
1.  Introduction
Oceanic mesoscale eddies, which are often parameterized in state-of-the-art climate models, represent an 
uncertainty source for climate change projections (Winton et al., 2014). This uncertainty is difficult to sys-
tematically evaluate mainly because climate models having an oceanic component capable of resolving 
mesoscale eddies are demanding to produce. This computational burden makes climate change simulations 
with an eddy-resolving ocean model challenging. While challenging, we present here a set of idealized 
climate change simulations with the same atmospheric model at the same resolution but differing ocean 
resolutions, and the experiment is specifically designed for quantifying the main effect of mesoscale eddies 
on transient climate responses.

The conjecture that mesoscale eddies are capable of affecting transient climate response stems from the 
knowledge that the climate response is closely linked to the efficiency of the ocean in uptaking heat (Rose 
& Rayborn, 2016; Winton et al., 2010). Furthermore, the ocean's heat uptake can be affected by oceanic 
mesoscale eddies as they can significantly contribute to the ocean heat budget (Griffies et al., 2015; Mor-
rison et al., 2013; von Storch et al., 2016; Wolfe et al., 2008). Studies using eddy-permitting/resolving sim-
ulations show that to the first order, the downward heat transport due to mean advection is balanced by 
the upward eddy heat flux, which, when integrated globally, can reach up to 1 to 3 PW (Griffies et al., 2015; 
Morrison et al., 2013; von Storch et al., 2016; Wolfe et al., 2008). While the effect of mesoscale eddies is 
typically parameterized, the effect of parameterized eddies can deviate from that of resolved eddies (Griffies 
et al., 2015; von Storch et al., 2016). Thus, those climate change projections using current generation climate 
models, which generally rely on eddy parameterizations, potentially suffer from an uncertainty in the ocean 
heat uptake due to the difference between resolved and parameterized eddies. Consequently, the climate 
response to changes in greenhouse gas forcing (GHG) can differ in climate models with an eddy-resolving 
ocean as compared to a non-eddy-resolving ocean. Here, we investigate the effects of mesoscale eddies on 
the transient climate response, quantified by the change in global mean surface temperatures (GMST, also 
denoted by Ts) to strong greenhouse gas forcing, and the role of ocean mesoscale eddies in determining the 
GMST response.

Abstract  The magnitude of global mean surface temperature (GMST) response to increasing 
atmospheric CO2 concentrations is affected by the efficiency of ocean heat uptake, which in turn can 
be affected by oceanic mesoscale eddies. Using the Max Planck Institute - Earth System Model (MPI-
ESM1.2), we find that resolving eddies leads to a −0.1°C cooler response of GMST to an abrupt CO2 
quadrupling, which is related to a larger rate of heat uptake by an eddying ocean. This is consistent 
with changes in the energy budget of the whole climate system induced by increasing ocean resolution 
under the same radiative forcing and climate feedback. As a fast response, heat is taken up by the deep 
ocean, independent of resolution. The change in deep ocean heat uptake due to resolved eddies is an 
amplification in the magnitude of the responses of all heat processes, including eddy heat advection, 
mean heat advection, and diffusive processes.
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2.  Experimental Setup
In order to clearly identify the effect of mesoscale eddies, we choose to consider a strong-forcing scenario, 
that of an abrupt quadrupling of CO2 concentration (abrupt-4xCO2). We use pairs of simulations consisting 
of a 1950-control (CTL) simulation forced by fixed-1950 GHG-forcing, and an abrupt-4xCO2 simulation 
forced by quadrupling CO2 concentration in 1950. The length of each run after spin up is 100 years. We 
choose to define CTL using 1950 rather than the canonical 1850 pre-industrial condition, since the work is 
initiated within the EU project PRIMAVERA and follows the HighResMIP protocol (Haarsma et al., 2016).

