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Abstract

We investigate the influence of ocean component resolution on simulation of climate sensitivity
using variants of the GFDL CM2.5 climate model incorporating eddy-resolving (1/10°) and
eddy-parameterizing (1°) ocean resolutions. Two parameterization configurations of the coarse-
resolution model are used yielding a three-model suite with significant variation in the transient
climate response (TCR). The variation of TCR in this suite and in an enhanced group of 10
GFDL models is found to be strongly associated with the control climate Atlantic meridional
overturning circulation (AMOC) magnitude and its decline under forcing. We find it is the
AMOC behavior rather than resolution per se that accounts for most of the TCR differences. A
smaller difference in TCR stems from the eddy-resolving model having more Southern Ocean

surface warming than the coarse models.
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1. Introduction

The scale of jet-like flows and transient eddies in the ocean is much smaller than that of the
comparable features in the atmosphere. Consequently, these features have been resolved by the
atmosphere components of climate models for decades but are only recently becoming resolved
by the ocean components. Transient eddies are thought to be important to the simulation of both
the ocean climate and its response to radiative forcing (e.g. Palter et al 2013) and so are
represented by parameterizations. Uncertainty in the formulation and parameter values of the
coarse resolution eddy parameterization introduces uncertainty into the transient response to
radiative forcing (Kuhlbrodt and Gregory 2012). Recent increases in computer power have
allowed for limited simulation with climate models employing ocean components with 1/10°
resolution (Kirtman et al 2011; McClean et al 2011; Delworth et al 2012; Bryan et al 2013). At
1/10° resolution, these simulations can develop levels of eddy kinetic energy comparable to
satellite estimates (Delworth et al 2012) allowing credible assessment of the role of eddy

processes in climate change.

Here we diagnose the difference that eddy resolution makes to the simulation of transient climate
sensitivity in the GFDL CM2.5 class climate models by comparing 1/10° and 1° ocean
resolutions coupled to the same 50 km atmosphere component. This comparison assesses
possible biases in the projections that have been made to date using coarse resolution ocean
components. The transient sensitivity is quantified with the transient climate response (TCR) the

global surface warming at CO, doubling in a 1%/year CO2 increase experiment.
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Similar resolution comparisons have been performed previously by Yokohata et al (2007) using
two resolutions of the MIROC3.2 climate model, by Delworth et al (2012) comparing the
transient sensitivity of GFDL’s CM2.1 and CM2.5 climate models, and by Bryan et al (2013)
using 1°- and 1/10°-ocean versions of the NCAR CCSM3.5 model. Yokohata et al (2007) found
that the transient climate response for the higher resolution version of MIROC3.2, using a ¥4°
ocean component, was 0.5 K higher than that using a lower resolution (1°) ocean — larger than
the increase in equilibrium climate sensitivity (ECS) of 0.3 K — indicating a role for ocean
resolution in the increased sensitivity. Delworth et al (2012) found, similarly, that CM2.5,
employing a 1/4° ocean had a TCR about 0.4 K larger than CM2.1 using a 1° ocean. The ECS
for CM2.5 was not evaluated in that study. These two comparisons involved changes in
atmospheric resolution as well as ocean resolution while the Bryan et al (2014) study with
NCAR’s CCSM3.5 made use of the same atmosphere coupled to both 1° and 1/10° ocean
components. They found that the TCR was unchanged by the resolution increase.
Conventionally the ECS, the steady-state global warming induced by doubled CO,, is assumed to
be a property of the atmosphere and so it is assumed to be the same for both CCSM3.5

configurations.

Here we extend the Delworth et al (2012) investigation by employing 1/10° and two 1° versions
of the CM2.5 model coupling in the same atmosphere and land components and following the
same spin up and CO; increase protocols for the three models. To evaluate the generality of our
results, we enhance our three model suite with seven other previously published GFDL climate
models. The models and experiments are described in the next section. Section three presents

the results and section four discusses the conclusions.
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2. Models and experiments

