCAR’s Climate Data Gateway. We analyze
model years 1100–1699, a total of 600 years. These model
years match those from the MDM (section 2b) and allow for
spinup of the deep ocean.

In the FCM, the ocean is coupled to the atmosphere through
buoyancy and momentum fluxes (Fig. 2, FCM panel). Momen-
tum fluxes represent the stress imparted on the ocean via wind
stress t. The t can be decomposed into climatological t and
anomalous t′ components. Buoyancy fluxesQbuoy are defined as
the sum of the net air–sea heat fluxes Qnet and freshwater fluxes
Qfw. TheQnet consists of incoming shortwave and outgoing long-
wave radiative heat fluxes and sensible and latent heat fluxes.
Climatological buoyancy fluxes are represented byQbuoy. Ocean
variability is typically generated through anomalous exchanges
of buoyancy Q′

buoy and anomalous momentum t′ fluxes. We
refer to the contribution of the latter term as t′ dynamics or
anomalous wind stress–driven ocean dynamics. The coupling
frequency of the ocean model is hourly; therefore, each forcing
term is computed in CIME for each model hour.

b. MDM

To determine the relative role of t′ dynamics on SST, we inte-
grate a mechanically decoupled version (Larson and Kirtman 2015;
Larson et al. 2017, 2018b, 2020; McMonigal et al. 2023) of
CESM2 to compare with the FCM. In the MDM, the ocean cir-
culation is driven by the seasonal cycle of t along with Qbuoy
and Q′

buoy. However, t′ and the related t′ dynamics cannot
drive changes in ocean circulation (see Fig. 1, MDM column;
Fig. 2, MDM panel), leaving ocean circulation variability gen-
erated solely through anomalous buoyancy fluxes Q′

buoy. SST
variations may also be generated through the advection of SST
anomalies by the mean ocean circulation. Hence, we refer to
this ocean representation as a buoyancy coupled dynamic
ocean. If SST variations are present and have similar variance
in both the MDM and the FCM, then they are considered
buoyancy forced.

The MDM version is implemented by overwriting the t

forcing on the ocean with climatological wind stresses t com-
puted from the FCM. The temporal resolution of t is 6-hourly
to resolve the seasonal and diurnal cycles. To obtain the
FCM’s 6-hourly zonal and meridional t component climato-
logies, we rerun the FCM for 50 years from the model restart
files originating from the year 1051, output hourly t from
CIME, and compute the 6-hourly climatologies over the 50-yr
period. A 6-hourly climatology is chosen to reduce the local
memory required for the forcing files while retaining the

FIG. 2. Summary of the CESM2 hierarchy. POP2 refers to the
dynamic ocean model in CESM2. CAM6 refers to the atmosphere
model. In the SOM, Qnet is the monthly climatology of the net air–
sea heat flux. The termQ′

net is the anomalous air–sea heat flux, and
Qflx represents the prescribed monthly climatology of ocean heat
transport convergence described in section 2c. In the FCM, the cli-
matological buoyancy fluxes Qbuoy and wind stress forcing on the
ocean t and the related anomaliesQ′

buoy and t′ drive the mean and
anomalous ocean circulation. The MDM is similar to the FCM, ex-
cept that t′ cannot drive changes in the ocean circulation.
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diurnal cycle. Using CIME output ensures the climatologies
are in the identical format POP2 expects and no remapping
onto the POP2 grid is necessary, thereby eliminating potential
interpolation errors. Given that CIME communicates infor-
mation, including t, to the ocean once every hour, we use the
first 6-hourly climatology on a given day to force the ocean
from 0001 to 0600 LT, the second 6-hourly climatology for
daily hours 0601–1200 LT, and so on. Prescribing the t from
the FCM is critical to obtain a cleaner comparison to the
FCM, as prescribing climatology from reanalysis products can
severely modify the tropical Pacific mean state (Larson et al.
2017). Notably, wind variability is still included in the bulk for-
mula for turbulent heat fluxes; thus, the MDM remains thermo-
dynamically coupled (e.g., Ding et al. 2014, 2015). Note that to
maintain comparable mean state sea ice between the FCM and
the MDM, decoupling is not applied to the atmosphere-to-sea
ice stress. When mechanical decoupling is applied to the atmo-
sphere-to-sea ice stress, the sea ice adjusts to its thermodynamic
equilibrium, resulting in a vastly different sea ice mean state
compared to the FCM. The MDM is branched from the FCM
restart files from model year 1051. Years 1100–1699, a total of
600 simulation years, are analyzed here. This simulation is also
freely available on NCAR’s Climate Data Gateway.

c. SOM

The simplest ocean representation analyzed in this study is
the SOM version of CESM2 (Fig. 2). In this configuration,
CAM6 is coupled to a motionless mixed layer ocean model
(see Bitz et al. 2012). Similar to the FCM and MDM, the
SOM includes a dynamic sea ice model CICE5. As typically
done with SOMs, to simplify the mixed layer temperature ten-
dency equation, the MLD in the SOM is prescribed as the
annual-mean MLD from the FCM, which varies spatially.

To closely reproduce the SST mean state and seasonal cycle
from the FCM, the SOM includes aQflx term (Fig. 2, SOM panel)
in the mixed layer temperature tendency equation that attempts
to represent the monthly climatological ocean heat transports that
are present in the FCM. A time-varying Qflx is first calculated
from 50 years of a FCMCESM2 simulation as follows:

Qflx 5 r0cpH
dTmix

dt
2 Qnet, (2)

where r0 is the density of seawater, cp is the heat capacity of
seawater, H is the annual-mean MLD, dTmix/dt is the mixed
layer ocean temperature tendency, and Qnet is the net air–sea
heat flux from the ocean model. The Qflx term is then com-
puted monthly to obtain a monthly varying climatology of the
FCM ocean transport effects. See He et al. (2022) for caveats
to this approach if Qnet is obtained from the atmosphere in-
stead of ocean output. This Qflx term is added to the energy
balance equation in the SOM. Finally, the global energy im-
balance is subtracted to maintain a net zero global flux.
Despite this careful approach, differences between the SOM
and the FCM do emerge in the mean and seasonal cycle,
particularly in the subpolar North Atlantic, where differences
approach 18C. The difference in the globally averaged annual-
mean SST between the SOM and the FCM is 0.268C, closely

matching the 0.38C difference found between the CCSM4
SOM and FCM (Bitz et al. 2012). These differences are dis-
cussed further in section 4b.

