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ABSTRACT

The contribution of buoyancy (thermal + freshwater fluxes) versus momentum (wind driven) coupling to
SST variance in climate models is a longstanding question. Addressing this question has proven difficult
because a gap in the model hierarchy exists between the fully coupled (momentum + buoyancy + ocean
dynamics) and slab-mixed layer ocean coupled (thermal with no ocean dynamics) versions. The missing piece
is a thermally coupled configuration that permits anomalous ocean heat transport convergence decoupled
from the anomalous wind stress. A mechanically decoupled model configuration is provided to fill this gap and
diagnose the impact of momentum coupling on SST variance in NCAR CESM. A major finding is that
subtropical SST variance increases when momentum coupling is disengaged. An “‘opposing flux hypothesis”
may explain why the subtropics (midlatitudes) experience increased (reduced) variance without momentum
coupling. In a subtropical easterly wind regime, Ekman fluxes (Q.,) oppose thermal fluxes (Q},), such that
when the air and sea are mechanically decoupled (Q., =0), Q. + Oy, variance increases. As a result, SST
variance increases. In a midlatitude westerly regime where Q/, and Qy, typically reinforce each other,
SST variance is reduced. Changes in mean surface winds with climate change could impact the Q. and Qy,
covariance relationships. A by-product of mechanically decoupling the model is the absence of ENSO var-
iability. The Pacific decadal oscillation operates without momentum coupling or tropical forcing, although the
pattern is modified with enhanced (reduced) variability in the subtropics (midlatitudes). Results show that
Ekman fluxes are an important component to tropical, subtropical, and midlatitude SST variance.

1. Introduction (1985) and Neelin et al. (1994)] and the rich body of
literature supplies a variety of approaches to support
this notion using both simplified (Barsugli and Battisti
1998) and coupled models (Manabe and Stouffer 1996;
Bladé 1999; Fan and Schneider 2012). For instance,
Manabe and Stouffer (1996) find similar midlatitude
surface air temperature variance at low frequencies in
two atmosphere general circulation model (GCM)
configurations, one coupled to an ocean GCM and one
coupled to a slab-mixed layer ocean model (SOM).
Similar results in these two versions suggest that thermal
coupling is more important than momentum coupling in
the midlatitudes, as the SOM does not include wind-
driven ocean dynamics. In the tropics, however, the
primary driver of SST variability is surface wind stress
(i.e., momentum coupling), with thermal fluxes playing a
Corresponding author: Sarah M. Larson, slarson28@wisc.edu secondary damping role (Neelin et al. 1994). When

Atmosphere—ocean coupling is no doubt an important
component of the climate system. How models simulate
SST variability, for example, depends on what coupled
processes are considered in the model (e.g., Lau and
Nath 1996; Manabe and Stouffer 1996; Barsugli and
Battisti 1998; Bladé 1999; Alexander and Scott 2008). Of
particular interest is the impact of atmosphere—ocean
coupling on SST variance, as variability in surface tem-
perature imparts both local and remote impacts on the
atmospheric circulation (Lau and Nath 2003; Wu and
Kirtman 2005).

In the midlatitudes, air—sea heat fluxes are the primary
driver of SST variability [see reviews by Frankignoul
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developed theory and computational capabilities first
facilitated in-depth coupling studies, most model ex-
periments were performed with AGCMs coupled to
SOMs, leaving little opportunity to diagnose the con-
tribution of wind-driven effects on SST variance.

Similar methodological approaches to study the ef-
fects of coupling on SST variability in the subtropics are
less common. Instead, studies focus on phenomenolog-
ical features generating SST variability, including me-
ridional modes (Chiang and Vimont 2004; Zhang et al.
2014) and interactions between the tropics and extra-
tropics (Alexander 1992; Lau and Nath 1994, 1996, 2001;
Gu and Philander 1997; Zhang et al. 1998; Kleeman et al.
1999; Klein et al. 1999; Vimont et al. 2001, 2003;
Alexander et al. 2002; Solomon et al. 2003; Alexander
et al. 2010). Although several of such studies argue that
the wind-evaporation-SST feedback (Xie and Philander
1994) is an important thermodynamic driver of sub-
tropical SST variability, the broad effect of momentum
coupling is not known. The goal of this study is to
provide a global perspective on the effects of momentum
coupling on SST variance.

Current-day climate models include fully dynamical
atmosphere and ocean models and both buoyancy and
momentum coupling to represent communication be-
tween the two components. Buoyancy coupling includes
sensible and latent fluxes to represent heat exchange
between the atmosphere and ocean, as well as fresh-
water fluxes. Momentum coupling allows for momen-
tum fluxes from the atmosphere to force the ocean
surface, driving Ekman advection, entrainment, and
other wind-driven processes that influence SST. All the
while, the atmosphere responds to the ocean SST with
either a reinforcing or damping effect.

As models become increasingly complex, it is impor-
tant to take a step back and refocus on individual pro-
cesses contributing to the overall variability, including
atmosphere—ocean coupling. Understanding how cou-
pling contributes to SST variability can be pursued
through model experiments that “switch off”” compo-
nents of the air-sea coupling. For example, the “in-
teractive ensemble’” approach decouples weather noise
by forcing one ocean model with the ensemble mean of
multiple AGCM realizations, whereas each AGCM re-
alization is forced by the same ocean (Kirtman and
Shukla 2002). Another approach is integrating comple-
mentary fully coupled and SOM versions and then
comparing the SST anomaly statistics (e.g., Manabe and
Stouffer 1996; Bladé 1999). Persistent SST variability in
the SOM is considered to be a response to thermal
coupling whereas the fully coupled version includes
wind-driven effects. One of the main hesitations in
comparing the SOM with the fully coupled version is in
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the role of ocean dynamics. For example, there is debate
about whether the role of ocean dynamics is important
for Atlantic multidecadal variability that stems from
similarities in the SOM and fully coupled versions
(Clement et al. 2015; Zhang et al. 2016). An important
open question is whether the ocean dynamics dampen or
enhance the thermally driven SST response. Whether
extratropical surface climate is mechanically, thermally,
or tropically driven remains a longstanding question
because the effects of wind-driven ocean dynamics are
not easily separable from the thermally coupled com-
ponent in current-day models.

To our knowledge, there is little information in the
literature quantifying the extent to which SST variance
is driven by thermal fluxes in the present of anomalous
ocean heat transport convergence decoupled from the
anomalous wind stress (hereafter 7). In other words, the
exact role momentum coupling plays in the simulated
SST variability in climate models is not obvious. In this
study, we attempt to reconcile this gap in knowledge by
utilizing a mechanically decoupled version of a climate
model (Larson and Kirtman 2015b), a configuration that
sits in the middle of the model hierarchy between the
fully coupled and SOM approaches. Using this ap-
proach, we switch off the momentum coupling and di-
agnose the climate response by focusing on the changes
in SST variance and large-scale Pacific SST anomaly
(SSTA) variability. More simply, we show what happens
to the SST variance when anomalous 7 cannot me-
chanically drive changes in the ocean circulation, leaving
thermal fluxes and anomalous ocean heat transport
convergence decoupled from the anomalous 7 as the
primary drivers of SST variability. This paper is orga-
nized as follows. Section 2 introduces the model simu-
lations. Section 3 highlights regions where SST variance
is reduced in the mechanically decoupled model. Section 4
highlights regions of enhanced variance and introduces
two hypotheses as explanation. How momentum coupling
influences the Pacific decadal oscillation is discussed in
section 5. Section 6 summarizes results, discusses implica-
tions for SOM models, and suggests potential ideas for
climate change scenario studies using the mechanically
decoupled model configuration.

