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 38 

Abstract 39 
 40 
 41 

We investigate the influence of ocean component resolution on simulation of climate sensitivity 42 

using variants of the GFDL CM2.5 climate model incorporating eddy-resolving (1/10o) and 43 

eddy-parameterizing (1o) ocean resolutions.  Two parameterization configurations of the coarse-44 

resolution model are used yielding a three-model suite with significant variation in the transient 45 

climate response (TCR).  The variation of TCR in this suite and in an enhanced group of 10 46 

GFDL models is found to be strongly associated with the control climate Atlantic meridional 47 

overturning circulation (AMOC) magnitude and its decline under forcing.  We find it is the 48 

AMOC behavior rather than resolution per se that accounts for most of the TCR differences.  A 49 

smaller difference in TCR stems from the eddy-resolving model having more Southern Ocean 50 

surface warming than the coarse models.51 
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 52 

1. Introduction 53 

The scale of jet-like flows and transient eddies in the ocean is much smaller than that of the 54 

comparable features in the atmosphere.  Consequently, these features have been resolved by the 55 

atmosphere components of climate models for decades but are only recently becoming resolved 56 

by the ocean components.  Transient eddies are thought to be important to the simulation of both 57 

the ocean climate and its response to radiative forcing (e.g. Palter et al 2013) and so are 58 

represented by parameterizations.  Uncertainty in the formulation and parameter values of the 59 

coarse resolution eddy parameterization introduces uncertainty into the transient response to 60 

radiative forcing (Kuhlbrodt and Gregory 2012).  Recent increases in computer power have 61 

allowed for limited simulation with climate models employing ocean components with 1/10o 62 

resolution (Kirtman et al 2011; McClean et al 2011; Delworth et al 2012; Bryan et al 2013).  At 63 

1/10o resolution, these simulations can develop levels of eddy kinetic energy comparable to 64 

satellite estimates (Delworth et al 2012) allowing credible assessment of the role of eddy 65 

processes in climate change. 66 

 67 

Here we diagnose the difference that eddy resolution makes to the simulation of transient climate 68 

sensitivity in the GFDL CM2.5 class climate models by comparing  1/10 o and 1o ocean 69 

resolutions coupled to the same 50 km atmosphere component.  This comparison assesses 70 

possible biases in the projections that have been made to date using coarse resolution ocean 71 

components.  The transient sensitivity is quantified with the transient climate response (TCR) the 72 

global surface warming at CO2 doubling in a 1%/year CO2 increase experiment. 73 

 74 
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Similar resolution comparisons have been performed previously by Yokohata et al (2007) using 75 

two resolutions of the MIROC3.2 climate model, by Delworth et al (2012) comparing the 76 

transient sensitivity of GFDL’s CM2.1 and CM2.5 climate models, and by Bryan et al (2013) 77 

using 1o- and 1/10o-ocean versions of the NCAR CCSM3.5 model.  Yokohata et al (2007) found 78 

that the transient climate response for the higher resolution version of MIROC3.2, using a ¼ o 79 

ocean component, was 0.5 K higher than that using a lower resolution (1o) ocean – larger than 80 

the increase in equilibrium climate sensitivity (ECS) of 0.3 K – indicating a role for ocean 81 

resolution in the increased sensitivity.  Delworth et al (2012) found, similarly, that CM2.5, 82 

employing a 1/4o ocean had a TCR about 0.4 K larger than CM2.1 using a 1o ocean.  The ECS 83 

for CM2.5 was not evaluated in that study.  These two comparisons involved changes in 84 

atmospheric resolution as well as ocean resolution while the Bryan et al (2014) study with 85 

NCAR’s CCSM3.5 made use of the same atmosphere coupled to both 1o and 1/10o ocean 86 

components.  They found that the TCR was unchanged by the resolution increase.  87 