We use the Max Planck Institute - Earth System Model (MPI-ESM1.2; Mauritsen et  al.,  2019; Müller 
et al.,  2018) with the atmospheric component ECHAM6.3 (Stevens et al.,  2013) and the oceanic/sea-ice 
component Max Planck Institute Ocean Model (MPIOM; Jungclaus et al., 2013). We employ two coupled 
model configurations of MPI-ESM1.2 with the same T127 (∼1°) atmospheric resolution, but different ocean 
resolutions. The effect of ocean eddies is distilled from the two differing ocean horizontal resolutions: The 
first one has a nominal resolution of 0.1° (Gutjahr et al., 2019) and is eddy-resolving with respect to the 
first baroclinic Rossby radius of deformation and hereafter referred to as ER (Eddy Rich), but exceptions 
occur at polar latitudes (Chelton et al., 1998; Hallberg, 2013), in northern subpolar regions and in shallow 
waters such as shelf areas (Nurser & Bacon, 2014). The second one has a nominal resolution of 0.4° (Müller 
et al., 2018) and does not resolve eddies at higher latitudes, and is henceforth deemed non-eddy resolving 
and hereafter referred to as EP (Eddy Poor). This configuration is officially called higher-resolution version 
of the MPI-ESM1.2 (MPI-ESM1.2-HR; Müller et al., 2018) and is normally referred to as HR. However, to 
prevent confusion when comparing to ER, we denote it here as EP. Note that MPIOM is formulated on a 
tripolar grid, which has a rather uniform resolution in the northern hemisphere and a longitude-latitude 
grid south of the Equator. For ER, the grid size is reduced to about 7 km at 50°S, about 5 km around 70°S, 
and about 3 km in the Weddell and Ross seas. In both ER and EP, we use a total of 40 z-levels with par-
tial bottom cells. The layer thickness ranges from about 10 m in the first hundred meters, down to about 
200–300 m between 1,000 to 3,400 m depth, and about 400–550 m, which is the thickest bottom layer, below 
3,500 m.

Since the aim of our study is to understand the effect of resolving mesoscale eddies and not calibrating the 
climate, we employ, whenever possible, the same parameterizations. In both ER and EP, we use the Redi-pa-
rameterization (Redi, 1982) with the same resolution-dependent coefficient of 1,000 m2/s for a 400 km grid 
size, which corresponds to about 25 m2/s in ER and about 100 m2/s in EP. Thus, the isopycnal eddy-induced 
mixing can be considered to be essentially resolved in ER, as the Redi-coefficient is extremely small in ER, 
and represented by the Redi-parameterization in EP. The only differently employed parameterization is 
the GM-parameterization (Gent & Mcwilliams, 1990) used to represent the effect of mesoscale eddies on 
tracer advection, which is switched on in EP but switched off in ER. The thickness diffusivity used in EP is 
250 m2s−1 for a 400 km grid size that scales linearly with the grid cell size. This number, which is normally 
used in the MPI-ESM simulations for Coupled Model Intercomparison Project (CMIP) applications (Gut-
jahr et al., 2019; Jungclaus et al., 2013; Müller et al., 2018), is much smaller than those adopted by other 
models (about 1000 m2s−1 for a one-degree grid cell size). Several studies that diagnose differences between 
models may reflect differences between different GM implementations such as varying versus fixed GM 
coefficients (Kuhlbrodt & Gregory, 2012; Saenko et al., 2018). Here, since EP uses such a small thickness 
diffusivity, this leads to minute tendencies from GM (von Storch et al., 2016) and thus rendering the ed-
dy-parameterized transports to be negligible. Hence, the difference between ER and EP describes essentially 
the effect of resolved eddies, rather than the difference between resolved versus parameterized eddies.

One main difficulty in performing climate change simulations using an eddy-resolving model is that due 
to the heavy computational costs, the spin up runs are often too short such that the simulations following 
the spin up are afflicted by drifts. In this study, the spin up run is 30 years. We deal with possible drifts by 
branching off 4xCO2 simulations from a control simulation, and running the control and 4xCO2 simulations 
side by side. By doing so, we assume that the pair of CTL and 4xCO2 runs would have the same drift. This 
drift can thus be effectively removed by defining the response in a given year as the difference between 
4xCO2 and CTL in that year.
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While we are able to remove the drift in the aforementioned manner, another difficulty arises: That of inter-
nal variability. Although internal variability may not play a big role for identifying the response to a strong 
GHG forcing (defined as the difference between 4xCO2 and CTL), it can notably contaminate the resolu-
tion effect (defined as the difference between high- and low-resolution runs). We tackle this issue by using 
three ensemble members, each being a set consisting of CTL and 4xCO2 runs at low and high resolutions. 
Utilizing a larger ensemble would certainly help to ease this issue more, but this is currently not affordable.