Note that the 50-yr FCM simulation used to estimate H
and Qflx in the SOM, hereafter referred to as FCM50, is a
different version of the CESM2 FCM than that analyzed in
this study. In the FCM50, the sea ice albedos were altered to
generate more realistic ice in the central Arctic compared
to the previous version of the SOM with too thin sea ice.
However, FCM50 has a similar annual-mean SST to the FCM
(not shown); therefore, differences in the mean SST from the
SOM compared to the other hierarchy members appear unre-
lated to deriving H and Qflx from a slightly different FCM
version. A total of 360 years of the SOM are analyzed, and
the last 350 years are used in the analysis to avoid spinup
issues.

3. Analysis methods

The objective of this analysis is to compare SST variability
across the CESM2 hierarchy. For the MDM and the FCM,
SST is defined as the uppermost level of the ocean tempera-
ture variable TEMP. For the SOM, SST is defined from the
surface temperature TS variable, excluding grid points that
have any fraction of sea ice or land or where TS is missing for
over half the time period due to seasonality in sea ice cover-
age. The former is to eliminate grid points where TS deviates
from SST, as TS represents the weighted average of surface
temperature over different surface types. The latter is to elim-
inate grid points where TS will be biased toward the summer
season. For comparison with the CESM2, observed SST is
taken from the NOAA Extended Reconstructed SST version 5
(ERSST.v5; Huang et al. 2017) over 1950–2020. ERSST.v5 is
on a 283 28 horizontal grid.

The SST variability is estimated by computing the monthly
anomaly variance. Monthly anomalies are calculated by re-
moving the monthly climatology from the respective model.
Variances between model pairs are compared by calculating
the common (i.e., base 10) logarithm of the SST variance ratio
for each model pair at each grid point:

X 5 log10
s2

c

s2
s

( )
, (3)

where s2
c and s2

s represent the variances from the hierarchy
member with the more complex and simpler ocean models,
respectively.

The persistence of SST anomalies is estimated using a de-
correlation measure proposed by DelSole (2001). The persis-
tence time scale, or T2 as in DelSole (2001) and Buckley et al.
(2019), is calculated as

T2 5 1 1 2∑
‘

k51
r2k, (4)

where rk is the autocorrelation of anomalous SST at lag kmonths.
This approach is ideal for persistent anomalies that may also be
oscillatory.
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Following Alexander and Penland (1996) but ignoring ef-
fects due to entrainment into the mixed layer, we estimate the
anomalous SST tendency driven by air–sea heat fluxes as

­SST′

­t
’

Qnet

r0cpH

( )′
, (5)

Qnet

r0cpH

( )′
’

Q′
net

r0cpH
2

QnetH
′

r0cpH
2 2

Q′
netH

′

r0cpH
2 2

Q′
netH′

r0cpH
2

⎛⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎠, (6)

where H is the MLD, Qnet is the net heat flux from the ocean
model oriented positively downward, r0 is the density of
seawater, and cp is the heat capacity of seawater. The overbar
indicates the monthly mean climatology, and the prime indi-
cates the monthly anomaly. We refer to the first, second, and
third (in parentheses) terms on the right-hand side of Eq. (6)
as the Q′, H′, and Q′H′ terms, respectively, and the term on
the left-hand side as the Q′

total term. The H′ term represents
variations due to anomalies in the MLD, whereas Q′H′ is the
contribution related to the covariance of MLD and heat flux
anomalies. The latter tends to be largest in regions of deep
convection where MLD variations are strongly tied toQ′, and
this contribution could be underestimated by using monthly
data. Through a Taylor series expansion, Alexander and
Penland (1996) use the approximation H′/H ,, 1 to obtain

the right-hand side of Eq. (6). While their approximation is
based on daily MLD, we find that this assumption generally
holds for the seasonal time scales (e.g., DJF, MAM, JJA, and
SON) although the ratio approaches 1 in areas of deep convec-
tion in the North Atlantic during DJF and MAM (not shown).
In the SOM, H is set as the spatially varying annual-mean
MLD from the FCM or H(x, y); thus, the denominator on the
left-hand side of Eq. (6) for the SOM is constant and this term
is equivalent to the Q′ term. We compute and compare the
variances of each term on the right-hand side of Eq. (6), as ap-
plicable, across the simulations.

Finally, as our intent is to investigate how different H and
resolved ocean processes may influence SST variability in the
simulations considered, we recompute each term on the right-
hand side of Eq. (6) for each simulation but using the monthly
MLD climatology from the FCM for all models. This way, if
the variances of the individual terms from the MDM and the
SOM become more comparable to that from the FCM when
computed using the FCM MLD, we can hypothesize that dif-
ferences inH contribute to the SST variance differences.