The models and experiments used in this study are summarized in Table S1. The ancestor model
for the models used here is CM2.5 which employs a 1/4° ocean component and was described in
detail by Delworth et al (2012). A short run of the 1/10° version of CM2.5, CM2.6, was also
presented in that study showing that the eddy kinetic energy was increased over that of CM2.5
into agreement with a satellite estimate. CM2.6 does not make use of Gent-McWilliams eddy
parameterization (Gent and McWilliams 1990) or background vertical mixing. We use two 1°
versions of CM2.5, labeled “FLOR” for “Forecast Low Ocean Resolution”, that require these
parameterizations. Both of these coarse models have been used as part of the GFDL seasonal
prediction system (Vecchi et al 2014). The use of two coarse models allows us to span a primary
tuning uncertainty that determines the model Atlantic meridional overturning circulation
(AMOC) magnitude. The magnitude of the AMOC is related to the magnitude of its decline
(Gregory et al 2005) and consequently has a major impact on the transient response at high
latitudes in the Northern Hemisphere (Rugenstein et al 2013). One coarse ocean version,
CMZ2.5FLORa6, has a control climate AMOC that is about 5 Sv less than that of the other,
CM2.5FLOR. The models differ in their formulation of horizontal friction and mesoscale eddy
parameterizations. CM2.5FLORa6 uses the same schemes as GFDL’s CM2.1 model while
CM2.5FLOR uses those of GFDL’s ESM2M. Friction is smaller and eddy mixing is larger in

the latter model (Vecchi et al 2014).
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The length of integrations using eddy-resolving ocean grids is constrained by computational
cost. All models have 1860 control simulations that are initialized from present day ocean initial
conditions. These are run for 100 years before branching off their 1%/year CO, increase
experiments. Because of a data transfer problem, the CM2.6 branch point was delayed until year
120. With the short spin-up, the models still have significant interior ocean temperature drift in
their control experiments, although Delworth et al (2012) show that this drift is reduced in
CM2.6 relative to coarse ocean climate models. The control drift is removed from all

perturbation quantities presented in this study.

We also make use of 1% CO, increase experiments of seven additional GFDL climate models:
CM2.0, CM2.1 (Delworth et al 2006), CM3 (Griffies et al, 2011), ESM2preG (Rugenstein et al
2012), ESM2G, ESM2M (Dunne et al 2012) and CM2.5 (Delworth et al. 2012). The equilibrium
climate sensitivities for these models have been estimated by Stouffer et al (2006) for CM2.0 and
CM2.1, Winton et al (2013b) for the ESMs and CM3, and the present study for the CM2.5 based
models. The CM2.5 estimate is made using a regression of heat uptake on global temperature
change in the 300-year instant CO, quadrupling experiments with CM2.5FLOR and
CM2.5FLORa6. Twenty year means are used in the regression but the first 20 year period,
containing the mixed layer adjustment (Held et al 2010), is ignored (Fig. S1). The estimate is 3.1
K, roughly in the middle of a typical multi-model range, similar to the ECSs of the other GFDL

AM2-based models.

3. Results
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The top panel of Figure 1 shows the global surface air temperature changes under 1%/year
increasing CO, forcing. There are considerable differences between the simulated warming
stemming from the resolution and formulation differences of the ocean components. The
eddying model CM2.6 warms slightly more than CM2.5FLORa6 while CM2.5FLOR warms
distinctly less than the other two models. The values for the transient climate response (TCR) —
the year 61-80 average global warming — are 1.5 K for CM2.5FLOR, 1.9 K for CM2.5FLORa6,
and 2.0 K for CM2.6 (Table S2). This range of TCRs spans most of a typical multi-model range.

Of the 22 models compared by Winton et al (2010), 13 had TCRs in this 1.5-2.0 K range.

Figure 1 also shows the control and 1%/year CO; increase experiment maximum Atlantic
overturning stream function at 40N for the models. There are large differences in both the
control AMOC magnitudes and the magnitudes of the responses. As in previous comparisons of
GFDL models (Stouffer et al 2006, Delworth et al 2012, Rugenstein et al 2013), large control
climate overturning is strongly associated with a large decline under CO, forcing. CM2.5FLOR,
which has the least surface warming, particularly in the Northern Hemisphere, has both the
largest control overturning and the largest decline. CM2.5FLORa6 has the next largest control
overturning and decline and CM2.6 has the smallest control AMOC and AMOC decline. The
middle panel of Fig. 2 shows that the control AMOC/AMOC decline relationship in our three-
model suite is consistent with that of the larger group of GFDL models. The bottom panel of
Fig. 1 shows the zonal mean surface temperature change for the models. The largest differences
are in the Northern Hemisphere where CM2.5FLOR has much less warming than the other two.
This is an expected consequence of its larger AMOC decline (Rugenstein et al 2013). In the

Southern Hemisphere, the two coarse models have less warming than the eddying model — about
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0.3 K averaged over the hemisphere. Delworth et al (2012) and Bryan et al (2014) also found
Southern Hemisphere warming differences between their eddying and eddy-parameterizing
model. However, the eddying model had more warming in Delworth et al (2012) but less
warming in Bryan et al (2014). Here we confirm the difference found by Delworth et al (2012)

is associated specifically with ocean resolution and parameterizations.