Since we quantify climate response in terms of GMST, which reflects the large-scale internal climate mode 
El Niño - Southern Oscillation (ENSO), the resolution effect on GMST response can be affected by ENSO 
events occurring in the runs. We reduce the impact of ENSO by carefully selecting the year we branched 
off for the 4xCO2 simulations. However, we realized the impact of ENSO from our first pair of EP and ER 
4xCO2 runs, which were unintentionally branched off from a warm ENSO state for EP and a neutral ENSO 
state for ER. We then decide to branch off the two additional EP 4xCO2 runs from a cold and a neutral ENSO 
state, and ER from all neutral ENSO state, to ensure ENSO-neutral initial conditions.

For this study, a response for any given quantity is computed for each resolution as

   resp 4xCO CTL resp 4xCO CTL2 2ER ER ER ; EP EP EP� (1)

and the effect of ocean resolution, denoted as Δ, on the response is evaluated as

 resp respΔ ER EP .� (2)

Both responses (ERresp and EPresp) and resolution effects (Δ) are calculated from yearly data and then aver-
aged or running averaged over 10 years. For the time rate of change of heat content, the time derivative is 
calculated using monthly data and then averaged. Taking the decadal mean or applying a 10 years running 
mean to the response further reduces noise from internal variability and enhances the signal, thereby pro-
viding robustness to the response estimate. In our analysis, only ensemble mean statistics are considered.

3.  Interpretation Based on the Energy Budget of the Coupled System
The red solid line in Figure 1a (the dashed lines will be discussed later in section 5) shows the 10-years 
running-average ensemble-mean time series of the resolution effect on GMST response, ΔTs. We computed 
GMST based on surface temperature over land, sea-ice, and ocean, and not the traditional Intergovernmen-
tal Panel on Climate Change (IPCC) definition that uses near-surface temperature over land and sea-ice 
(IPCC, 2013). The resolution effect on GMST response is negative throughout the simulation period, indi-
cating that the GMST warms less for a climate with an eddying ocean than for a climate in which mesoscale 
eddies are not well resolved. When decomposing this resolution effect into contributions from land and 
ocean surface (Figure S2), we find that land surface temperature and sea surface temperature (SST) contrib-
ute more or less equally to ΔTs, but reveal different variability behaviors. While the contribution from the 
ocean surface is essentially responsible for the multi-decadal variations seen in Figure 1a, the contribution 
from land reveal little variations throughout time. The total resolution effect amounts to −0.1°C when aver-
aged over the entire simulation period and reaches a maximum of about −0.2°C.

Performing a one-sided two-sample t-test using a sample size of n = 3 (3 ensemble members) suggests that 

ΔTs is not statistically significant (gray line in Figure 1a, which marks 0.95 2 / pc nS  with c0.95 being the 95% 

percentile of the t-distribution, Sp the pooled ensemble standard deviation). Although disappointing, the 
test result cannot be taken as a proof that mesoscale eddies have no effect on GMST response. This is be-
cause the power of a t-test depends on the sample size and is less when the sample size is small (von Storch 
& Zwiers, 1999). Increasing the sample size can help. However, since the GMST responses represent trends 
which increase logarithmically with time throughout the simulation period, bootstrapping one ensemble 
member cannot produce iid (independent, identically distributed) realizations. Instead, the sample size has 
to be increased by increasing the number of independent ensemble members, which is limited by compu-
tational resources. In this situation, a small statistically insignificant value of ΔTs can imply that there is no 
resolution effect at all, or that there is a resolution effect but that the sample size is too small for a significant 
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signal to be detected. In this case, we must look for physical significance, i.e., a physical process that can 
explain the signal.