4. Results

a. Climatological mixed layer depth

The climatological MLD in the FCM varies seasonally and is
deeper in the winter hemisphere and shallower in the summer

FIG. 3. (top) Climatological seasonal MLD (m) from the FCM. (middle) Percent difference in the seasonal mean MLD in the MDM
compared to the FCM, normalized by the FCM, calculated as 100 3 (MDM 2 FCM)/FCM. (bottom) Percent difference in the seasonal
mean MLD in the SOM compared to the FCM, normalized by the FCM. Positive values indicate that the MLD in the less complex model
(SOM or MDM) is deeper than that in the FCM. The MLD is obtained from the POP2 output variable HMXL, which is roughly esti-
mated as the depth of the maximum buoyancy gradient.
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hemisphere (Fig. 3, top row). Given that the SOM has a season-
ally invariant MLD, the climatological MLD in the SOM is over-
estimated in the summer hemisphere and underestimated in the
winter hemisphere compared to the FCM (Fig. 3, bottom row).
In fact, during JJA, the MLD in the SOM is over 300% deeper
than that in the FCM in the Kuroshio–Oyashio Extension
(KOE) and Gulf Stream Extension regions as well as most of
the high-latitude North Atlantic. In DJF, the Southern Hemi-
sphere too shows an overestimated MLD in the SOM, but to a
lesser degree.

The seasonally varying climatological MLD in the MDM is
shallower than that in the FCM in nearly all regions, as seen
in prior MDM versions of CESM (e.g., Larson et al. 2018b)
and as reported in McMonigal et al. (2023) for CESM2. The
shallower MLD in the MDM is due to the lack of t′ dynamics
on submonthly time scales, which act to deepen the MLD in
the FCM through mixing and entrainment of colder deeper
waters into the mixed layer (see Luongo et al. 2024). The dif-
ference in the MLD is most pronounced in the extratropics
where wind variability is typically largest. The MLD differ-
ences between the MDM and the FCM do not change appre-
ciably between seasons and are notably smaller than the
differences between the SOM and the FCM, especially in the
winter and summer hemispheres. We expect the large sea-
sonal differences in the MLD between the SOM and the
FCM and the year-round shallower MLD in the MDM com-
pared to the FCM to impact the overall SST variability, par-
ticularly through contributions to SST changes as in Eq. (6).

b. Annual-mean SST

We next compare the annual-mean SST across models. The
FCM reproduces the general features of the annual-mean
SST from observations (Fig. 4) but is slightly warmer in the
global mean than ERSST.v5 (Danabasoglu et al. 2020). The
FCM is cooler than the MDM nearly everywhere, as indicated
by the negative values in the FCM minus MDM difference
plot. Overall, compared to the MDM, the cooler SST and
deeper MLD in the FCM are evidence of the rectification of
t′-driven variability onto the mean SST. The lack of this effect
in the MDM can manifest in two ways that may result in

relatively warmer annual-mean SST compared to the FCM:
1) The MDM lacks t′ dynamics that may act to cool the mean
SST through wind stress–driven deepening of the MLD and
the associated entrainment of cold water from below and
2) the shallower MLD in the MDM then results in the distri-
bution of Qnet over a shallower depth, further warming the
mean SST compared to the FCM. Following Sutton et al.
(2024), differences in the extratropical SST mean state could,
in part, be related to the asymmetry of extratropical telecon-
nections due to ENSO via the “atmospheric bridge” mecha-
nism (Lau and Nath 1996). Surprisingly, the SST difference
pattern in the CESM2 versions of the FCM and MDM differs
from that in predecessor versions, namely, CESM1-CAM4
(not shown) and CESM1 (Luongo et al. 2024). We hypothe-
size that the ubiquitously warmer SST in the CESM2 MDM
compared to the FCM could also be related to the more posi-
tive low cloud–SST feedback in CESM2 compared to the pre-
decessor versions (e.g., Kim et al. 2022 and Fig. S1 in the
online supplemental material). The more positive cloud feed-
back in CESM2 could act to warm the overall SST, whereas
the same feedback is weak in CESM1 versions.

The MDM is warmer than the SOM nearly everywhere,
which can be linked to the fact that the MLD in the SOM is
set to the annual-mean MLD from the FCM. The annual-
mean MLD in the MDM is shallower than the MLD in the
SOM, thus distributing Qnet over a shallower depth. The
more efficient heating of the mixed layer and possible amplifi-
cation of the heating due to the strong low cloud–SST feed-
back then could result in a relative warming in the MDM.

The FCM annual-mean SST is cooler than the SOM SST
everywhere except near the Northern Hemisphere western
boundary current extensions. There are, however, seasonal
SST differences between the SOM and the FCM that suggest
that the annual-mean differences are, in part, related to differ-
ences in the seasonal MLD between the models. For example,
in boreal summer, the FCM SST is warmer than the SOM
throughout much of the Northern Hemisphere (Fig. S2, JJA)
when the FCM MLD is substantially shallower than that in
the SOM (Fig. 3, bottom row). The shallower MLD in the
FCM allows for more efficient daytime heating of the mixed

FIG. 4. Annual-mean SST (8C) from observations (ERSST.v5), the model hierarchy members, and the differences between each model
pair. In the difference plots, positive values indicate the model version with more complex ocean processes is relatively warmer.
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layer, resulting in relatively warmer SST compared to the
SOM. Similarly, when the FCM MLD is shallower than that in
the SOM during austral summer (DJF), the FCM shows regions
of relatively warmer SST than the SOM in the subtropical
Southern Hemisphere. In the winter hemisphere, the SOM
MLD is shallower than that in the FCM which we expect would
strengthen wintertime cooling, but instead the SOM SST is
warmer than the FCM. The SOM is also overall warmer than
the FCM in CCSM4 (Bitz et al. 2012). It is possible that the
warmer SOM SST is related to the experimental design of the
SOM. In the SOM, the global energy imbalance is subtracted at
all grid points to maintain a net zero global flux [see Eq. (2)],
thereby potentially creating sources and sinks of energy in the
SOM. This could manifest as a net warming in many regions in
the SOM, resulting in the FCM being relatively cooler than the
SOM. This same effect would also manifest in the MDM and
SOM comparison, except that the MDM lacks the rectification
of t′ dynamics onto the mean state that results in a relative
cooling in the FCM. Without this cooling effect, the MDM
could remain warmer than the SOM, explaining the differences
between the two models. Differences in the annual-mean SST
between the SOM and the FCM could also be, in part, linked to
rectified effects of nonlinearities such as amplitude asymmetry
related to ENSO present in the FCM but not in the SOM.