2. Climate models and methodology
a. CESM fully coupled control

The control model is the National Center for Atmo-
spheric Research (NCAR) Community Earth System
Model version 1.2.0 (CESM; Hurrell et al. 2013). CESM
consists of land, cryosphere, atmosphere, and ocean
models, each communicating through a flux coupler. In
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this configuration, the Parallel Ocean Program ver-
sion 2 (POP2) is coupled to the Community Atmo-
sphere Model version 4 through the CESM flux coupler
version 7. CESM is integrated with preindustrial forcing at
a nominal 1° horizontal resolution. POP2 consists of 60
vertical levels, with higher-resolution 10-m increments in
the upper 160m of the ocean (Danabasoglu et al. 2012).
CESM control is integrated for 680 years and the last
300 years are utilized for analyses. Hereafter, any
reference to the ““‘control” refers to the fully coupled
CESM.

Much of the present study will focus on Pacific SST.
Relevant details in Deser et al. (2012) for the prede-
cessor of CESM, the Community Climate System Model
version 4 (CCSM4; Gent et al. 2011; Bates et al. 2012)
are mentioned to describe the fidelity of the model.
Since the analyses focus on ocean and atmosphere var-
iables, CCSM4 is an appropriate analog as it is config-
ured with similar components as the CESM version
used here. CCSM4 simulates a realistic Pacific decadal
oscillation (PDO; Zhang et al. 1997) yet with weaker-
than-observed projection onto the tropical Pacific.
Similar to observations, CCSM4 simulates a PDO with a
red spectrum. ENSO spatial structure and variability are
realistic, although the standard deviation is ~30% too
large. In the Southern Ocean, CCSM4 simulates a re-
alistic southern annual mode spatial pattern but is too
zonally symmetric compared to reanalysis products
(Weijer et al. 2012). Pacific SST variability studies on a
variety of topics including ENSO (Deser et al. 2012;
Capotondi 2013; DiNezio and Deser 2014), meridional
modes (Zhang et al. 2014; Thomas and Vimont 2016),
decadal and longer time scale variability (Karnauskas
et al. 2012; Meehl et al. 2013; Okumura 2013), climate
prediction and predictability (Larson and Kirtman 2014,
2015b, Kirtman et al. 2014), and climate change
(Stevenson et al. 2012) have utilized CCSM4/CESM
either fully coupled or the SOM version (Bitz et al.
2012); therefore, CESM is deemed an appropriate tool
for this SST variance study. The reader is referred to the
CCSM4 Special Collections edition available at http://
journals.ametsoc.org/topic/ccsm4-cesm1.

b. A mechanically decoupled CESM

CESM1.2.0 is also integrated in a mechanically
decoupled (MD) configuration. The MD configuration
was designed in Larson and Kirtman (2015b) for
CCSM4 and the code was updated for CESM in an an-
nual cycle model bias study (Larson et al. 2017). The
goal of the MD is to disable the mechanical effects of
anomalous 7 forcing on the ocean while retaining other
advantages of a fully coupled model, including un-
constrained buoyancy (thermal + freshwater) fluxes,
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atmosphere dynamics, ocean dynamics (except for the
component driven by anomalous 7), mean ocean circu-
lation, and a freely evolving mixed-layer depth. This is
achieved by allowing the ocean model to experience
only climatological 7,as a result, only the annual cycle of
momentum fluxes forces the ocean component. There-
fore, the ocean feels no anomalous momentum fluxes,
which means that anomalous 7 cannot mechanically
drive changes in ocean circulation. As such, anomalous
7 cannot drive a slew of processes including anomalous
Ekman advection, ocean mixing, coupled atmosphere—
ocean dynamical feedbacks (e.g., Bjerknes feedback),
subtropical cells (McCreary and Lu 1994), trade wind
charging of the equatorial Pacific (Anderson 2007),
variability in western boundary currents (e.g., DiNezio
et al 2009), and ENSO, among others. The reader is
referred to Larson and Kirtman (2015b) for ENSO di-
agnostics of the MD CCSM4.

Within the model infrastructure, the flux coupler
passes atmosphere model-derived 7 to the ocean model
once per model day. At this time, the code overwrites
the model-derived 7 with control CESM monthly mean
climatology. Larson et al. (2017) show that using daily
climatological 7 versus allowing every day of the re-
spective month to experience the same monthly mean
climatology has minimal effect on the monthly mean
SST seasonal cycle in the eastern Pacific. Therefore, we
choose the more computationally efficient monthly
mean version. To be clear, the atmosphere model freely
evolves and produces 7 that is used in the thermal flux
calculations. The ocean does not experience this version
of the 7 but does feel the associated thermal fluxes.
The MD is branched from year 680 of the control
simulation and integrated for 300 years to compare with
the control. The MD has since been extended for an addi-
tional 200 years and results remain unchanged (not shown).

The MD sits between the fully coupled and SOM
versions in the model hierarchy. The SOM includes a
fixed mixed layer depth (MLD) that is thermodynami-
cally coupled to the atmosphere model. The MD MLD,
however, freely responds to changes in buoyancy fluxes,
the annual cycle of 7, and anomalous ocean mass trans-
port decoupled from the anomalous 7. The MLD in the
fully coupled version also responds to anomalous 7 forcing.
The MD differs from the fully coupled version in that
the ocean does not feel anomalous 7 but does feel the
associated heat fluxes.

The MD, by design, includes the annual cycle of mo-
mentum fluxes forcing the ocean, and thus the climato-
logical mean ocean circulation is represented. Moreover,
the full equations of motion for the ocean remain intact,
although contributions to the variability cannot arise from
anomalous 7-driven momentum fluxes. More simply,


http://journals.ametsoc.org/topic/ccsm4-cesm1
http://journals.ametsoc.org/topic/ccsm4-cesm1

2930

ocean variability apart from the annual cycle in the MD
can arise from two sources, buoyancy fluxes and anoma-
lous ocean mass transport decoupled from the anomalous 7.
As the present study focuses on SSTA, mechanisms that
contribute to SST variability are of particular interest.
Results from the MD represent what happens to the SST
variance when anomalous 7 cannot mechanically drive
changes in the ocean circulation, leaving thermal fluxes
and anomalous ocean heat transport convergence de-
coupled from the anomalous 7 as the primary drivers of
SST variability. Sources of the latter include mean ad-
vection of anomalous ocean temperature, buoyancy-
driven circulation, mixing, and shear instabilities (e.g.,
tropical instability waves driven by the mean current
shear), among others. Comparing the MD with the con-
trol allows us to decipher what role momentum coupling
plays in the simulated SST variability in the fully
coupled model.