To assess the physical significance of the resolution effect, we consider a zero-dimensional model of the 
type studied by (Gregory et al., 2004). This model describes the energy budget of the whole climate system, 
including the atmosphere, the land, and the ocean: The time rate of change of the heat content of the whole 
climate system is determined by the radiative forcing and the radiative feedback that is found to be propor-
tional to the surface temperature. When considering only the response to a change in GHG forcing, this 
energy budget can be written as

 climate ,s
dH F T

dt
� (3)

where the subscript resp introduced in Equation 1 is dropped for the sake of brevity. dHclimate/dt is the re-
sponse of the time rate of change in the heat content of the whole system, F represents the forcing change 
due to the increase in CO2 concentration, αTs with the climate feedback parameter α > 0, and the GMST 
response, Ts, represents the radiative feedback in the coupled system. We assume that the heat capacity of 
the atmosphere can be neglected relative to that of the ocean, and that there is no heat penetrating into the 
solid earth, such that dHclimate/dt of Equation 3 reduces to the response of the time rate of change in the heat 
content of the ocean, dHocean/dt. The negative sign in Equation 3 describes the situation that for the same F, 
the larger Ts, the stronger the negative feedback (mainly due to back radiation to space), and the smaller the 
dHclimate/dt. When subtracting the budget for EP from the budget for ER, and assuming that F and α remain 
the same, one finds

 oceanΔ Δ .s
dH T

dt
� (4)

 oceanΔ /dH dt  and ΔTs denote the resolution effects on the response of time rate of change in ocean heat 
content and on that of GMST, respectively. Figure S1 in SI suggests that α and F are indeed essentially un-
changed from ER to EP. This likely results from the fact that ER and EP use the same atmospheric model 
with the same resolution subjected to the same 4xCO2 forcing.

Equation 4 suggests that the resolution effect for GMST, ΔTs, should be in antiphase with that of ocean heat 

uptake response,  oceanΔ /dH dt . Figure 1a shows that such an anti-phase relationship between ΔTs (red 
solid line) and  oceanΔ /dH dt  (blue solid line) can indeed be identified: A larger response of time rate of 
change of ocean heat content in ER than in EP is generally associated with a smaller GMST response in ER 
than in EP. We therefore conclude that although small, the resolution effect for GMST is clearly physically 
significant and can be explained in terms of the zero-dimensional energy budget of the coupled system.

4.  Further Interpretation Using Vertical Heat Budget of the Ocean
When using the time rate of change in heat content response as an indicator for ocean heat uptake response 
(hereon dH/dt), the positive resolution effect for dH/dt suggests that an eddying ocean takes up more heat 
under 4xCO2 forcing compared to an ocean that does not resolve eddies. To address the role of mesoscale 
eddies for this ocean heat uptake response, in particular to understand where and how heat is taken up in 
ER and EP, we examine the vertical structures of dH/dt and the contributing heat processes by considering 
the global heat budget of each ocean layer k:
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Figure 1.  (a) 10 years running mean of the resolution difference (ER-EP) in GMST response (red line) and rate of change of ocean heat content (blue line), for 
MPI-ESM 4xCO2 simulations (solid) and HadGEM3-GC31 historical and SSP5-8.5 simulations (dashed). Gray line marks the value, below which the resolution 
difference is significant at 5% significance level, based on a one-sided t-test with sample size being 3. (b) Ensemble mean depth profile of the response of rate of 
change in global ocean heat content  resp

/dH dt  in ER (leftmost panel), in EP (middle panel), and for ER-EP (rightmost panel). Color shading from dark blue to 
light green shows progression of each profile on decadal interval. Each decade is accumulated upon the previous decade to show the integrated effect over time. 
EP, Eddy Poor; ER, Eddy Rich; GMST, global mean surface temperature; HadGEM3-GC31, Hadley Centre Global Environment Model in the Global Coupled 
configuration 3.1; MPI-ESM, Max Planck Institute - Earth System Model; SSP, shared socio-economic.
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in the kth layer that encompasses vertical mixing, convection, isopycnal mixing (Redi parameterization), 
and also incorporates penetrative shortwave radiation and surface heat flux in the surface layer. The vertical 
flux convergence term can be decomposed into a mean and eddy component such that Equation 5 can be 
expressed as:
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where indicates deviations from the respective overbar, kM  is the vertical heat flux convergence due to mean 
flow, and kE  is the vertical heat flux convergence due to eddying flow. The response in the rate of change of 
global ocean heat content can thus be expressed as:
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  D D
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  M E D
k k k, , ,resp resp resp