However, we would expect that for ENSO amplitude asymme-
try, that El Niño events tend to be stronger than La Niña
events, the FCM mean tropical SST would be more El Niño–
like compared to the SOM, but that is not the case.

c. Anomalous SST variance

The FCM reproduces the general spatial pattern of
monthly SST variance from observations with a few notable
exceptions (Fig. 5). Capotondi et al. (2020) show that CESM2
exhibits higher-amplitude ENSO variability than observa-
tions, and this overestimation in the equatorial eastern Pacific
is reflected in the higher SST variance seen in the FCM ver-
sus the ERSST.v5. The FCM also exhibits higher SST vari-
ance near the Kuroshio Extension but lower variance in the
Gulf Stream Extension and central North Pacific compared
to observations.

The SOM shows distinct centers of relatively higher SST
variance in the North Atlantic, northeast and southeast sub-
tropical Pacific, and central North Pacific. These centers of
relatively large SST variability coincide with regions of clima-
tologically high wind variability that can drive SST variations
through modulating the turbulent heat fluxes. However, dif-
ferences in low-level wind variability between the models can-
not explain the differences in SST variability in these regions,

FIG. 5. Monthly SST variance (8C)2 from observations (ERSST.v5) and the CESM2 hierarchy members. The bottom-right three panels
show the common logarithm ratio of SST variance between each model pair. Positive values indicate the model version with the more
complex ocean, indicated in the numerator, has higher SST variance at a particular grid point. Negative values indicate the model with the
simpler ocean, indicated in the denominator, has more SST variance. A log-ratio value equal to 1 indicates the model with the more com-
plex ocean has 10 times (i.e., 101) higher variance, whereas a log-ratio value of21 indicates the model with the simpler ocean has 10 times
higher variance.

FIG. 6. Correlation between monthly SST and downward SWCF anomalies for each CESM2 version.
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as the models simulate similar magnitudes of 10-m wind speed
variance away from the tropics (Fig. S3). Instead, with the ex-
ception of parts of the North Atlantic, these regions approxi-
mately coincide with where the shortwave cloud forcing
(SWCF) and SST correlation are positive in CESM2 (Fig. 6),
indicating positive feedback between the SWCF and the SST.
The MDM shows relatively high SST variance in these same
regions, but the amplitude of the variance is substantially
lower when compared to the SOM. We hypothesize that due
to the lack of ocean damping in the SOM, cloud feedbacks
and turbulent heat flux anomalies make a stronger imprint on
SST variability than in the MDM.

Following Murphy et al. (2021), in Fig. 5 we compare the
SST variability between the models by computing the com-
mon logarithm of the SST variance ratio for each model pair
[Eq. (3)]. Compared to the FCM, the MDM exhibits notice-
ably lower SST variance nearly everywhere, as indicated
by the predominantly positive FCM/MDM log-ratio values.
These results indicate that t′ dynamics generally enhance SST
variability globally, consistent with an earlier version of the
MDM (Larson et al. 2018b). The reduced variability in the
MDM could be, in part, due to the lack of ENSO teleconnec-
tions, particularly in regions like the North Pacific and tropical
ocean basins. Due to the lack of ENSO in the MDM (e.g.,
Fig. S4), the FCM exhibits over 10 times the amount of SST
variance in the tropical Pacific compared to the MDM. The
FCM also produces higher SST variance in the KOE region,
as expected given that t′ dynamics play a key role in generat-
ing interannual and decadal SST variability in the western
North Pacific (Miller et al. 1998; Deser et al. 1999; Ferreira
et al. 2001; Schneider and Miller 2001; Seager et al. 2001; Qiu
2003; Kwon and Deser 2007). Similarly, t′ dynamics, particu-
larly anomalous wind stress–driven Ekman advection, have
been shown to drive SST variability throughout the Southern
Ocean where zonal wind variability efficiently drives tempera-
ture advection across the mean meridional SST gradient
(Rintoul and England 2002; Dong et al. 2007). In the tropical
Indian Ocean, the Indian Ocean dipole SST pattern, which is
driven by t′ dynamics both related and unrelated to ENSO
(Yang et al. 2015; Stuecker et al. 2017; McMonigal and Larson
2022), contributes to the larger variance in the FCM. In the
tropical Atlantic Ocean, t′ dynamics drive SST variability as-
sociated with the Atlantic Niño (Zebiak 1993; Lübbecke et al.
2018), thus resulting in larger variance in the FCM compared
to the MDM. We note that all models considered include an
active WES feedback; therefore, the general SST characteris-
tics associated with thermodynamically coupled meridional
modes (e.g., see Amaya 2019 review) have been identified in
each of these model types (Zhang et al. 2014; Larson et al.
2018a; Zhang et al. 2021).

One notable exception in the FCM and MDM comparison
is the slightly higher SST variance in the Pacific subtropics in
the MDM compared to the FCM. Anomalous wind stress–
driven Ekman advection damps thermodynamically driven
SST variability throughout the subtropics (Larson et al.
2018b; Hasan et al. 2022), resulting in relatively higher SST
variance in the MDM, where the effect is absent. The Ekman
advection damping of the SST variance is more pronounced

in a predecessor version of CESM2 (Larson et al. 2018b). We
hypothesize this model dependence could be related to differ-
ences in the shortwave cloud–SST feedback, which is substan-
tially stronger in CESM2 than its predecessor versions
(Kim et al. 2022) and could impact the strength of the WES
feedback, but this requires further investigation.