Conventionally the ECS, the steady-state global warming induced by doubled CO2, is assumed to 88 

be a property of the atmosphere and so it is assumed to be the same for both CCSM3.5 89 

configurations. 90 

 91 

Here we extend the Delworth et al (2012) investigation by employing 1/10o and two 1o versions 92 

of the CM2.5 model coupling in the same atmosphere and land components and following the 93 

same spin up and CO2 increase protocols for the three models.  To evaluate the generality of our 94 

results, we enhance our three model suite with seven other previously published GFDL climate 95 

models.  The models and experiments are described in the next section.  Section three presents 96 

the results and section four discusses the conclusions. 97 
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 98 

2.		Models	and	experiments	99 

 100 

The models and experiments used in this study are summarized in Table S1.  The ancestor model 101 

for the models used here is CM2.5 which employs a 1/4o ocean component and was described in 102 

detail by Delworth et al (2012).  A short run of the 1/10o version of CM2.5, CM2.6, was also 103 

presented in that study showing that the eddy kinetic energy was increased over that of CM2.5 104 

into agreement with a satellite estimate.  CM2.6 does not make use of Gent-McWilliams eddy 105 

parameterization (Gent and McWilliams 1990) or background vertical mixing.  We use two 1o 106 

versions of CM2.5, labeled “FLOR” for “Forecast Low Ocean Resolution”, that require these 107 

parameterizations.  Both of these coarse models have been used as part of the GFDL seasonal 108 

prediction system (Vecchi et al 2014).  The use of two coarse models allows us to span a primary 109 

tuning uncertainty that determines the model Atlantic meridional overturning circulation 110 

(AMOC) magnitude.  The magnitude of the AMOC is related to the magnitude of its decline 111 

(Gregory et al 2005) and consequently has a major impact on the transient response at high 112 

latitudes in the Northern Hemisphere (Rugenstein et al 2013).  One coarse ocean version, 113 

CM2.5FLORa6, has a control climate AMOC that is about 5 Sv less than that of the other, 114 

CM2.5FLOR.  The models differ in their formulation of horizontal friction and mesoscale eddy 115 

parameterizations.  CM2.5FLORa6 uses the same schemes as GFDL’s CM2.1 model while 116 

CM2.5FLOR uses those of GFDL’s ESM2M.  Friction is smaller and eddy mixing is larger in 117 

the latter model (Vecchi et al 2014). 118 

 119 
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 The length of integrations using eddy-resolving ocean grids is constrained by computational 120 

cost.  All models have 1860 control simulations that are initialized from present day ocean initial 121 

conditions.  These are run for 100 years before branching off their 1%/year CO2 increase 122 

experiments.  Because of a data transfer problem, the CM2.6 branch point was delayed until year 123 

120.  With the short spin-up, the models still have significant interior ocean temperature drift in 124 

their control experiments, although Delworth et al (2012) show that this drift is reduced in 125 

CM2.6 relative to coarse ocean climate models.  The control drift is removed from all 126 

perturbation quantities presented in this study. 127 

 128 

We also make use of 1% CO2 increase experiments of seven additional GFDL climate models:  129 

CM2.0, CM2.1 (Delworth et al 2006), CM3 (Griffies et al, 2011), ESM2preG (Rugenstein et al 130 

2012), ESM2G, ESM2M (Dunne et al 2012) and CM2.5 (Delworth et al. 2012).  The equilibrium 131 

climate sensitivities for these models have been estimated by Stouffer et al (2006) for CM2.0 and 132 

CM2.1, Winton et al (2013b) for the ESMs and CM3, and the present study for the CM2.5 based 133 

models.  The CM2.5 estimate is made using a regression of heat uptake on global temperature 134 

change in the 300-year instant CO2 quadrupling experiments with CM2.5FLOR and 135 

CM2.5FLORa6.  Twenty year means are used in the regression but the first 20 year period, 136 

containing the mixed layer adjustment (Held et al 2010), is ignored (Fig. S1).  The estimate is 3.1 137 

K, roughly in the middle of a typical multi-model range, similar to the ECSs of the other GFDL 138 