� (7)

where , respkM  is the response of the mean vertical heat convergence, , respkE  is the response of the eddy ver-

tical heat convergence, and , respkD  is the response of the diffusive terms. The resolution effect (Δ) on each 

term in Equation 7 can then be expressed as

 
    
 
 

, , ,resp resp resp

resp

Δ Δ Δ Δk
k k k

dH
M E D

dt� (8)

Generally, E contains contributions from resolved fluctuations w′ and T′, denoted as Eχ. For EP, it contains 
also the contribution from the GM parameterization. We assess the contribution from the GM-parameteri-
zation and find that except for the surface layer, it is much less than Eχ, consistent with the results from the 
stand-alone MPIOM simulations (von Storch et al., 2016). The smallness of the GM-contribution further 
confirms that the difference between ER and EP describes essentially the effect of resolved eddies, rather 

than resolved versus parameterized eddies. Hereafter, our computation of E will be     ( )o pE E C w T  
for both ER and EP.

To address the question where in the water column is heat most efficiently taken up, we consider for each 

subsequent decade, the vertical structures of  
resp

/kdH dt  in ER and EP, and the difference between the 

two (Figure 1b). In both ER and EP (left and middle panel), a local minima of ocean heat uptake occurs at 
70–100 m depth and a maximum between 600–1,100 m depth. Below 2,000 m, heat uptake is less than a 
third of that is seen in the upper 1,000 m, and yet the difference between ER and EP is comparatively con-
siderable (right panel of Figure 1b).

While the largest positive values of  
resp

Δ /kdH dt  occur between 500–1,000 m, there are appreciable neg-

ative values right below, between 1,000–1,800 m (right panel in Figure 1b). This dipole-like structure arises 
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from the different depths of maximum  
resp

/kdH dt : i.e., ∼700 m in ER (left), but ∼1,000 m in EP (middle). 

The dipole-like structure implies a compensation, leaving the greater  
resp

Δ /kdH dt  in the deep ocean as 

the main signal responsible for the positive resolution effect  oceanΔ /dH dt  for the entire ocean shown in 
Figure 1a. Therefore, to address the question of how eddy heat flux affects the heat uptake, we now focus on 
the deep ocean, henceforth considering profiles at depths below 2,000 m.

We start by considering the full states, rather than the responses. Figures 2a and 2b show profiles of the 
heat budget terms in the deep ocean from the 4xCO2 simulations, resulting from Equation 6. The ER pro-
files (top panel) are similar to the EP profiles (middle panel). Between ∼2,000–4,000 m, mean heat advec-

tion,  
4xCO2

kM (second column), dominates over  
4xCO2

kD  and  
4xCO2

kE  (first and third column). Below 

4,000  m, diffusive processes,  
4xCO2

kD , dominates over  
4xCO2

kM  and  
4xCO2

kE . Throughout the deep 

ocean, the profile of mean heat advection,  
4xCO2

kM , and diffusive processes,  
4xCO2

kD , are of opposite 

signs, which is in line with the one-dimensional advection/diffusion balance in the abyssal ocean (Munk 
& Wunsch, 1998) hypothesized by Munk (1966), albeit without eddy flux consideration. The profiles also 

reveal that eddy heat flux divergence  
4xCO2

kE  (third column) acts only in one direction in the deep ocean, 

that is to reduce the rate of heat absorption. All three terms,  
4xCO2

kD ,  
4xCO2

kM  and  
4xCO2

kE , are larger 
than  

4xCO2
/kdH dt  (right column).

One important feature of heat uptake in both ER and EP is that positive values of  
4xCO2