The SOM generally has higher SST variance than the FCM,
indicated by negative log-ratio values in the FCM and SOM
comparison (Fig. 5), except in the equatorial Pacific, KOE re-
gion, and the Southern Ocean. In these three regions, t′ dy-
namics drive SST variability in the FCM that is absent in the
SOM (and MDM). Elsewhere, damping due to the dynamic
ocean in the FCM appears to dominate the differences in the
SST variance between the FCM and the SOM. Moreover, the
SOM has higher SST variance than the MDM everywhere, in-
dicating that without t′ dynamics, the ocean plays a net damp-
ing role to thermodynamically driven SST variability. In the
MDM and SOM, SST variability is primarily thermodynami-
cally driven, but in the MDM, the SST variability can be
damped by the mean ocean advection, vertical entrainment,
and mixing.

For each comparison between model pairs, the sign of the
log-ratio values and the overall patterns are generally consis-
tent across seasons (see Figs. S5–S8) suggesting that differ-
ences in ocean processes simulated are playing an important
role in the variance differences. For example, the SST vari-
ance is larger in the SOM than in the MDM even during sea-
sons when the MLD in the MDM is substantially shallower
(e.g., the summer hemisphere), which we expect would pri-
marily enhance thermodynamically driven SST variability.
However, the MDM SST variance remains lower than that in
the SOM across all seasons, indicating that processes in the
ocean that damp SST anomalies are an important contributor
to the differences, as shown in Liu et al. (2023) for the North
Atlantic. The variance in the FCM is larger than in the MDM
during all seasons, except in the small regions of the subtrop-
ics due to Ekman damping, indicating that t′ dynamics are a
primary contributor to the differences. The fact that these
differences persist across seasons, particularly for the SOM,
indicates that seasonally varying differences in the MLD are
not the only contributor to the overall variance differences.
Section 4e will further investigate the impact of the different
climatological MLDs.

d. Anomalous SST persistence

Inclusion of a buoyancy coupled dynamic ocean as in the
MDM leads not only to dampening of SST variance every-
where (Fig. 5) but also reduced persistence of SST anomalies
in the high latitudes and equatorial Pacific (Fig. 7) compared
to the SOM. The persistence of SST anomalies in parts of the
Southern Ocean in the SOM is roughly 1 year longer than
that in the MDM (and the FCM). SST anomalies persist for
4–8 months longer in the SOM than the MDM (and the
FCM) in the North Pacific. SST anomalies in the SOM have
longer persistence than the FCM in similar regions, including
the Southern Ocean, parts of the North Atlantic, KOE, tropi-
cal Pacific, and the Gulf Stream Extension, indicating that the
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longer SOM persistence is due to the lack of a process or pro-
cesses present in both the MDM and the FCM. We suspect
that the lack of ocean damping processes, including vertical
mixing, entrainment, and advection by the mean ocean circu-
lation, allows for larger thermodynamically driven SST anom-
alies and stronger cloud–SST feedbacks (e.g., Fig. 6) in the
SOM, leading to higher SST variance with prolonged persis-
tence. At high latitudes, this discrepancy could be due to
the lack of wind-driven mixing in the SOM as well as the

differences in the climatological MLD (Fig. 3). Inclusion of t′

dynamics as in the FCM leads to higher SST anomaly vari-
ance (Fig. 5) and longer persistence time scales (Fig. 7) in
most regions compared to the MDM. For example, longer
SST anomaly persistence in the KOE region in the FCM
compared to the MDM is consistent with anomalous wind
stress–driven processes known to drive SST anomalies on
low-frequency time scales through slowly moving off-equatorial
oceanic Rossby waves.

FIG. 7. (top) Persistence in months of anomalous SST in ERSST.v5 and the CESM2 FCM, MDM, and SOM. The persistence time scale is
estimated following the DelSole (2001) approach. (bottom) Difference in the persistence time scale between each model version.

FIG. 8. Variance in (first column) theQ′
total term and (from second to fourth columns) the individualQ′,H′, andQ′H′ terms in Eq. (4) for

the (top) FCM, (middle) MDM, and (bottom) SOMCESM2 [the units are expressed in (8C month21)2].
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The persistence time scale of SST anomalies in the south-
east Pacific is markedly large (.12 months) in all models and
longer than that in ERSST.v5 (Fig. 7). The presence of these
persistent anomalies in all models indicates that thermo-
dynamic coupling is the primary physical mechanism driving
the SST changes in this region. Additionally, the southeast
Pacific is collocated with the thermally coupled Walker mode
(Clement et al. 2011; Zhang et al. 2014), which typically
operates on decadal time scales (Okumura 2013) but can be
elongated to multidecadal in the presence of positive cloud
feedbacks (Bellomo et al. 2014), such as the positive cloud–
SST feedback depicted in Fig. 6. These thermodynamically
driven persistent SST anomalies appear to overshadow the
persistence of canonical ENSO, which shows persistence of
10–12 months only (Fig. 7, FCM panel). In the subtropical
northeast Pacific, all models underestimate the SST persis-
tence in ERSST.v5.

e. Impact of climatological MLDs on net surface heat
flux forcing

The contribution of anomalous net surface heat flux forcing
to SST changes can be determined through Eqs. (5) and (6).
The Q′

total variance in the SOM is noticeably lower than
that in the MDM and FCM (Fig. 8, first column), although de-
termining the origin of this difference is complicated given
both Q and H are modified by the presence of a dynamic
ocean. The increase in Q′

total variance when using a dynamic
ocean arises from a combination of 1) inclusion of a varying
MLD and 2) dynamic ocean transports that drive SST vari-
ability and modulate Q′ (Fig. 1). These effects are not easily
separable, but the decomposition of Q′

total into the three heat
flux forcing-related terms in Eq. (6) helps elucidate the rela-
tive contributions.