AM2-based models. 139 

3.		Results	140 

 141 
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The top panel of Figure 1 shows the global surface air temperature changes under 1%/year 142 

increasing CO2 forcing.  There are considerable differences between the simulated warming 143 

stemming from the resolution and formulation differences of the ocean components.  The 144 

eddying model CM2.6 warms slightly more than CM2.5FLORa6 while CM2.5FLOR warms 145 

distinctly less than the other two models.  The values for the transient climate response (TCR) – 146 

the year 61-80 average global warming – are 1.5 K for CM2.5FLOR, 1.9 K for CM2.5FLORa6, 147 

and 2.0 K for CM2.6 (Table S2).  This range of TCRs spans most of a typical multi-model range.  148 

Of the 22 models compared by Winton et al (2010), 13 had TCRs in this 1.5-2.0 K range. 149 

 150 

Figure 1 also shows the control and 1%/year CO2 increase experiment maximum Atlantic 151 

overturning stream function at 40N for the models.  There are large differences in both the 152 

control AMOC magnitudes and the magnitudes of the responses.  As in previous comparisons of 153 

GFDL models (Stouffer et al 2006, Delworth et al 2012, Rugenstein et al 2013), large control 154 

climate overturning is strongly associated with a large decline under CO2 forcing.  CM2.5FLOR, 155 

which has the least surface warming, particularly in the Northern Hemisphere, has both the 156 

largest control overturning and the largest decline.  CM2.5FLORa6 has the next largest control 157 

overturning and decline and CM2.6 has the smallest control AMOC and AMOC decline.  The 158 

middle panel of Fig. 2 shows that the control AMOC/AMOC decline relationship in our three-159 

model suite is consistent with that of the larger group of GFDL models.  The bottom panel of 160 

Fig. 1 shows the zonal mean surface temperature change for the models.  The largest differences 161 

are in the Northern Hemisphere where CM2.5FLOR has much less warming than the other two.  162 

This is an expected consequence of its larger AMOC decline (Rugenstein et al 2013).  In the 163 

Southern Hemisphere, the two coarse models have less warming than the eddying model – about 164 
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0.3 K averaged over the hemisphere.  Delworth et al (2012) and Bryan et al (2014) also found 165 

Southern Hemisphere warming differences between their eddying and eddy-parameterizing 166 

model.  However, the eddying model had more warming in Delworth et al (2012) but less 167 

warming in Bryan et al (2014).  Here we confirm the difference found by Delworth et al (2012) 168 

is associated specifically with ocean resolution and parameterizations. 169 

 170 

The inter-model spread of Northern Hemisphere warming in our three-model suite is 0.7 K, more 171 

than double that of the Southern Hemisphere, and so we focus below on the reasons for this 172 

difference.  Two aspects of the comparison displayed in Fig. 1 suggest that the differences in 173 

AMOC decline are responsible:  1) the divergence of global temperature is delayed until year 40, 174 

after the difference in the AMOCs has emerged, and 2) the main warming difference is in the 175 

Northern Hemisphere, particularly at high latitudes where Rugenstein et al (2013) and Winton et 176 

al (2013a) have demonstrated the importance of ocean circulation changes. 177 

 178 

To allow comparison of the AMOC influence in a broader group of GFDL models with varying 179 

equilibrium sensitivities, we normalize each model’s TCR by its equilibrium climate sensitivity 180 

(ECS) to form the equilibration ratio, TCR/ECS, which measures the influence of the ocean on 181 

reducing the response to radiative forcing.  The top panel of Fig. 2 shows the relationship 182 

between this measure and the AMOC decline.  There is a linear relationship between the three 183 

models of this study and a good correlation for the broader suite of ten GFDL models indicating 184 

an influence of the AMOC decline on the normalized warming.  The middle panel of Fig. 2 185 

shows the strong relationship between the AMOC decline under increased radiative forcing and 186 

the control climate AMOC.  This relationship has been found in some other multi-model 187 
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comparisons (Gregory et al 2005; Gregory and Tailleux 2011; Weaver et al 2012) but Kostov et 188 

al (2014) find only a small correlation in their eight-model comparison of CMIP5 model 189 

responses to step CO2 quadrupling.  Gregory and Tailleux (2014) present an energy dissipation 190 

based conceptual model for the relationship.  Rugenstein et al (2013) note that the control 191 