/kdH dt  are 

already found down to the ocean bottom in the first decade (dark blue profiles in the right column in Fig-
ures 2a and 2b). These initial increases persist and visually remains unchanged in the following decades, 
which leads to an approximately steady warming. The warming below 2,000 m occurs predominantly in the 
mid- to high-latitude oceans (Figure S3). We speculate that this initial deep warming is due to the advection 
related to mean vertical velocity and vertical mixing induced by vertical velocity fluctuations. Figure S4 
(lower panel) shows that the mean vertical velocity can occasionally reach O (10−5) m/s in the upper ocean 
and up to O (10−4) m/s in the deep ocean in both ER and EP, although this velocity is clearly stronger in 
ER than in EP. When ignoring all other processes, a mean vertical velocity of O (10−5) m/s alone can trans-
port a surface signal down to about 3,000 m within a decade. Thus, the mean vertical velocity is, at least in 
principle, capable of transporting a surface signal down to a few km within one decade. Thus far, the con-
sideration is focused on Eulerian vertical velocity, which is only a part of the effective (or residual) velocity 
directly related to tracer advection. The other part is the eddy-induced velocity. Liang et al. (2017) show that 
the effective velocity is primarily driven by the Eulerian vertical velocity. Their results indicate that taking 
eddy-induced velocity into account will likely not change the broad picture. Figure S4 shows further (upper 
panel) that the magnitudes of the vertical velocity fluctuations are much larger than those of the mean ver-
tical velocities, and the strongest fluctuations tend to be located in the same mid- and high-latitude oceans 
where deep warming is found. These fluctuations can be generated by baroclinic instability that converts 
available potential energy to eddy kinetic energy, and by fluctuating winds that excite near-inertial motions 
and/or induce Ekman-type of velocity fluctuations. Both baroclinic instability and fluctuating wind forcing 
are present in ER, but only fluctuating winds take effect in EP. Thus, velocity fluctuations are much strong-
er in ER than in EP. These fluctuations can further reinforce the transport or mixing of the surface signal 
down to the deep ocean. Consistent with that, the warming penetrates somewhat deeper in ER than in EP  

(Figure S3). The warming below 2,000 m is accompanied by a constant adjustment of    
4xCO 4xCO2 2

,k kD M  

and  
4xCO2

kE  (left three panels of Figures 2a and 2b): The magnitudes of all three terms decrease progres-

sively with increasing time, suggesting that the heat processes become increasingly less vigorous.
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The temporal decrease in the vigorousness of the heat processes behind  
4xCO2

kD ,  
4xCO2

kM , and  
4xCO2

kE  

corresponds to a temporal increase in the magnitudes of responses  
resp

,kD ,  
resp

,kM , and  
resp

,kE . Al-

though both models exhibit increases in the response magnitudes with time, the increase in magnitude of 
ER response is larger (Figure 2c). More specifically, the resolution effects on the diffusive processes and 
mean heat flux (first two panels of Figure 2c) seem to cancel out, while the resolution effect on the eddy 
heat flux (third panel of Figure 2c) is generally only positive. The sum of the resolution effects on all three 
heat processes below about 2,500 m is somewhat stronger in ER than in EP, meaning that the presence of 
eddies amplifies the magnitude of all heat process responses (i.e., a stronger reduction in the vigorousness 

of all heat processes in an eddying ocean), resulting in positive values of  
resp

Δ /kdH dt  throughout most of 

the deep ocean (rightmost panel in Figure 2c). Apart from eddies, the better resolved mean flows and bathy-
metric features in ER can also contribute to the amplification of heat processes. How big this contribution 
is relative to that from eddies is unclear and needs to be further investigated.

In summary, the following picture emerges. At first approximation, the deep ocean already begins to take 
up heat in the first decade, probably due to the vertical mixing related to vertical velocity fluctuations, and 
the uptake continues at a roughly constant rate throughout the integration time. Furthermore, as more 
heat is taken up, all heat processes gradually weaken. The weakening could be a consequence of the ocean 
becoming increasingly more stable under the 4xCO2 forcing. This weakening, however, needs to be further 
investigated. The above first-order picture is independent of resolution. With a closer examination of the 
responses and the resolution effects, differences between ER and EP in the deep ocean become more appar-
ent. The heat uptake below 2,000 m is stronger in ER than in EP. This resolution effect is manifested in a 
stronger reduction with time in the vigorousness of all heat processes (diffusive processes, mean and eddy 
vertical heat advection) in ER compared to that in EP.