The variance of the Q′ term improves understanding of
how differences in the mean MLD impact the SST variability

driven by Q′ (Fig. 8, second column). Recall that for the
SOM, the Q′

total term is equivalent to the Q′ term, as H in the
denominator is constant. The SOM has lower Q′ term vari-
ance nearly everywhere compared to the MDM and the
FCM, especially in the extratropics (Fig. 9, top row, MDM/
SOM and FCM/SOM ratios). This finding does not hold when
accounting for differences in the MLD climatology: The
MDM/SOM and FCM/SOM variance ratios become near
zero or negative when substituting the monthly FCM MLD
climatology into the denominator of the Q′ terms for all
models (Fig. 9, bottom row, MDM/SOM and FCM/SOM
ratios). These results indicate that the lower variance of the
Q′ term in the SOM compared to the FCM and the MDM is
primarily due to the lack of a seasonally varying MLD clima-
tology. We note that while the variance of Q′ itself may vary
across models due to differing SST variability that feeds back
onto the air–sea heat fluxes, holding the MLD climatology
constant (e.g., as in the bottom row of Fig. 9) confirms that
the different Q′ variability cannot account for the larger over-
all variance differences in the Q′ terms between the models.
One exception is in the tropical Pacific, where the role of Q′

is to damp SST variability associated with ENSO and Q′ is
larger in the FCM than the other models (not shown).

We also note that when comparing the FCM and the
MDM, the log ratios of the Q′ term variance are generally
negative (i.e., MDM . FCM) but become more positive
when accounting for differences in the monthly MLD clima-
tologies (cf. Fig. 9, top row vs bottom row, FCM/MDM). This
result indicates that the MDM overestimates anomalous heat
flux–driven SST changes, consistent with expectations from
the shallower MLD in the MDM.

Since the MLD in the SOM is constant, the H′ and Q′H′

terms can only be compared between the MDM and the
FCM, although the relative contribution of Q′H′ is small.
Variability in the H′ term (Fig. 8, third column) occurs

FIG. 9. The common logarithm of the variance ratio of theQ′ term for each model pair. (top) The ratio when Q′ is computed using the
MLD climatology for the respective model. (bottom) Similar ratios except that the monthly MLD climatology from the FCM is used for
all models’Q′ computation.
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primarily in the extratropics where wind stress–driven and
buoyancy-driven changes in the MLD tend to be largest (e.g.,
Amaya et al. 2021) (Fig. 8, third column). Seasonally, the larg-
est variability in the H′ term occurs in the summer hemi-
sphere (Fig. S9) when the MLD is seasonally shallowest. The
FCM also exhibits variability in the H′ term in the eastern
tropical Pacific related to ENSO, as the MLD is altered via
wind-driven upwelling anomalies off the west coast of South
America. In both models, variability in the Q′H′ term is gen-
erally small everywhere except for regions of deep convection
(Fig. 8, fourth column), but this is also where the H′/H ,, 1
assumption breaks down. For both H′ and Q′H′ terms, the
variance ratios become more positive when accounting for
differences in the MLD climatology (Fig. 10, compare top and
bottom rows). In other words, the shallower climatological
MLD in the MDM causes an overestimation in the buoyancy-
driven contribution to the variability of the H′ and Q′H′

terms in the MDM, similar to what was seen with the Q′ term
comparison. However, we expect the impact of theQ′H′ term
overestimation in the MDM to be minimal given its smaller
magnitude compared to the other terms (Fig. 8). This analysis
provides further evidence that the shallower year-round
MLD in the MDM leads to larger anomalous heat flux–driven
SST variability compared to the FCM. Consequently, when
comparing the overall SST variability between the MDM and
the FCM, the higher-amplitude heat flux–driven SST variabil-
ity in the MDM may result in an underestimation of the role
of t′ dynamics in driving SST variability.

Finally, we note that the H′ and Q′ terms in both the FCM
and the MDM generally exhibit a positive temporal correla-
tion in the extratropics and eastern tropical Pacific (Fig. S10).

Both the H′ and Q′ terms exhibit a negative correlation with
Q′H′ term in the extratropics. So, the Q′H′ term which is ab-
sent in the SOM generally damps theH′- andQ′-driven extra-
tropical warming or cooling, but its overall contribution to the
overall variability is low (Fig. 8). The H′ term which is also
absent in the SOM has a more pronounced effect on the over-
all variability and amplifies the warming or cooling tendency
driven by Q′ term. While, in part, the lower Q′

total variability
in the SOM is related to the seasonally invariant MLD
through the lower Q′ term variance, the lack of the H′ term
also contributes to the overall lower Q′

total variability. These
results further indicate that while the SOM generally has
higher SST variance than the models with more complex
oceans, with the exception of regions with large dynamically
driven SST variability (i.e., ENSO region, Kuroshio Exten-
sion, and Southern Ocean), the higher variability in the SOM
is not due to larger heat flux forcing of the SST and rather is
most likely due to the lack of ocean damping processes and
the seasonally invariant MLD.

5. Summary

In this study, we analyze the SST mean state and variability
in three preindustrial versions of CESM2 with varying de-
grees of ocean complexity. Comparing the SOM, MDM, and
FCM versions (see Figs. 1 and 2 for model details) allows for
a better characterization of the role of ocean damping, t′ dy-
namics, and the seasonally varying MLD in setting the SST.
We find that t′ dynamics in the FCM act to cool the annual-
mean SST compared to the MDM (Fig. 4) through wind
stress–driven deepening of the MLD year-round (Fig. 3,

FIG. 10. The common logarithm of the variance ratio (FCM/MDM) of the H′ term and Q′H′ for the MDM and
FCM. (top) The ratio when each term is computed using the MLD climatology for the respective model. (bottom)
Similar except that the monthly MLD climatology from the FCM is used for both the FCM and MDM computations.
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second row) and the associated entrainment of cold water
from below, as well as consequently, weaker heating of the
SST due to the deeper MLD. These results suggest that the
rectification of anomalous wind stress–driven ocean variabil-
ity onto the mean state can play an important role in setting
the annual-mean SST in reality. The strong positive cloud–
SST feedback in CESM2 (Fig. 6; Fig. S1) may further amplify
the warmer mean SST in the MDM compared to the FCM.
The annual-mean SST in the SOM is cooler than the MDM,
but for other reasons likely related to the seasonally invariant
MLD in the SOM or artificial energy sources and sinks re-
lated to the SOM experimental design.