AMOC/AMOC decline relationship in some of the GFDL models is mirrored by a similar 192 

relationship between Labrador Sea convection and its response to climate change. 193 

 194 

The bottom panel of Fig. 2 shows that there is also a strong relationship between the control 195 

AMOC and the equilibration ratio.  In fact, the correlation of the equilibration ratio with the 196 

control AMOC is slightly greater in magnitude than with the AMOC decline.  This might suggest 197 

that the AMOC influence on the warming is direct – through ventilation of deep water (Kostov et 198 

al 2014) – rather than indirect through the heat transport mechanism offered by Rugenstein et al 199 

(2013) and Winton et al (2013a).  However, the zonal mean ocean temperature change for the 200 

experiments shown in Fig. 3 shows evidence against this interpretation.  The more prominent 201 

absence of warming in the AMOC sinking region between 40N and 60N band in CM2.5FLOR 202 

indicates less heat transport into the region due to the strong AMOC decline rather than 203 

enhanced injection of the warm surface perturbation into the deep ocean by a strong control 204 

AMOC.  By disallowing circulation changes in a CO2 increase experiment, Winton et al (2013a) 205 

show that a reduction in warming in this region is associated with a circulation change as seen in 206 

the current comparison. 207 

 208 

The AMOC/equilibration ratio relationship offers the potential for an observational constraint 209 

using AMOC observations.  The Willis (2010) observation shown in Fig. 2 indicates a value for 210 
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this ratio above 0.5.  However, the model AMOCs are lower at the lower latitude of the RAPID 211 

array and the observational estimate is higher (Johns et al 2012).  The RAPID array measurement 212 

with its large error bar does not narrow the model range (Fig. S2).  Another source of uncertainty 213 

is a difference in the relationship between simulated AMOC and Atlantic meridional heat 214 

transport compared to observations.  Even when simulated AMOCs agree with observed values, 215 

the simulated heat transport is too low (Msadek et al 2013; Danabasoglu 2014).  Reduced heat 216 

transport is crucial to the cooling effect of a declining AMOC (Rugenstein et al 2013; Winton et 217 

al 2013a) making a low bias in the heat transport per unit AMOC a concern for accurate 218 

simulation of the sensitivity. 219 

 220 

The reduced surface warming in the Southern Ocean in the coarse models is seen in Fig. 3 to be 221 

associated with subsurface heat storage indicating a reduction in vertical transport of heat up to 222 

the surface in the coarse models.  This feature was also found in the CM2.1/CM2.5 comparison 223 

made by Delworth et al (2012).  Although Bryan et al (2014) find the opposite, that the coarse 224 

model warms more than the 1/10o version of CCSM3.5 in the Southern Ocean, their comparison 225 

is consistent with the GFDL results in that greater surface warming is associated with less 226 

subsurface heat storage.  This indicates that changes in vertical transport below the halocline are 227 

an important factor in the relative behavior of different ocean resolutions.  The mechanism for 228 

these changes is unknown but might involve differences in eddy responses (Morrison et al 2013) 229 

or the mean state circulations (Marshall et al 2014a, Marshall et al 2014b). 230 

 231 

Now we evaluate the global heat balance parameters that determine the transient climate 232 

response – the global warming at CO2 doubling.  Figure 2 shows that the models vary in their 233 
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equilibration ratios from 0.5 for CM2.5FLOR to 0.65 for CM2.6.  The degree of equilibration at 234 