5.  Discussion
5.1.  Heat Uptake in the Upper, Mid and Deep Ocean

Although this paper concentrates on the heat uptake in the deep ocean, where the resolution effect on the 
heat content of the ocean as a whole resides, resolving eddies impacts the heat uptake throughout the water 
column (Figure 1b). In the upper few hundred meters, the ocean takes up less heat in ER than in EP, cor-
responding to a cooler global mean SST, and with that a cooler GMST in ER than in EP. In the mid ocean 
from about 500 to 1,500 m, the maximum of heat uptake response is shifted by about 200–300 m from about 
1,000 m in EP to about 700 m in ER (left and middle panels of Figure 1b), resulting in a dipole structure in 

 resp
Δ /dH dt  (right panel of Figure 1b) with positive values centered near 700 m and negative values below 

900 m. Since the positive values are larger than the negative ones, the mid ocean from 500  to 1,500 m takes 
up more heat in ER than in EP. The upward shift of the maximum of heat uptake response from EP to ER 
could be caused by the more strongly enhanced stratification in the tropical ocean between 600 and 1,000 m 
in ER than in EP (Figure S3b). In the deep ocean (below 2,000 m), the heat uptake is enhanced more uni-
formly throughout the depth in ER relative to EP.

5.2.  Resolution Effect on GMST-Response in Other Climate Change Simulations

Climate change experiments have also been carried out using other climate models with an eddy-resolving 
ocean. For instance, the experiments at the Hadley Centre consist of historical simulations (1950–2014) 
and subsequent shared socio-economic (SSP5-8.5) scenario forced runs (O'Neill et al., 2016) for 2015–2050 
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Figure 2.  (a) & (b) Ensemble mean depth profiles of ocean heat budget terms in the deep ocean following Equation 6 and specifically for only 4xCO2 
simulations. Top panel corresponds to ER while middle panel corresponds to EP. Leftmost panel is for diffusive terms ( 4xCO2D ), second column for mean vertical 
temperature flux convergence ( 4xCO2M ), third column for eddy vertical temperature flux convergence ( 4xCO2E ), and rightmost panel for  4xCO2

/dH dt  (c) Effect 

of resolution on depth profiles of ocean heat budget terms following Equation 8. Same as (a) & (b) except that they are profiles of the resolution effect on the 
response to 4xCO2, i.e., Δ = ERresp−EPresp, where resp = 4xCO2 - CTL. Color shading from dark blue to light green shows decadal progression of each profile. 
Unlike Figure 1b, profiles are not accumulated for each decade.
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in a high-resolution setup (Hadley Centre Global Environment Model in the Global Coupled configuration 
3.1 high resolution (HadGEM3-GC31-HH)) that uses a 1/12° ocean and a 50 km atmosphere, and a low 
resolution setup (Hadley Centre Global Environment Model in the Global Coupled configuration 3.1 low 
resolution (HadGEM3-GC31-LL)) that uses a 1° ocean and a 250 km atmosphere (Roberts et al., 2019). On 
Figure 1a, the resolution effect for GMST response (red dashed line) and the resolution effect for response of 
the time rate of change of total heat content (blue dashed line) derived from HadGEM3-GC31 experiments 
are shown. Different from MPI-ESM simulations (solid lines), there is no clear anti-phase relation between 

 oceanΔ /dH dt  and ΔTs. Quite the contrary, from about 2020 onward, when CO2 concentration is further 
enhanced relative to the historical period, ΔTs and  oceanΔ /dH dt  are both positive.

Although it is beyond the scope of this paper to rigorously examine the reasons for the different resolu-
tion effects, there are two candidates worth mentioning. The first one is the different types of resolution 
change. While only oceanic resolution is increased in MPI-ESM experiments, both atmospheric and oceanic 
resolution are increased in HadGEM3-GC31 experiments. In the framework of the energy balance model 
(Equation 3), the climate feedback parameter α is determined by radiative feedbacks, such as water vapor 
and lapse rate feedbacks, which strongly depend on the atmospheric state. Deploying different atmospheric 
resolutions such as in HadGEM3-GC31 experiments can lead to different atmospheric states and from that 
different α. A resolution dependent α not only prevents the anti-phase relation between  oceanΔ /dH dt  and 
ΔTs to be established, it also makes the interpretation of the resolution effect difficult, since this effect can 
then be induced by resolving ocean eddies as well as by changing climate feedbacks.