The inter-model spread of Northern Hemisphere warming in our three-model suite is 0.7 K, more
than double that of the Southern Hemisphere, and so we focus below on the reasons for this
difference. Two aspects of the comparison displayed in Fig. 1 suggest that the differences in
AMOC decline are responsible: 1) the divergence of global temperature is delayed until year 40,
after the difference in the AMOCs has emerged, and 2) the main warming difference is in the
Northern Hemisphere, particularly at high latitudes where Rugenstein et al (2013) and Winton et

al (2013a) have demonstrated the importance of ocean circulation changes.

To allow comparison of the AMOC influence in a broader group of GFDL models with varying
equilibrium sensitivities, we normalize each model’s TCR by its equilibrium climate sensitivity
(ECS) to form the equilibration ratio, TCR/ECS, which measures the influence of the ocean on
reducing the response to radiative forcing. The top panel of Fig. 2 shows the relationship
between this measure and the AMOC decline. There is a linear relationship between the three
models of this study and a good correlation for the broader suite of ten GFDL models indicating
an influence of the AMOC decline on the normalized warming. The middle panel of Fig. 2
shows the strong relationship between the AMOC decline under increased radiative forcing and

the control climate AMOC. This relationship has been found in some other multi-model
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comparisons (Gregory et al 2005; Gregory and Tailleux 2011; Weaver et al 2012) but Kostov et
al (2014) find only a small correlation in their eight-model comparison of CMIP5 model
responses to step CO, quadrupling. Gregory and Tailleux (2014) present an energy dissipation
based conceptual model for the relationship. Rugenstein et al (2013) note that the control
AMOC/AMOC decline relationship in some of the GFDL models is mirrored by a similar

relationship between Labrador Sea convection and its response to climate change.

The bottom panel of Fig. 2 shows that there is also a strong relationship between the control
AMOC and the equilibration ratio. In fact, the correlation of the equilibration ratio with the
control AMOC is slightly greater in magnitude than with the AMOC decline. This might suggest
that the AMOC influence on the warming is direct — through ventilation of deep water (Kostov et
al 2014) - rather than indirect through the heat transport mechanism offered by Rugenstein et al
(2013) and Winton et al (2013a). However, the zonal mean ocean temperature change for the
experiments shown in Fig. 3 shows evidence against this interpretation. The more prominent
absence of warming in the AMOC sinking region between 40N and 60N band in CM2.5FLOR
indicates less heat transport into the region due to the strong AMOC decline rather than
enhanced injection of the warm surface perturbation into the deep ocean by a strong control
AMOC. By disallowing circulation changes in a CO; increase experiment, Winton et al (2013a)
show that a reduction in warming in this region is associated with a circulation change as seen in

the current comparison.

The AMOC/equilibration ratio relationship offers the potential for an observational constraint

using AMOC observations. The Willis (2010) observation shown in Fig. 2 indicates a value for
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this ratio above 0.5. However, the model AMOCs are lower at the lower latitude of the RAPID
array and the observational estimate is higher (Johns et al 2012). The RAPID array measurement
with its large error bar does not narrow the model range (Fig. S2). Another source of uncertainty
is a difference in the relationship between simulated AMOC and Atlantic meridional heat
transport compared to observations. Even when simulated AMOCs agree with observed values,
the simulated heat transport is too low (Msadek et al 2013; Danabasoglu 2014). Reduced heat
transport is crucial to the cooling effect of a declining AMOC (Rugenstein et al 2013; Winton et
al 2013a) making a low bias in the heat transport per unit AMOC a concern for accurate

simulation of the sensitivity.

The reduced surface warming in the Southern Ocean in the coarse models is seen in Fig. 3 to be
associated with subsurface heat storage indicating a reduction in vertical transport of heat up to
the surface in the coarse models. This feature was also found in the CM2.1/CM2.5 comparison
made by Delworth et al (2012). Although Bryan et al (2014) find the opposite, that the coarse
model warms more than the 1/10° version of CCSM3.5 in the Southern Ocean, their comparison
is consistent with the GFDL results in that greater surface warming is associated with less
subsurface heat storage. This indicates that changes in vertical transport below the halocline are
an important factor in the relative behavior of different ocean resolutions. The mechanism for
these changes is unknown but might involve differences in eddy responses (Morrison et al 2013)

or the mean state circulations (Marshall et al 2014a, Marshall et al 2014b).