An advantage of the MD is to model climate vari-
ability in the absence of ENSO, a challenge that has
been attempted with mathematical extraction tech-
niques and modeling efforts in the past. Typical analysis
methods to isolate or remove ENSO include composite
averaging neutral ENSO years (Goodrich 2007), linear
regression (Blanke et al. 1997; Chiang and Vimont 2004;
Larson and Kirtman 2013), and various filtering tech-
niques (Kug et al. 2008; Jin and Kirtman 2009; Compo
and Sardeshmukh 2010), but these are not without ca-
veats. Delayed responses to ENSO can contaminate
composite and regression results. The nonlinear tails of
ENSO may remain as statistical artifacts when using
regression methods. Bandpass filtering may remove
important non-ENSO interannual variability. Several
modeling studies prescribe tropical Pacific climatologi-
cal SST to manually remove ENSO (Lau and Nath 1994,
1996; Bladé 1999). These experiments lack a dynamical
ocean and, by design, lack thermodynamic coupling
where SST is prescribed. Others use a slab model to
exclude ENSO dynamics (Clement et al. 2011; Thomas
and Vimont 2016), although this removes the effects of
ocean dynamics. One SOM has been shown to simulate
ENSO variability (Dommenget 2010), although this a
unique response resulting from the model’s equatorial
Pacific mean state facilitating unstable atmospheric
feedbacks. By design, the MD eliminates tropically
driven (i.e., ENSO) effects on global variability. Al-
though removing ENSO was the goal in Larson and
Kirtman (2015b), in the context of the present study one
should think of the elimination of ENSO as a by-product
of mechanically decoupling the model.

It is worthwhile to briefly mention how the MD can be
used to address a variety of science questions. In a series
of ENSO predictability papers, Larson and Kirtman
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(2015a,b, 2017a,b) use the MD as a means to produce
initial conditions that are forced with identical 7 but vary
slightly due to atmospheric and oceanic ‘“‘noise.” For
example, the MD as described herein is perpetually
ENSO-neutral. To quantify coupled instability-induced
perturbation growth important for ENSO predictions,
Larson and Kirtman (2015b) branch simulations from
every first of January, March, May, July, and September
of the MD for 30 years and turn the coupling back on
(i.e., run fully coupled), creating ensembles representing
noise-driven perturbation growth. Larson and Kirtman
(2017b) then quantify how the perturbation growth
statistics and ENSO predictability change when the initial
condition includes a subsurface recharge/discharge (Jin
1997). In an annual cycle study, Larson et al. (2017) use
the MD version herein and several other variations
including a simulation in which the ocean only experi-
ences annual mean climatological = to decompose the
wind-driven SST and precipitation errors in the eastern
equatorial Pacific annual cycle in CCSM/CESM.

c. SST variance

The MD SST climatology is only modestly different
from the control. The control seasonal SST climatology
is shown in Fig. 1. In the annual mean SST, the MD is
slightly warmer than the fully coupled in the mid-
latitudes and cooler in the eastern equatorial Pacific
(also see Larson et al. 2017). The warming in the
Northern Hemisphere (NH) midlatitudes occurs pri-
marily during boreal summer, whereas the warming in
the Southern Hemisphere (SH) occurs in boreal winter.

To summarize the differences in the MD SST vari-
ability compared to the control, Fig. 2a shows the vari-
ance ratio calculated at each grid point:

2

g

— MD

VRgep = M2, 1)
control

where o2 is the SSTA variance of simulation a. A value
of VRgsst < 1 indicates regions where the MD variance
is reduced compared to the control, VRgst = 1 indicates
little to no change, and VRggr > 1 indicates increased
variance in the MD. Areas of robust reduced and en-
hanced variance are highlighted in subsequent sections.
SST variance is reduced nearly everywhere in the global
ocean, except for the Pacific subtropics and, to a lesser
extent, the Atlantic subtropics (we do not focus herein
on large changes in VRggt near ice margins). Figures 2b
and 2c show the zonally averaged VRggt encompassing
the increased variance regions in the Pacific, stratified by
calendar month. In Fig. 2b, VRggr is averaged over
140°E-120°W to capture the NH subtropical Pacific and
in Fig. 2¢, over 120°-80°W to capture the SH subtropical
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FI1G. 1. CESM fully coupled control SST climatology for December—February (DJF), March-May (MAM), June-August (JJA), September—
November (SON), and the annual mean in °C. Bottom right shows the annual mean CESM MD SST minus the annual mean control SST.

Pacific. The value of VRggt varies with the seasonal
cycle, with the NH maximizing in boreal spring—summer
and the SH in boreal summer-fall, consistent with when
the climatological meridional SST gradient is largest in
these regions as in Figs. 2d—f (see also Fig. 1). As will be
demonstrated in section 4b, the climatological meridi-
onal SST gradient is a key term in the anomalous wind-
driven Ekman flux equation, which is an important
contributor to SST variance (e.g., Alexander 1992).

3. Reduced SST variance

The majority of the World Ocean experiences a re-
duction in SST variance when momentum coupling is
disengaged. A reduction in SST variance means that
mechanical coupling (i.e., T variability forcing the ocean)
is necessary to simulate the full control variability and that
buoyancy fluxes and anomalous ocean heat transport
convergence decoupled from anomalous 7 together can-
not explain the fully coupled control variability. To ex-
plain the reduced SST variance in certain regions, this
section focuses on region-specific processes eliminated
when the model is mechanically decoupled.

a. Equatorial eastern Pacific

The equatorial Pacific SST variance is reduced for
obvious reasons related to the suppression of ENSO
variability. Similar to the CCSM4 MD (Larson and
Kirtman 2015b), the CESM MD also exhibits no ca-
nonical ENSO variability. Figure 3 displays the Nifio-3
(averaged over 5°S-5°N, 150°-90°W) SSTA time series
and the respective Pacific SSTA spatial regression pat-
terns. The control time series shows large interannual
variability. The spatial structure is a canonical ENSO
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pattern. The MD time series and spatial pattern show
no evidence of canonical ENSO variability but instead
show a weak amplitude SST pattern in the southeast
Pacific with a predominantly red spectrum (not shown).
The standard deviation of the MD Nifio-3 time series
is 0.1°C compared to roughly 1.0°C for the fully
coupled model.