Overall, increasing ocean complexity through the addition
of a buoyancy coupled dynamic ocean that includes ocean damp-
ing processes (SOM" MDM) and t′ dynamics (MDM" FCM)
has competing effects on the overall magnitude of SST vari-
ability, as quantified via the anomalous SST variance (Fig. 5).
Compared to the SOM, adding a buoyancy coupled dynamic
ocean as in the MDM substantially damps SST variability
through ocean processes. Compared to the MDM, adding t′ dy-
namics acts to increase SST variability as in the FCM. Upon
adding both sources of ocean complexity (SOM " FCM), the
overall role of a dynamic ocean model, as contributing to damp-
ing or amplification of SST variability, is regionally dependent.
Increased SST variance due to t′ dynamics overcomes ocean
damping in the tropical Pacific, Kuroshio Extension, and most
of the Southern Ocean in the FCM, resulting in enhanced SST
variability in the FCM compared to the SOM. In all other re-
gions in the FCM, interactive ocean damping dominates over t′
dynamics, resulting in reduced SST variability compared to the
SOM.

The FCM exhibits longer SST anomaly persistence almost
everywhere compared to the MDM (Fig. 7), indicating that t′
dynamics typically act to both enhance the variance (Fig. 5)
and elongate the time scales of SST anomalies. While the
SOM exhibits higher anomalous SST variance than the MDM
everywhere (Fig. 5), adding the effects of a buoyancy coupled
dynamic ocean (SOM " MDM) acts to shorten the persis-
tence time scales of SST anomalies across the Southern
Ocean, parts of the North Atlantic, and the North Pacific
(Fig. 7). We hypothesize that the lack of ocean damping pro-
cesses in the SOM amplifies the SST variance while prolong-
ing the persistence of the SST anomalies. Similarly, the
persistence time scales of SST anomalies in the SOM are lon-
ger than that in the FCM in these same regions.

Finally, we decompose the net surface heat flux forcing of
the SST into contributions from Q′, H′, and Q′H′ and their
total [Eq. (6) and Fig. 8]. We find that the SOM has a smaller
amplitude total anomalous heat flux forcing term compared
to the FCM and the MDM due to the lack of both a season-
ally varying MLD (Fig. 9) and the H′ term that amplifies Q′

term–driven SST warming and cooling (e.g., Fig. S10). Al-
though the heat flux forcing term has smaller variance in the
SOM, the lack of ocean damping processes in the SOM still
leads to higher SST variance in the SOM than the FCM and
the MDM in most regions. Conversely, we find that the MDM
has a larger anomalous heat flux forcing term in the extra-
tropics compared to the FCM (Figs. 9 and 10) due to the

shallower MLD that occurs year-round in the MDM. Overall,
the net surface heat flux forcing decomposition suggests that
while differences in ocean processes can lead to different Q′

variability (Fig. 9, bottom row), the differences in the MLD
climatologies between the models are an important factor in
leading to differences in the SST variability driven by net sur-
face heat fluxes (Fig. 9, top row).

6. Considerations for model comparisons of SST
variability

The CESM2 hierarchy presented here is an important first
step in creating a systematic coupled model framework aimed
at improving process-based understanding of the ocean’s role
in climate variability. Based on the many differences in the
SST variability considered in this study, we offer factors for
consideration when interpreting comparisons across model
versions. Here, we present a summary of what is revealed in
this study to inform potential users of the CESM2 hierarchy.

Considerations for understanding SST variability in the
MDM:

• The MDM mean state SST is warmer than that in the FCM
due to the reduced wind stress–driven mixing of the up-
per ocean and resulting shallower year-round MLD. This
ubiquitous warming pattern is different from predecessor
versions of CESM2 and may be related to the increase in
the positive cloud–SST feedback in CESM2 compared to
previous versions.

• SST variability in the MDM is lower amplitude and has
shorter persistence time scales compared to the FCM due
to the lack of t′ dynamics.

• Despite having lower SST variance than the FCM, the
MDM simulates a larger net heat flux forcing term in the
anomalous SST tendency equation compared to the FCM
due to the shallower year-round seasonally MLD in the
MDM. The relatively larger heat flux–driven SST variabil-
ity in the MDM compared to the FCM may lead to an
underestimation of the contribution of t′ dynamics to the
overall SST variance when comparing the FCM and the
MDM.

Considerations for understanding SST variability in the
SOM:

• The SOM mean state SST is generally warmer than that
in the FCM and the MDM for reasons most likely related
to the SOM experimental design and lack of a seasonally
varying MLD.

• The SOM generates a larger SST variance than the FCM
and the MDM nearly everywhere due to the lack of a dy-
namic ocean. Yet, the SOM produces a weaker net surface
heat flux forcing term in the anomalous SST tendency
equation due to the lack of a variable MLD. Therefore, the
SOM’s larger SST variance must be due to the lack of
ocean damping processes that are present in the dynamic
ocean component of CESM2.

• Compared to the FCM and MDM, SST anomalies in the
SOM exhibit longer persistence in the Southern Ocean,
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North Pacific, tropical Pacific, and parts of the North Atlantic
due to the lack of ocean damping processes.