Now we evaluate the global heat balance parameters that determine the transient climate

response — the global warming at CO, doubling. Figure 2 shows that the models vary in their
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equilibration ratios from 0.5 for CM2.5FLOR to 0.65 for CM2.6. The degree of equilibration at

CO; doubling can be written (Winton et al 2010):

TCR 1
ECS 1l+eylA

1)

where ¢ is the ocean heat uptake efficacy, y is the ocean heat uptake efficiency and A is the
equilibrium radiative feedback (= 1.13 W/m?/K, the same for the three models). The ocean heat
uptake efficacy is the global temperature impact of heat uptake relative to the impact of CO,

radiative forcing, defined here as:

ECS -TCR

N
&= ECS 2

R

where N is the heat uptake and R is the radiative forcing of doubled CO, (assumed 3.5 W/m? for
all models). In most models the efficacy is larger than 1 due to larger warming induced by heat
uptake reductions than by CO, increases per Wm. This is thought to be due to greater heat
uptake occurring at higher latitudes where the climate system is more sensitive (Winton et al
2010; Armour et al 2013). Since the heat uptake efficacy and efficiency contribute to the
equilibrium ratio through their product eqn. 1, we compare fractional changes in the parameters
to assess their relative contributions to inter-model variations in the equilibration ratio.
Variations in both efficiency and efficacy force the model equilibration spread — larger values of

both are associated with lower equilibration — but the fractional variation of efficiency across the
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experiments is about 3 times larger than the fractional variation of efficacy, dominating the

variation of their product (Table S2).

Fig. 4 shows the inter-model relationship between ocean heat uptake efficiency and the AMOC
decline and control AMOC. As in Fig. 2, the relationships within the three-model resolution
suite are similar to those in the ten-model suite. Larger control AMOCs and AMOC declines are
associated with larger efficiencies contributing to reduced equilibration ratio. The correlation of
efficiency with control AMOC is slightly greater than its correlation with AMOC decline
(similar to the equilibration ratio correlations). The correlations of the efficacy with AMOC
change (-0.44) and control AMOC (0.58) were smaller than the corresponding correlations with
efficiency shown in Fig. 4. Since the time-mean AMOC depends on both the control (initial)
value and its change, these correlations support the connection between the time-mean AMOC
strength and heat uptake parameters proposed by Kostov et al (2014). However, contrary to our
finding, Kostov et al (2014) find that the AMOC decline is not correlated with their diagnosed

deep ventilation parameter (see their supporting information section S3).

The causes of the increased transient climate response of MIROC3.2 hires relative to MIROC3.2
medres can also be evaluated using (1) and parameter values taken from Table 2 of Winton et al
(2010). These show that the higher resolution model has a lower efficacy (0.74 vs. 0.94) and
efficiency (0.60 W/m?/K vs. 0.82 W/m%K) than its medium resolution counterpart contributing
to an increase in equilibration ratio from 0.50 in medres to 0.63 in hires. The GFDL and
MIROCS3.2 models are therefore consistent in generating greater equilibration ratio with higher

ocean resolution due to reductions in both heat uptake efficiency and efficacy. Yokohata et al
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(2007) also show that the coarse resolution version of MIROCS3.2 has a larger control climate
AMOC and AMOC decline in agreement with the GFDL model results suggesting that AMOC

sensitivity differences may also contribute to the MIROC equilibration ratio differences.

4. Discussion

We have performed experiments designed to assess possible biases in the simulation of transient
climate sensitivity due to the use of coarse resolution ocean components requiring eddy
parameterizations. We find that the eddy parameterizations themselves significantly influence
coarse model sensitivity indirectly by altering the control AMOC. The differences in transient
sensitivity between the eddying and two coarse configurations of the GFDL model are associated
with the magnitude of the AMOC in the control simulation. A 10-model suite of GFDL climate
models, containing our 3-model subgroup, shows strong and consistent relationships between the
control AMOC, its forced decline, the ocean heat uptake efficiency and the equilibration ratio
(TCR/ECS). The GFDL model resolution comparison is similar to the comparison of the
MIROC3.2 hires and medres models which shows that the control AMOC and AMOC decline
are both reduced in the high ocean resolution model accompanying an increase in the

equilibration ratio (Yokohata et al 2007).

Based on earlier work and a comparison of spatial and temporal warming patterns, we believe
that the TCR differences in the GFDL model suite are mechanistically more closely related to the
AMOC decline differences rather than the control AMOC differences. The reduced surface and

ocean warming at high northern latitudes in CM2.5FLOR relative to the other models and the
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appearance of the reduced surface warming after the AMOC decline support this connection.
Rugenstein et al (2013) showed that larger AMOC decline reduces ocean heat transport to high
northern latitudes counteracting the warming there. Winton et al (2013a) showed that fixing
ocean circulation (including AMOC) in a CO, increase experiment substantially increased
warming in the GFDL ESM2M model, particularly at high latitudes. However, Kostov et al
(2014) find that the control AMOC is more closely related to surface climate change in their
comparison of CMIP5 model responses to instant CO, quadrupling. It is not clear whether this
difference from our study arises from differences in the forcings, models used, or analysis
techniques. The common finding of both studies, that there is a relationship between the
transient warming and the control AMOC is encouraging in that it may allow application of

observational constraints.