The MD SST pattern is reminiscent of that associated
with decadal SST variability in the equatorial Pacific
(Trenberth and Hurrell 1994; Zhang et al. 1997; Yeh and
Kirtman 2004; Vimont 2005; Clement et al. 2011; Chen
and Wallace 2015; Di Lorenzo et al. 2015) as well as the
South Pacific meridional mode (Zhang et al. 2014).
While the origin of equatorial Pacific decadal variability
is debated, resulting from either random variations in
interannual ENSO variability (Newman et al. 2003;
Vimont 2005), ocean processes (Knutson and Manabe
1998; Kirtman 1997), stochastic forcing (Yeh and
Kirtman 2004), or thermal coupling (Clement et al. 2011;
Zhang et al. 2014), here we focus on insight that can be
inferred from the MD. Describing the MD variability as
“ENSO-like” (Chen and Wallace 2015) is inappropriate
considering that the pattern cannot arise via the tradi-
tional coupled dynamics of ENSO theory (Zebiak and
Cane 1987; Jin 1997). The MD pattern also differs from
so-called ENSO-like variability in previous studies, as
no robust North Pacific signals accompany the tropical
SSTA pattern. Previously, Larson and Kirtman (2015b)
reported that no such variability occurs in the MD
CCSM4. This is unsurprising considering that the am-
plitude is roughly half that found in CCSM4-SOM
(L. Murphy 2016, personal communication). Neverthe-
less, a weak Nifio-3 pattern is seen in the MD and is
definitively independent of ENSO. This does not refute
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FI1G. 2. (a) Unfiltered SSTA variance ratio VRgg calculated as the variance of SSTA in the

mechanically decoupled (MD) CESM divided

by that of the CESM fully coupled control.

Variance is computed over time at each grid point. Values > 1 (purples) indicate increased
variance in the MD. (b),(c) VRgst zonally averaged over 140°E-120°W and 120°-80°W, re-
spectively, colored by calendar month. (d) Control meridional SST gradient climatology
computed by subtracting the climatological SST at 20°N from 35°N and averaged over the
longitudesin (b). (¢) Control meridional SST gradient climatology computed by subtracting the
climatological SST at 20°S from 35°S and averaged over the longitudes in (c).

previous studies arguing that equatorial Pacific decadal
variability is largely due to variations in interannual
ENSO variability (Newman et al. 2003; Vimont 2005),
but it does suggest there exists a low-amplitude eastern
Pacific pattern driven by either internal ocean processes
(Yeh and Kirtman 2006) or thermal fluxes in CESM.
Since anomalous winds cannot generate Ekman advec-
tion, upwelling, or equatorial waves, thermal flux forcing
is likely driving the Nifio-3 pattern, consistent with that
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seen in SOMs (Dommenget 2010; Clement et al. 2011,
Zhang et al. 2014), although teasing out the exact
mechanism is left for future study. The 0.1°C Nifio-3
standard deviation is also seen in the CCSM4 MD. This
suggests that CCSM4-SOM may be overestimating the
thermally driven component of the Nifio-3 pattern and
that the combination of a seasonally varying MLD and
anomalous ocean heat transport convergence decoupled
from anomalous 7 like that in the MD may be important
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c) Control SSTA
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FIG. 3. Nifio-3 SSTA index for the (a) CESM fully coupled control and (b) CESM MD, and
regression of unfiltered SST anomalies onto the Nifio-3 SST anomaly index for (c) control and
(d) MD. Note different min/max on the color bars.

to properly quantify the amplitude of the thermally
driven component of this pattern. The higher-amplitude
decadal variability seen in observations must be a
combination of momentum coupling in addition to the
thermally driven component.

b. Global tropics

Along the equatorial band where anomalous 7 is the
primary driver of SST variability (Bjerknes 1969), SST
variance is reduced by 50%-90% in all basins in the MD
(Fig. 2a). One can assume that the reduced variance is,
in part, due to the lack of ENSO and ENSO tele-
connections (Trenberth et al. 1998; Alexander et al.
2002). Variations in the Walker circulation strength and
associated changes in Ekman transport as well as
weather noise 7 also do not contribute to SST variance in
the MD. Figure 4 shows the zonally averaged zonal 7
anomaly variance ratio (03p qux/TeontroLtan ) COMpUted
over the date line, the Pacific basin, and globally using
only ocean grid points. For the MD, the 7 considered
originates from the atmosphere model-derived output,
not the prescribed climatology forcing the ocean. Zonal
T variance over the equatorial date line is reduced by
nearly 80%, as this region is strongly linked to ENSO
variability. The full Pacific basin shows over a 60% re-
duction in zonal 7 variance over the equator and a nearly
40% reduction occurs over the equatorial global ocean.
Note that the variance ratio poleward of 20°-30° in both
hemispheres converges toward 1.0, meaning that most
zonal 7 variance is maintained away from the tropics.
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Results indicate that the majority of zonal 7 variance in
the extratropics in CESM originates from mechanically
decoupled atmospheric variability, which includes the
atmospheric response to SST variability and the sto-
chastic component. Variability in the upper and lower
branches of both the Walker and Hadley circulations in
the Pacific is reduced by 70%-90% (not shown), pre-
sumably due to the lack of ENSO variability.

c. Southern Ocean

Reduced SST variance also occurs between 40° and
60°S in the Southern Ocean. One possibility is that the
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FIG. 4. Latitudinal profile of the zonal 7 anomaly variance ratio
(MD/control) zonally averaged over all global ocean data points,
the Pacific basin only, and over the date line. The 7 is the atmo-
sphere model-derived zonal 7.
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FI1G. 5. The Kuroshio-Oyashio Extension Index (KEI) defined in Kwon and Deser (2007) as
the area-averaged SSTA over 35°—45°N, 140°-180°E for (a) the fully coupled control and (b) the MD
(in gray). The low-pass filtered (Lanczos filter with 13-yr cutoff) KEI is shown in red. Also shown is

the regression of unfiltered SST anomalies onto the KEI for (c) the control and (d) MD.

atmospheric variability associated with the southern
annual mode (SAM; Rogers and van Loon 1982;
Hartmann and Lo 1998; Limpasuvan and Hartmann
1999; Thompson and Wallace 2000) cannot drive
anomalous Ekman transport and eddies that influence
the SST through the redistribution of heat (Meredith
and Hogg 2006; Hogg et al. 2008; Screen et al. 2009).
Another possibility is the lack of weather 7 associated
with storm tracks and the variability in the position of
the ice edge. Diagnosing the impact of momentum
coupling on ocean circulation and sea ice is a worthy
topic but left for a future study.

d. North Pacific

The North Pacific is another region of robust re-
duction in SST variance. The reduced variance stem-
ming from the northwest Pacific is indicative of reduced
SST variability associated with the Kuroshio—Oyashio
Extension (KE). Yeh et al. (2007) demonstrate through
“interactive ensemble”” model experiments that atmo-
spheric variability significantly contributes to SSTA
variance in the KE region. Furthermore, Kwon and
Deser (2007) argue that basin-scale anomalous 7 curl in
the presence of atmosphere—ocean coupling is the pri-
mary mechanism forcing decadal KE variability in
CCSM2, a predecessor of CCSM4. This idea is also ex-
pressed in earlier studies with reanalysis products
(Deser et al. 1999) and simpler models (Schneider et al.
2002). Anomalous Ekman pumping is important for
setting the decadal time scale (Ferreira et al. 2001) by
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exciting westward propagating Rossby waves (Deser
et al. 1999; Schneider et al. 2002) and can shift the me-
ridional location of the gyre boundary (Schneider et al.
2002). The common forcing mechanism described in this
body of literature is alterations in 7 (Miller et al. 1998;
Seager et al. 2001; Schneider et al. 2002; Wu et al. 2003;
Yeh et al. 2007; Liu 2012).