CO2 doubling can be written (Winton et al 2010): 235 

 236 

 /1

1




ECS

TCR
                                                                                  (1) 237 

 238 

where  is the ocean heat uptake efficacy,  is the ocean heat uptake efficiency and  is the 239 

equilibrium radiative feedback (= 1.13 W/m2/K, the same for the three models).  The ocean heat 240 

uptake efficacy is the global temperature impact of heat uptake relative to the impact of CO2 241 

radiative forcing, defined here as: 242 

 243 

R

ECS
N

TCRECS 

                                                                              (2) 244 

 245 

where N is the heat uptake and R is the radiative forcing of doubled CO2 (assumed 3.5 W/m2 for 246 

all models).  In most models the efficacy is larger than 1 due to larger warming induced by heat 247 

uptake reductions than by CO2 increases per Wm-2.  This is thought to be due to greater heat 248 

uptake occurring at higher latitudes where the climate system is more sensitive (Winton et al 249 

2010; Armour et al 2013).  Since the heat uptake efficacy and efficiency contribute to the 250 

equilibrium ratio through their product eqn. 1, we compare fractional changes in the parameters 251 

to assess their relative contributions to inter-model variations in the equilibration ratio.    252 

Variations in both efficiency and efficacy force the model equilibration spread – larger values of 253 

both are associated with lower equilibration – but the fractional variation of efficiency across the 254 
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experiments is about 3 times larger than the fractional variation of efficacy, dominating the 255 

variation of their product (Table S2). 256 

 257 

Fig. 4 shows the inter-model relationship between ocean heat uptake efficiency and the AMOC 258 

decline and control AMOC.  As in Fig. 2, the relationships within the three-model resolution 259 

suite are similar to those in the ten-model suite.  Larger control AMOCs and AMOC declines are 260 

associated with larger efficiencies contributing to reduced equilibration ratio.  The correlation of 261 

efficiency with control AMOC is slightly greater than its correlation with AMOC decline 262 

(similar to the equilibration ratio correlations).  The correlations of the efficacy with AMOC 263 

change (-0.44) and control AMOC (0.58) were smaller than the corresponding correlations with 264 

efficiency shown in Fig. 4.  Since the time-mean AMOC depends on both the control (initial) 265 

value and its change, these correlations support the connection between the time-mean AMOC 266 

strength and heat uptake parameters proposed by Kostov et al (2014).  However, contrary to our 267 

finding, Kostov et al (2014) find that the AMOC decline is not correlated with their diagnosed 268 

deep ventilation parameter (see their supporting information section S3). 269 

 270 

The causes of the increased transient climate response of MIROC3.2 hires relative to MIROC3.2 271 

medres can also be evaluated using (1) and parameter values taken from Table 2 of Winton et al 272 

(2010).  These show that the higher resolution model has a lower efficacy (0.74 vs. 0.94) and 273 

efficiency (0.60 W/m2/K vs. 0.82 W/m2/K) than its medium resolution counterpart contributing 274 

to an increase in equilibration ratio from 0.50 in medres to 0.63 in hires.  The GFDL and 275 

MIROC3.2 models are therefore consistent in generating greater equilibration ratio with higher 276 

ocean resolution due to reductions in both heat uptake efficiency and efficacy.  Yokohata et al 277 
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(2007) also show that the coarse resolution version of MIROC3.2 has a larger control climate 278 

AMOC and AMOC decline in agreement with the GFDL model results suggesting that AMOC 279 

sensitivity differences may also contribute to the MIROC equilibration ratio differences. 280 

 281 

4.		Discussion	282 

 283 

We have performed experiments designed to assess possible biases in the simulation of transient 284 

climate sensitivity due to the use of coarse resolution ocean components requiring eddy 285 

parameterizations.  We find that the eddy parameterizations themselves significantly influence 286 

coarse model sensitivity indirectly by altering the control AMOC.  The differences in transient 287 

sensitivity between the eddying and two coarse configurations of the GFDL model are associated 288 

with the magnitude of the AMOC in the control simulation.  A 10-model suite of GFDL climate 289 

models, containing our 3-model subgroup, shows strong and consistent relationships between the 290 

control AMOC, its forced decline, the ocean heat uptake efficiency and the equilibration ratio 291 

(TCR/ECS).  The GFDL model resolution comparison is similar to the comparison of the 292 