In addition to the GFDL models compared here, other high resolution climate models have
produced weaker AMOCSs than their lower resolution counterparts (Junclaus et al 2013;
Delworth et al 2012; Sakamoto et al 2012; Shaffrey et al 2009; Yokohata et al 2007). This may
be due to the widening of North Atlantic straits in order to represent their depths in the lower
resolution models. As the strait width becomes resolved, the influence of dense-water outflows
diminishes. The additional resolution, horizontal and vertical, needed to maintain these outflows
as they proceed downslope has not been attained even in the high resolution models (Winton et
al 1998). If this is the cause of the AMOC reduction in eddying models, a high bias in transient
climate sensitivity may have been introduced into the high resolution models. The AMOC is an
emergent property of the climate simulation, however, and is subject to many other atmospheric

and oceanic influences that temper the direct influence of resolution.
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Even if the global sensitivities of our coarse and eddying models can be reconciled by
accounting for AMOC differences, a difference in the distribution of the warming remains with
the Southern Ocean warming relatively more in the eddying model. Bryan et al (2014) found the
opposite Southern Ocean warming sensitivity with the NCAR CCSM3.5 suggesting that this
difference does not have a robust association with resolution. Rather we find that that the
vertical pattern of warming indicates that the decline in Southern Ocean vertical transport

induced by climate change is sensitive to resolution but the sense of this sensitivity is uncertain.

To summarize, there is no clear indication of an inherent transient sensitivity bias due to coarse
ocean resolution in the few tests that have been done to date. However more study of the role of
resolution in the simulation of the AMOC and Southern Ocean transport is needed to build

confidence in this conclusion.
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List of Figures

Figure 1. Top: global mean surface temperature changes in 1%/year CO, increase experiments
(TCR 95% CI’s shown at right). Middle: maxima of meridional overturning stream functions at
40N in the Atlantic in control (dotted) and 1%/year CO, increase (solid). Bottom: zonal mean
surface air temperature changes at CO, doubling (year 61-80 average) in 1%/year CO, increase

experiments.

Figure 2. GFDL climate model relationships between the equilibration ratio (TCR/ECS) and the
AMOC decline (top), between the control climate AMOC and the AMOC decline (middle), and
between the control climate AMOC and the equilibration ratio (bottom). Red dashed lines fit the
relationships for the 3-model subgroup and the black dashed lines fit the 10-model suite

relationships.

Figure 3. Zonal mean ocean temperature change at CO, doubling (year 61-80 average) in
1%/year CO; increase experiments: CM2.6 (top), CM2.5FLORa6 (middle), and CM2.5FLOR

(bottom).

Figure 4. GFDL climate model relationships between AMOC decline and ocean heat uptake
efficiency (top) and between control AMOC and efficiency (bottom). Red dashed lines fit the
relationships for the 3-model subgroup and the black dashed lines fit the 10-model suite

relationships.
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501 Figure 1. Top: global mean surface temperature changes in 1%/year CO, increase experiments
502 (TCR 95% CI’s shown at right). Middle: maxima of meridional overturning stream functions at
503 40N in the Atlantic in control (dotted) and 1%/year CO, increase (solid). Bottom: zonal mean
504  surface air temperature changes at CO; doubling (year 61-80 average) in 1%/year CO, increase
505  experiments.
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Figure 2. GFDL climate model relationships between the equilibration ratio (TCR/ECS) and the
AMOC decline (top), between the control climate AMOC and the AMOC decline (middle), and
between the control climate AMOC and the equilibration ratio (bottom). Red dashed lines fit the
relationships for the 3-model subgroup and the black dashed lines fit the 10-model suite

relationships.
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518  Figure 3. Zonal mean ocean temperature change at CO, doubling (year 61-80 average) in
519  1%l/year CO, increase experiments: CM2.6 (top), CM2.5FLORa6 (middle), and CM2.5FLOR
520  (bottom).
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525  Figure 4. GFDL climate model relationships between AMOC decline and ocean heat uptake
526  efficiency (top) and between control AMOC and efficiency (bottom). Red dashed lines fit the
527  relationships for the 3-model subgroup and the black dashed lines fit the 10-model suite

528  relationships.
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