7. Discussion

There are, of course, limitations when using any model, and
even the FCM version of CESM2 is limited by horizontal res-
olution and parameterized processes. Simplified ocean config-
urations like the SOM and the MDM, despite careful efforts,
have mean state biases that can impact the interpretations of
results. For example, the MDM uses climatological wind
stress forcing on the ocean, and the lack of high-frequency
wind variability causes a shoaling of the MLD as investigated
in detail in Luongo et al. (2024). We have demonstrated here
that the shallower MLD results in larger thermodynamically
forced SST variability than the FCM, which can cause issues
when attempting to quantify how much of the FCM SST vari-
ance is thermodynamically versus wind stress forced. Luongo
et al. (2024) show that including higher-frequency wind stress
forcing in an MDM simulation can reduce SST and MLD
biases, although the prescribed wind variability can also drive
dynamic ocean changes that then complicate process-based
studies. Interestingly, while the SOM has higher SST variance
than the models with more complex oceans, the higher vari-
ability is not due to larger heat flux forcing of the SST, as the
Q′

total variance is weakest in the SOM (Fig. 8 left column) but
rather is due to the lack of ocean damping processes. More-
over, the seasonally invariant MLD in the SOM leads to
weakening of the heat flux forcing of the SST, suggesting that
if the SOM included a seasonally varying MLD but still did
not include ocean damping processes, the larger SST variance
in the SOM compared to the models with more complex
oceans may actually be more pronounced. However, in the
cases of both the SOM and the MDM, knowledge of limita-
tions of the experimental framework can help those using the
simulations for process-based studies better interpret differ-
ences across the model hierarchy.

The differences in SST variability across the model hierar-
chy are also not necessarily governed by local processes. In
particular, the presence of canonical ENSO variability in the
FCM can enhance SST variability and persistence of anoma-
lies through teleconnection mechanisms. Mean state differ-
ences related solely to the lack of ENSO are analyzed in a
separate study in which the mechanical decoupling is only ap-
plied to the tropical Pacific (Sutton et al. 2024). This study
finds that even if ENSO amplitude asymmetry is minimal,
asymmetries in the resulting teleconnection patterns can im-
pose a bias on the mean state in the FCM that would be ab-
sent in an ENSO-neutral simulation such as when the
mechanical decoupling is applied solely to the tropical Pacific.

We last expand upon a few intriguing results from the
above analysis. First, the largest SST variance in the SOM
(Fig. 5) coincides with where the correlation between SWCF
and SST is relatively large and positive in CESM2 (Fig. 6).
The MDM shows weaker SST variance in similar regions de-
spite also exhibiting a positive shortwave cloud–SST feed-
back, suggesting that ocean damping substantially reduces the

variability. In most of these regions, the SOM has higher SST
variance than the FCM. This result prompts us to conclude
that ocean dynamics overwhelmingly damp any added SST
variance driven by t′ dynamics, leading to less variability com-
pared to the SOM in these regions of positive cloud feedback
with SST. However, it is possible that a different FCM with a
weaker shortwave cloud–SST feedback (see Kim et al. 2022
for CMIP5/6) or weaker ocean damping may exhibit higher
SST variability than its companion SOM. The relative contri-
bution of cloud feedbacks, ocean damping, and t′ dynamics is
likely, in part, model dependent and could be related to dif-
ferences in the ocean model, atmosphere model, or air–sea
coupling (see also Middlemas et al. 2019).

Second, we note that recent analyses of CESM1 models
also show that SST variance in the North Atlantic is larger in
the SOM than in the FCM (Murphy et al. 2021). Murphy et al.
(2021) hypothesize these differences are related to ocean
damping in the FCM. This result is generally consistent with
the CESM2 hierarchy analyzed here (Fig. 5; MDM/SOM,
FCM/SOM panels). However, we note that the reduction in
total variance in the North Atlantic relative to the SOM is
larger when comparing the MDM to the SOM, rather than
the FCM to the SOM (not shown). These results suggest that
deducing the relative role of ocean damping solely from a
SOM and FCM comparison may underestimate the extent to
which ocean damping reduces SST variance. In other words,
given that the FCM also includes t′ dynamics, which act to in-
crease SST variability (Fig. 5, FCM/MDM panel), the role of
ocean damping is likely underestimated when comparing the
SOM to the FCM. The MDM versus SOM comparison in-
stead shows that damping due to ocean processes may play an
even larger role in coupled models than hypothesized in prior
studies. Indeed, Zhang (2017) argues that ocean damping,
rather than net surface heat flux damping, is the dominant
damping mechanism of the North Atlantic SST anomalies,
thus demonstrating the importance of including a dynamic
ocean model when characterizing temperature variations in
the subpolar gyre.

We also note that the persistence time scale of SST anoma-
lies in the North Atlantic varies greatly between the SOM
and the models with a dynamic ocean (Fig. 7, bottom row).
While including a dynamic ocean enhances the persistence of
SST anomalies in a relatively confined region near Greenland,
the eastern and southern North Atlantic in the SOM exhibit
longer-lasting anomalies compared to the FCM and MDM.
Given the substantially different MLD in this region in the
SOM compared to the other models, we expect that MLD dif-
ferences, particularly the lack of a seasonally varying MLD in
the SOM (e.g., Liu et al. 2023), are a key contributor to this
difference in persistence time scales, but this requires further
investigation. Our results, as well as conclusions in Liu et al.
(2023), further motivate the need to better understand upper
ocean mixing and its impact on SST in the North Atlantic and
the ocean in general, as even our observationally based
knowledge of these processes remains lacking. Moreover, the
development and comparison of the SOM to so-called pencil
models that include vertical mixing processes will further im-
prove diagnoses of differences seen in the SOM.
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Finally, we acknowledge that this hierarchy does not ad-
dress issues related to ocean model resolution, which is an-
other way to improve the simulation of ocean complexity in
coupled model simulations. While the results obtained from
this study generally apply to SST on the large scale, the ocean
mesoscale adds another layer of processes that alter SST vari-
ability on small spatial and temporal scales (Bryan et al. 2010;
Siqueira and Kirtman 2016; Bishop et al. 2017; Small et al.
2019, 2020), which then may influence the large scale.
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