Following Kwon and Deser (2007), we compute a KE
index (KEI) defined as the area-averaged SSTA over
35°—45°N, 140°E-180° to generate an SSTA time series
(Fig. 5). The control shows low-frequency variability on
decadal time scales, whereas the decadal variability in
the MD appears damped. The standard deviation of the
control time series is 0.6°C compared to the MD at
0.4°C. The power spectrum (not shown) reveals that the
reduced variability in this region is almost exclusively in
frequencies longer than one cycle per 8 years, confirm-
ing that anomalous 7 is the vital forcing mechanism for
decadal KE variability (Miller et al. 1998; Deser et al.
1999; Seager et al. 2001; Schneider et al. 2002; Qiu 2003).

For completeness, other plausible reasons for reduced
North Pacific SST variance in the MD include 1) the lack
of ENSO teleconnections (Weare et al. 1976; Pierce
et al. 2001; Newman et al. 2003; Rodgers et al. 2004;
Vimont 2005; Schopf and Burgman 2006), 2) the lack of
Aleutian low variability or synoptic weather winds
driving anomalous ocean advection and mixing, or 3)
mixed-layer processes such as the ‘‘reemergence”
mechanism (Alexander and Deser 1995) having less
influence on SST without an ENSO-driven component
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FIG. 6. Annual mean mixed layer (MXL) depth difference between the fully coupled control and the MD. Negative (positive) MXL
anomalies indicate a shallower (deeper) MXL in the MD.

in the North Pacific. For reasons 2 and 3, associated
thermal fluxes and the annual cycle of 7 can force the
SST and contribute to these mechanisms, although no
thermal fluxes associated with ENSO occur. Both the
anomalous 7 curl and ENSO teleconnection mecha-
nisms for KE variability are eliminated in the MD,
leaving primarily the thermally driven component. This
means that over the KE region, anywhere between 10%
of SST variance in the west and 50% in the basin interior
is forced by buoyancy fluxes. The remaining variability
requires mechanical coupling either locally to induce
anomalous Ekman advection and MLD processes or
remotely, from mechanically coupled processes like
ENSO or lagged SST responses to changes in gyre
strength (Schneider et al. 2002).

Notice that the SST regression patterns differ
(Figs. 5c,d), particularly the appearance of cold SSTA
in a subtropical zonal band in the MD. In fact, the cool
SSTAs in the NH subtropics are precisely where the MD
variance increases in Fig. 2a. Section 4 explores why this
region, as well as its SH counterpart, exhibit enhanced
SSTA variability when momentum coupling is not per-
mitted. Note that KE variability contributes to PDO
SST variability (Schneider and Cornuelle 2005), which is
discussed in more detail in section 5.

e. North Atlantic

The last region to highlight is the North Atlantic near
50°N where the northern flank of the subtropical gyre
and southern flank of the subpolar gyre merge into a
mean westerly flow. Associated with the subpolar gyre,
the Labrador Current brings cold water southward while
the Gulf Stream brings warm water northward as part
of the subtropical gyre. SSTAs can form along the zonal
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gyre boundary resulting from variability in the 7 driving
Ekman advection, as well as depending on the strength
of either gyre and changes in the latitudinal gyre
boundary (Bjerknes 1964). Disconnecting the momen-
tum coupling in this region reduces the SST variance by
35%-50%.

4. Increased SST variance
a. A mixed layer hypothesis

That the variance increases anywhere in Fig. 2a is a
surprising result. A hypothesis for increased SST vari-
ance in the subtropics is that perhaps the MLD is shal-
lower in the MD subtropics, resulting in increased SST
variance via more efficient MLD temperature warming
and cooling. This is a plausible hypothesis because the
MLD is sensitive to 7 forcing, yet the MD ocean experi-
ences no anomalous 7-driven effects, resulting in reduced
mixing from below and a potentially shallower MLD. The
percent change in the annual mean MLD in Fig. 6 is
calculated by (MLD MD MLDcontrol)/ MLDcontrol and
confirms that the MLD is generally shallower when me-
chanically decoupled. Seasonal changes are evident, par-
ticularly in the North Pacific.

We demonstrate the effect of a shallower MLD via a
simple one-dimensional Frankignoul and Hasselmann
(1977)-type model of the form

aT A

dr _pcoH

=—aT + N, (2)

pc, H

where T is mixed-layer temperature departure from cli-
matology (equivalent to SST here), p is density, c, is the
specific heat of seawater, AT represents a linearization of
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heat flux damping for a given temperature anomaly, F
is atmospheric heat flux forcing, a= —A/pc,H is
the damping coefficient A scaled by the heat capacity,
and N = Fl/pc,H is the atmosphere heat flux forcing
scaled by the heat capacity. It is easily shown (Frankignoul
and Hasselmann 1977) that the resulting power spectrum
for SST under the assumption of white atmospheric forcing
with variance 0 is P(w) = 03/(w* + a?). Integrating over
yields the resulting variance:

) _770',2\, 1

gr 2a ﬁ (3)

The percent change in variance then, varies negatively
with the percent change in MLD [i.e. dln(o%)=
—dIn(H)], which shows that a decrease in MLD results
in an increase in SST variance. This result is not neces-
sarily intuitive, as a reduction in the thermal inertia
(pc,H) plays two roles: it increases the temperature
variance through the “efficiency” of the heating [the
second term on the right-hand side of (2)] but also re-
duces variance through increasing the effective damping
rate [the first term in the right-hand side of (2)]. Equa-
tion (3) and its derivative show that the efficiency effect
dominates.

Two problems arise when using this hypothesis to
explain the increase in subtropical variance. First, the
spatial structure of the percentage change in mean MLD
(Fig. 6) is not consistent with the spatial structure of
subtropical variance changes in Fig. 2a. For example,
MLD shallowing is most pronounced poleward of re-
gions with enhanced SST variance. Second, the percent
change in MLD in the subtropics (about 5%-10% de-
crease) is much smaller than the percent change in SST
variance (10%-30% increase). These inconsistencies
imply that a different mechanism is responsible for the
change in subtropical SST variance. Although the lack
of anomalous 7 driving on the ocean and the resulting
change in the MD MLD cannot explain the SST vari-
ance results, the percentage change in MLD is consistent
with the general warming pattern of the MD climato-
logical SST compared to the control in Fig. 1. In general,
the MD climatological SST is slightly warmer in regions
where the MLD is shallower, presumably acting as a
compensatory effect for the lack of anomalous 7 driving.