MIROC3.2 hires and medres models which shows that the control AMOC and AMOC decline 293 

are both reduced in the high ocean resolution model accompanying an increase in the 294 

equilibration ratio (Yokohata et al 2007). 295 

 296 

Based on earlier work and a comparison of spatial and temporal warming patterns, we believe 297 

that the TCR differences in the GFDL model suite are mechanistically more closely related to the 298 

AMOC decline differences rather than the control AMOC differences.  The reduced surface and 299 

ocean warming at high northern latitudes in CM2.5FLOR relative to the other models and the 300 
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appearance of the reduced surface warming after the AMOC decline support this connection.  301 

Rugenstein et al (2013) showed that larger AMOC decline reduces ocean heat transport to high 302 

northern latitudes counteracting the warming there.  Winton et al (2013a) showed that fixing 303 

ocean circulation (including AMOC) in a CO2 increase experiment substantially increased 304 

warming in the GFDL ESM2M model, particularly at high latitudes.  However, Kostov et al 305 

(2014) find that the control AMOC is more closely related to surface climate change in their 306 

comparison of CMIP5 model responses to instant CO2 quadrupling.  It is not clear whether this 307 

difference from our study arises from differences in the forcings, models used, or analysis 308 

techniques.  The common finding of both studies, that there is a relationship between the 309 

transient warming and the control AMOC is encouraging in that it may allow application of 310 

observational constraints. 311 

 312 

In addition to the GFDL models compared here, other high resolution climate models have 313 

produced weaker AMOCs than their lower resolution counterparts (Junclaus et al 2013; 314 

Delworth et al 2012; Sakamoto et al 2012; Shaffrey et al 2009; Yokohata et al 2007).  This may 315 

be due to the widening of North Atlantic straits in order to represent their depths in the lower 316 

resolution models.  As the strait width becomes resolved, the influence of dense-water outflows 317 

diminishes.  The additional resolution, horizontal and vertical, needed to maintain these outflows 318 

as they proceed downslope has not been attained even in the high resolution models (Winton et 319 

al 1998).  If this is the cause of the AMOC reduction in eddying models, a high bias in transient 320 

climate sensitivity may have been introduced into the high resolution models.  The AMOC is an 321 

emergent property of the climate simulation, however, and is subject to many other atmospheric 322 

and oceanic influences that temper the direct influence of resolution. 323 
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 324 

Even if the global sensitivities of our coarse and eddying models can be reconciled by 325 

accounting for AMOC differences, a difference in the distribution of the warming remains with 326 

the Southern Ocean warming relatively more in the eddying model.  Bryan et al (2014) found the 327 

opposite Southern Ocean warming sensitivity with the NCAR CCSM3.5 suggesting that this 328 

difference does not have a robust association with resolution.  Rather we find that that the 329 

vertical pattern of warming indicates that the decline in Southern Ocean vertical transport 330 

induced by climate change is sensitive to resolution but the sense of this sensitivity is uncertain.   331 

 332 

To summarize, there is no clear indication of an inherent transient sensitivity bias due to coarse 333 

ocean resolution in the few tests that have been done to date.  However more study of the role of 334 

resolution in the simulation of the AMOC and Southern Ocean transport is needed to build 335 

confidence in this conclusion. 336 

 337 
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(TCR 95% CI’s shown at right).   Middle:  maxima of meridional overturning stream functions at 480 

40N in the Atlantic in control (dotted) and 1%/year CO2 increase (solid).   Bottom: zonal mean 481 

surface air temperature changes at CO2 doubling (year 61-80 average) in 1%/year CO2 increase 482 
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Figure 2.  GFDL climate model relationships between the equilibration ratio (TCR/ECS) and the 485 

AMOC decline (top), between the control climate AMOC and the AMOC decline (middle), and 486 

between the control climate AMOC and the equilibration ratio (bottom).  Red dashed lines fit the 487 

relationships for the 3-model subgroup and the black dashed lines fit the 10-model suite 488 

relationships. 489 
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