The second candidate is the different radiative forcings. Equation 3 can be decomposed into two budgets, 
one for the atmosphere and the upper ocean and the other for the deep ocean. Geoffroy et al. (2013) show 
that the solution of this two layer model depends strongly on the forcing imposed. The solution is domi-
nated by a fast response for a step forcing, which is used in MPI-ESM experiments. However, the solution 
follows closely the evolution of the forcing for a linear forcing, which resembles the forcing used in HadG-
EM3-GC31 experiments. This dependence on the forcing can also contribute to the different resolution 
effect found in MPI-ESM, compared to HadGEM3-GC31 experiments.

Generally, when studying the effect of resolving ocean eddies on the climate response, one should pay 
attention not only to the resolution of the ocean model, but also that of the atmosphere model. While the 
atmospheric resolution should be increased when increasing oceanic resolution so that the ocean mesoscale 
structures can be “felt” by the atmosphere (Bryan et al., 2010), an increase in atmospheric resolution can 
also induce changes in climate feedback parameter in addition to the resolution effect due to ocean eddies. 
In this case, the resolution effect diagnosed from the experiments can include both that induced by resolv-
ing mesoscale eddies and that induced by modified climate feedbacks. The above considerations suggest a 
high sensitivity of the effect of resolving ocean eddies on GMST response to both the atmospheric model 
and the forcing scenario used. One should keep this in mind when verifying the results reported here using 
different climate models.

5.3.  Possible Effect of Spurious Diapycnal Mixing

The result of this paper is based on the MPIOM as a z-level ocean model. Such a model has the tendency 
for the advection scheme to produce unphysical diapycnal mixing (Griffies et al., 2000; Lee et al., 2002; 
Megann, 2018), which can have adverse consequences for the representation of the heat uptake. The con-
sideration of the energy budget of the coupled system suggests that the effect of the unphysical mixing is 
small, at least when integrated over the entire ocean. This is because the heat uptake of the entire ocean 
would otherwise be strongly distorted. The distortion would prevent the resolution effect of the heat uptake 
response to match that of GMST response - a quantity that includes the land surface temperature and is (un-
der a strong GHG forcing) more strongly controlled by the GHG forcing than by the ocean's state. However, 
small in an integral sense does not mean small everywhere. It is possible that there exists some kind of mu-
tual cancellation. It is also possible that the enhanced vertical mixing in response to strong vertical velocity 
fluctuations (shown in Figure S4) is related to spurious diapycnal mixing. All these questions and caveats 
need to be investigated elsewhere.
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6.  Conclusions
We use pairs of climate change experiments with the same atmosphere model coupled to an ocean model at 
two different resolutions to quantify the effect of resolved mesoscale eddies. The experiments are specially 
designed (a) to eliminate possible drifts in climate change simulations performed with an eddy-resolving 
ocean model, (b) to concentrate on the effect of ocean resolution only, and (c) to enhance signal-to-noise 
ratio - both by using an ensemble and by employing a strong forcing (i.e., 4xCO2). We find the following:

1.	 �Resolving mesoscale eddies has a small but energetically consistent impact on the transient response of 
GMST. It reduces the warming by about 0.1°C under a CO2 quadrupling in MPI-ESM experiments

2.	 �The weaker GMST response is related to a stronger heat uptake by the mid and deep ocean. The deep 
heat uptake occurs quickly after imposing the 4xCO2 forcing and persists its strength over the whole 
integration period of 100 years, presumably due to vertical mixing related to vertical velocity fluctuations

3.	 �Resolving eddies leads to a stronger deep ocean heat uptake, manifested in an intensification of the 
magnitude of all heat process responses

Generally, the effect of an eddying ocean on transient climate response should be studied by diagnosing 
the heat uptake of the entire ocean. One should not just focus on the upper ocean heat uptake to account 
for ocean's role in buffering the climate system against steep rise in surface temperatures, lending support 
for the deep ARGO float observation system to gather data and observe at such depths that are currently 
under-observed.

Data Availability Statement
Details of primary data for this study is available on http://hdl.handle.net/21.11116/0000-0008-3279-8. MPI-
ESM-ER output data for this study is stored on long-term archive at DKRZ and made searchable from 
https://cera-www.dkrz.de/WDCC/ui/cerasearch/ with the keyword search "944". HadGEM data for this 
study is available through ESGF (http://cera-www.dkrz.de/WDCC/meta/CMIP6/CMIP6.HighResMIP.
NERC.HadGEM3-GC31-HH).
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