On a separate note, the so-called reemergence
mechanism (Alexander and Deser 1995; Alexander
et al. 1999, 2001; Timlin et al. 2002; Deser et al. 2003)
describes a MLD process by which temperature anom-
alies form in the deep MLD during NH winter, are se-
questered under the shallower MLD during summer,
and then resurface due to entrainment the following
winter. Despite the shallower MLD, the annual cycle in

Brought to you by UNIVERSITY OF MIAMI (RSMAS) | Unauthenticated | Downloaded 10/26/22 07:25 PM UTC

JOURNAL OF CLIMATE

VOLUME 31

the MD maintains a large seasonal variation that should
support the reemergence mechanism.

b. An opposing flux hypothesis

For the off-equatorial regions of interest and away
from dynamically active regions where vertical and
deep ocean dynamics are important (e.g., ENSO, At-
lantic meridional overturning circulation), SST vari-
ability is primarily driven by air-sea heat exchange and
horizontal heat fluxes driven by Ekman advection
(Alexander 1992). A second hypothesis for the change
in SST variance in the midlatitudes and subtropics when
momentum coupling is ignored is that in regions where
anomalous thermal fluxes (Qy, ) and Ekman fluxes (Q/, )
tend to negatively (positively) covary, the SST variance
should increase (decrease) in the MD, as Q), =0 by
design. We will demonstrate through a simple analysis
that in a given hemisphere, the zero-lag covariance of
these two terms is dependent on the sign of the mean
zonal wind.

Anomalous Ekman fluxes, assuming they are on the
RHS of the temperature equation (i.e., a forcing term)
are calculated by the following:

1 _
o~ (p fDek) 7 X VSST, @)

where 7’ consists of the zonal and meridional wind stress
anomaly 7. and T/y, respectively, Dy is the Ekman layer
depth, V is the horizontal gradient operator, and SST is
the annual cycle SST. Outside of the equatorial Pacific,
VSST is generally equatorward, so for simplicity assume
dSST/dx ~ 0. It follows that Ekman fluxes covary nega-
tively with zonal wind variations as Q/, « 7./f - 9SST/dy.
Therefore, in the NH where f > 0 and VSST < 0 or in the
SH where f < 0 and VSST >0, we find that Q' = —7_.
In contrast, the bulk formulas for latent and sensible
heat fluxes depend on the wind speed, and hence a lin-
earization around the mean zonal wind yields

a0 U —
auth 71/{/ = ﬁ thul y (5)

u

!~
ch”

where % is the mean zonal wind, «’ is the zonal wind
anomaly, W is the mean wind speed, and Oy, is mean
latent heat flux which is always negative (out of the
ocean). Unlike Q. , the variation of Qj; with zonal wind
anomalies, then, also depends on the sign of the mean
zonal wind #. As such, if # and « are in phase, Q, <0
(heat going out of the ocean); however, if 7 and u’ are
out of phase, Qj, >0 (heat going into the ocean). For
instance, anomalous westerlies occurring in a mean
westerly regime result in Oy, <0 and Q;, <0, whereas
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FIG. 7. Covariance between anomalous thermal fluxes Qj and
Ekman fluxes O/, (shaded)in CESM fully coupled control. Vectors
show the CESM fully coupled control mean wind stress 7.

easterlies in a mean westerly regime result in Qj, >0

and Q. > 0. Therefore, following Egs. (4) and (5), Ek-
man fluxes tend to reinforce thermal fluxes in regions of
mean westerly winds. Following the same logic, one can
easily show that Ekman fluxes tend to oppose thermal
fluxes in regions of mean easterly winds.

In the control, the covariance calculations and annual
mean surface wind vectors in Fig. 7 reveal a negative
covariance between Qy, and Q!, in the subtropics where
the mean winds are easterly and a positive covariance in
the midlatitudes where the mean winds are westerly. A
similar calculation for the MD is not necessary, as

'« = 0 by design. Therefore, in the MD, the ““damping”’
effect of Ekman fluxes on the Qf, + O}, variance in the
subtropics is absent, which leads to a larger SST variance
relative to the control as seen in Fig. 2a. The control Qy,
and Q’, variance maps are provided in Figs. 8a and 8b as
to better visualize geographically where each term
contributes as a forcing. Large Q., variance occurs
where 9SST/dy is large (Fig. 1). As expected, regions of
largest Q. variance coincide with where SST variability
is reduced in the MD (Fig. 2a). Regions of large Q},
variance include the Kuroshio Current and Gulf Stream,
both being large sources of heat loss to the atmosphere.

Overall, the inclusion of anomalous 7-driven effects
dampens SSTA in the subtropics and enhances SSTA in
the midlatitudes. Figure 9 provides a conceptual model
to illustrate the connection between the mean zonal 7
with an imposed anomaly and the net effect on the
Oy, + 0., variance in the MD CESM. In essence, the
lack of Ekman flux damping of the thermal fluxes in
the subtropics results in a larger Qj, + Q., variance,
which, we hypothesize, leads to larger SST variance. In
contrast, in the midlatitudes where Ekman and thermal
fluxes often reinforce one another, their collective var-
iance is reduced, as well as the SST variance. Note that
increased SST variance is less robust in the Atlantic
subtropics. The Q, variance is smaller to begin with in
the Atlantic compared to the Pacific (Fig. 8a) such that
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FIG. 8. (a) Ekman flux anomaly (Q., ) variance and (b) thermal
flux anomaly (Qy, ) variance for CESM fully coupled control. Units
are (W m™2)% Note that ', is masked out along the equator as f
goes to zero.

Ekman fluxes contribute less to the Qj, + O, variance.
Since Q) plays a smaller role in the Atlantic forcing,
allowing Q!, =0 as in the MD has a lesser effect. A
similar scenario occurs in the subtropical south Indian
Ocean, where the Ekman flux variance is generally
smaller than in the Pacific, leading to only small changes
in the SST variance.

5. North Pacific SST variability

This section demonstrates how the MD SST variance
response in the midlatitudes versus subtropics impacts
the simulation of North Pacific SST variability. It is not
new that Ekman fluxes contribute to North Pacific SST
variability (Miller et al. 1994; Schneider et al. 2002;
Alexander and Scott 2008), although studies often con-
centrate on the contribution from tropical forcing. In the
fully coupled control, a portion of the Q/, contribution
to the North Pacific SST variance is certainly due to
ENSO teleconnections (Weare et al. 1976) and tropical
forcing (Wallace and Gutzler 1981; Shukla and Wallace
1983) generating thermally driven SST anomalies via the
“atmospheric bridge” (Alexander 1990, 1992; Lau and
Nath 1994, 1996, 2001; Klein et al. 1999; Alexander et al.
2002) that are amplified via Ekman fluxes (Alexander
and Scott 2008). SST variability in the MD, globally, is
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FIG. 9. Schematic outlining how the superposition of a zonal 7
anomaly onto mean westerlies vs mean easterlies impacts the
thermal and Ekman flux anomaly covariance in the NH in the MD.
Assume SST increases equatorward or VSST <0 in the NH. By
design, Q. =0 in the MD. (a),(b) A zonal wind anomaly super-
imposed onto background westerlies generates Q;, and Q! that
reinforce each other in the fully coupled control. With Q/, =0 in
the MD, |Qy, + Q.| decreases, resulting in reduced SST variance in
the midlatitudes when momentum coupling is ignored. (c),(d) A zonal
wind anomaly superimposed onto background easterlies generates Oy,
and Q, that oppose each other in the fully coupled control. When the
Ekman fluxes are ignored in the MD, |Q}, + Q.| increases because
the Ekman fluxes do not cancel out any of the thermal fluxes, resulting
in increased SST variance in the MD subtropics.

considered independent of tropical forcing as ENSO
variability is absent. Next, we focus on how momentum
coupling impacts PDO spatial structure.

The PDO is the dominant pattern of observed and
modeled North Pacific SSTA (Mantua et al. 1997).
Characterized by SSTA in the western-central North
Pacific with opposite sign SSTA wrapping around the
U.S. West Coast, the PDO pattern is considered an ag-
gregate of variability that projects onto the same pattern
(Schneider and Cornuelle 2005; Newman 2007; Newman
et al. 2016). While the relative contribution of different
sources of forcing that comprise PDO variability is not
definitively settled, the sources themselves are widely
studied, with contributions from the ENSO telecon-
nection to the North Pacific (Newman et al. 2003;
Vimont 2005), atmosphere—ocean coupling (Latif and
Barnett 1994) including variability in the KE (Deser
et al. 1999; Seager et al. 2001; Wu et al. 2003; Kwon and
Deser 2007), mixed-layer processes including ‘‘re-
emergence” (Alexander and Deser 1995; Alexander

Brought to you by UNIVERSITY OF MIAMI (RSMAS) | Unauthenticated | Downloaded 10/26/22 07:25 PM UTC

JOURNAL OF CLIMATE

VOLUME 31

et al. 2002), and atmospheric forcing (Frankignoul and
Hasselmann 1977; Okumura 2013), particularly fluctu-
ations in Aleutian low strength (Trenberth and Hurrell
1994; Mantua et al. 1997; Minobe 1997; Schneider et al.
2002). Using the interactive ensemble modeling strategy
to isolate impacts of “‘noise’” on the climate system, Yeh
et al. (2007) demonstrate that atmospheric variability in
both the tropics and locally in the North Pacific con-
tribute to the SSTA variance. In the MD, Q/, cannot
contribute to KE SST variability (see section 3d) and
the ENSO teleconnection mechanism is absent.
Therefore, North Pacific SST variability in the MD is
primarily thermally driven via changes in atmospheric
circulation.

Figure 10a shows the principal component time series
(PC1) of the first empirical orthogonal function (EOF1)
of unfiltered, area-weighted North Pacific SSTA com-
puted over 20°-70°N, 100°E-100°W for the control. Note
variability on multiple time scales, including decadal
fluctuations and month-to-month changes indicative of
the waxing and waning of the Aleutian low. The MD
PC1 (Fig. 10b) does not look qualitatively different than
the control. The percent variance explained by EOF1 is
23% in the control and 18% in the MD, although the
total variances are not the same (Fig. 2a). The spatial
patterns are generated by regressing SSTA onto the
standardized PC1 time series. The control pattern
(Fig. 10c) is analogous to the PDO SST pattern with
warm SSTA in the east and cold SSTA extending from
the west. As is typical, equatorial Pacific SST projects
onto the PDO pattern (e.g., Di Lorenzo et al. 2015),
resulting in a basinwide manifestation of the PDO re-
ferred to as the interdecadal Pacific oscillation (IPO;
Power et al. 1999). The SSTA dipole pattern poleward
of 30°N is similar in the MD (Fig. 10d), although with
reduced amplitude because Q. cannot reinforce the
response. It is noteworthy that the PDO is the dominant
variability even without ENSO forcing, confirming that
the PDO is not solely a statistical artifact of the decadal
modulation of ENSO or ENSO-forced reddening of the
spectrum (Schneider and Cornuelle 2005).

Similarities end south of 30°N. No basinwide IPO
pattern occurs in the MD, even when the SSTAs are low-
pass filtered (not shown). Instead, the PDO pattern is
robust, although meridionally confined in the extra-
tropics. The lack of an IPO pattern is consistent with the
Pacific climate variability null hypothesis proposed by
Di Lorenzo et al. (2015), in that basinwide Pacific de-
cadal variability is partly due to ENSO and partly due to
stochastic atmospheric processes. The basinwide signal
of the IPO is presumably due to ENSO variability
(see also Newman et al. 2016), although it is unclear
whether the pattern exists in the absence of ENSO. In
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FIG. 10. (left) Standardized PC1 of the first EOF of North Pacific SSTA computed over
domain 20°~70°N, 100°E-100°W, and (right) the SSTA regression pattern for (top) the CESM
control and (bottom) the MD. Low-pass filtered (Lanczos filter with 13-yr cutoff) PC1 is
shown in red. Units for the spatial pattern are °C per unit standard deviation of PC1. The
variance explained by the first EOF is shown at the top right of each time series panel.

fact, Di Lorenzo et al. (2015) state that ‘““‘more sophis-
ticated coupled model experiments are needed to sep-
arate the fraction of decadal variability that is driven by
ENSO versus MM [meridional modes]” (p. 9447). This
is essentially what the MD does. The lack of an IPO in
the MD suggests that without the ENSO piece, the
tropical-to-extratropical interplay in their hypothesis
rather unsurprisingly breaks down, thus implying that
the ENSO piece is crucial for the basinwide pattern. As
such, separating the ENSO component out in the MD
presumably leaves the stochastically (thermally) forced
component in the North Pacific, which projects onto the
PDO pattern. That stochastic local atmospheric vari-
ability is crucial in simulating the full decadal North
Pacific SSTA variance is also demonstrated through
ensemble model experiments in Yeh and Kirtman (2004,
2006), as well as a role for nonlocal (e.g., tropical origin)
in Yeh et al. (2007). No decadal filtering of the data is
shown in this study, although as seen in Fig. 10b, the
PDO signal is clearly lower frequency.

Also notable is the warm signal along the California
west coast extending westward across the basin through
the subtropics, similar to Fig. 5d. The lack of a sub-
tropical band in the control PDO pattern suggests that
Qy, and Q! associated with the PDO in the control
nearly cancel each other out, leaving no substantial
SSTA footprint. The MD PDO pattern reflects the SST
variance ratio in Fig. 2a, with reduced amplitude vari-
ability stemming from the KE and enhanced variability
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in a zonal subtropical belt relative to the control. The
pattern is also robust. The first EOF of SSTA computed
over the full Pacific basin yields the same result.

6. Discussion
a. Summary

The relative effects of buoyancy versus momentum
coupling on SST variance in climate models are not
easily identifiable. SOMs, to some extent, separate the
thermally coupled component but this approach often
meets criticism because the role of ocean dynamics is
ignored. In this study, a mechanically decoupled
(MD) configuration of CESM is utilized to fill the gap
in the model hierarchy between fully coupled and
SOM versions and identify the extent to which mo-
mentum coupling influences SST variance. The MD is
buoyancy (thermal + freshwater fluxes) coupled but
also permits anomalous ocean mass transport de-
coupled from the anomalous 7. More simply, the MD
does not include anomalous 7-driven effects on ocean
circulation. SST variability arises via two mechanisms
in the MD: 1) buoyancy fluxes and 2) anomalous
ocean heat transport convergence decoupled from the
anomalous 7. This is distinctly different from SOMs in
which SST variability arises via thermal fluxes and the
fully coupled in which SST variability arises via similar
mechanisms as the MD plus the addition of anomalous
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momentum fluxes. The SOM MLD is held constant,
whereas the MD MLD varies seasonally and can re-
spond to changes in ocean mass transport and seasonal 7.
The fully coupled MLD also responds to anomalous 7.

Results show that momentum coupling is essential to
simulating the fully coupled control SST variance in the
tropics, subtropics, and midlatitudes (Fig. 2a). Without
anomalous 7-driven effects, the equatorial Pacific SST
variance decreases by 80%-90%, primarily due to the
lack of ENSO. North Pacific variance, specifically the
7-sensitive Kuroshio—Oyashio Extension region, reduces
from 50% in the interior basin to 90% off coastal Japan.
The Southern Ocean between 40° and 60°S, where wind
associated with the southern annual mode drives anom-
alous Ekman fluxes, experiences reduced SST variance.
The boundary in the North Atlantic where the subtropical
and subpolar gyres merge also shows reduced variance.
Excluding anomalous momentum coupling has the op-
posite effect in the subtropics, with the MD simulating
enhanced subtropical SST variance compared to the fully
coupled control. Although the shallower mean MLD in
the MD (Fig. 6) may play some role in the differences
between the fully coupled and MD versions, we show
through an analytical framework that the percent change
in MLD is not consistent with the spatial structure or
amplitude of subtropical SST variance changes.

Instead, we present an “opposing flux hypothesis’ to
explain the changes in SST variance when momentum
coupling is ignored. Reduced (increased) SST variance
in the MD occurs almost exclusively where the mean
surface winds are westerly (easterly). A conceptual
model (Fig. 9) summarizes the hypothesis. In a mid-
latitude westerly regime, anomalous zonal winds gen-
erate thermal (Qy) and Ekman (Q.,) fluxes that
reinforce each other. In the MD, Q’, =0, and therefore
the variance of Qy, + Q. decreases, resulting in reduced
SST variance. In a subtropical easterly regime, thermal
and Ekman fluxes oppose each other; therefore, since

'« =0 in the MD, Q/, does not cancel out any O,
resulting in increased Qy, + Q. variance and enhanced
SST variance. The fully coupled control covariance of

i, and O, (Fig. 7) in the subtropics (midlatitudes) is
negative (positive), supporting the hypothesis that
opposing fluxes in the subtropics dampen the SST
variability. As such, the lack of Ekman fluxes driving
upper ocean temperature advection that opposes the
thermally driven response leads to larger subtropi-
cal SST variability in a model without momentum
coupling.

A by-product of disengaging the model’s momentum
coupling is the absence of ENSO variability (Larson
and Kirtman 2015b), which allows us to investigate ex-
tratropical SST variability in the absence of momentum
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coupling and tropical forcing. Even without tropical
forcing or momentum coupling, the PDO is the dom-
inant North Pacific SST pattern in the MD. The ther-
mally coupled PDO in the MD is meridionally confined
poleward of 15°N with enhanced variability in a zonal
subtropical band (Fig. 10d) that is not observed or
simulated in the fully coupled control. The subtropical
band is where Ekman fluxes typically oppose ther-
mal fluxes in the control, therefore reducing the SST
footprint. In the MD, SST variability in this region
associated with the PDO increases because the thermal
fluxes are unopposed by Ekman fluxes. No IPO struc-
ture is apparent in the MD, suggesting that the ENSO
piece is essential for this basinwide pattern (Di Lorenzo
et al. 2015).

b. Implications for slab ocean model configurations

Interpreting slab ocean model (SOM) results as
what would be expected if a coupled model with both
full atmosphere and ocean dynamics was only ther-
mally coupled may be misleading. For example, in
certain SOMs [for the CCSM4 version, see Bitz et al.
(2012)], the prescribed MLD is from a fully coupled
simulation and is not what one would expect from a
thermally coupled version with mean ocean circula-
tion (the MD). Instead, the MD MLD is shallower
toward the poles compared to the control (Fig. 6),
suggesting that the thermally coupled component of a
fully coupled model is not perfectly represented in a
slab ocean model. As such, interpreting SOM results
should be done carefully as to not overstate its rep-
resentativeness of the thermally coupled component
of a fully coupled model.

Since mechanically decoupling CESM results in an
increase of subtropical SST variance (Fig. 2a), it is pos-
sible that models without momentum coupling, in-
cluding SOMs, may be overestimating subtropical SST
variance. This is important for SOM studies highlighting
Pacific meridional modes (e.g., Vimont et al. 2009;
Zhang et al. 2014; Thomas and Vimont 2016), as they are
characterized by subtropical SSTA. Neglecting Ekman
fluxes in these studies may produce overly strong me-
ridional mode SST variability compared to what would
occur in a fully coupled model. Caution may be neces-
sary in assessments of meridional mode variability
and WES feedback strength in models that do not in-
clude momentum coupling. Additionally, clouds have
been shown to be intimately linked to SSTA variability
in the northeast subtropical Pacific via a positive low
cloud-SST feedback, with ocean dynamics playing a
damping role (Burgman et al. 2017). Determining the
role of momentum coupling in this feedback is certainly
of interest.
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Of course, model-dependent results are always a
concern when performing experiments with only one
model. Of particular interest is whether models get this
Ekman piece correct, as the MD shows that whether
Ekman fluxes act as a damping or reinforcement is
crucial to the SSTA variance. That said, our ability to
build an intuitive conceptual model of why SST variance
is enhanced (reduced) in the subtropics (midlatitudes)
when CESM is mechanically decoupled suggests that
this paradigm should hold true for other models that
simulate realistic mean surface winds.

¢. Outlook for climate variability and change studies

Determining the relative contributions of momentum
versus buoyancy coupling to climate variability and
change is a longstanding question (e.g., Zhang et al.
2015). For example, mean atmospheric surface circula-
tion changes due to climate change could alter the co-
variance relationship between Ekman and thermal
fluxes in a given location, particularly in the vicinity of
the subtropics, and impact their combined influence on
SST variance following the “opposing flux hypothesis”
presented here. The role of r-driven versus buoyancy-
driven changes in ocean circulation and how they relate
to sea level rise is also an especially relevant topic as the
climate warms. Much of the uncertainty in model
projected sea level rise (SLR) is attributed to the dy-
namic SLR response to variability in the Atlantic
meridional overturning circulation (AMOC) or buoy-
ancy fluxes (Yin et al. 2010; Church et al. 2013), although
the role of anomalous 7-driven variability remains
mostly unexplored. Preliminary analysis suggests that
the low-frequency AMOC variability in CESM is al-
most entirely buoyancy driven, as the AMOC in the
fully coupled CESM varies from the MD in only the
7-driven higher frequencies. Performing a MD frame-
work with increasing CO, forcing could reveal clues
as to what role, if any, 7 variability plays in sea level rise
projections.
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