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Abstract: Model resolution plays a large role in accurately simulating the Southern Hemisphere
circulation in both the ocean and atmosphere. Resolving the mesoscale field is important as it has been
shown to have a significant impact on the large-scale climate in eddy-rich regions, which are regions of
large CO2 absorption. The presence of ocean and atmospheric mesoscale features can affect sea surface
temperatures, the strength and location of storm tracks, and many other air-sea processes. Additionally,
with an improvement in resolution, the eddy kinetic energy in the ocean can be expected to change
considerably. The significance model resolution has on the Southern Hemisphere is examined using the
Community Climate System Model, Version 4, eddy-parameterizing and eddy-resolving simulations.
The CO2 concentrations and ozone levels are specified independently to better understand how the
mesoscale field responds to extreme changes in external forcing and the resulting climate impacts.
Overall, in the eddy-parameterizing simulations, the ozone forcing is found to be more important
than the changes in CO2 concentrations. However, in the case of the eddy-resolving simulations, the
CO2 concentrations are found to be more dominant, especially in eddy-rich regions. These results
demonstrate the need for an increase in model resolution for climate prediction.

Keywords: eddy-resolving; eddy-parameterizing; model resolution; CCSM4; CO2 concentrations;
ozone forcing

1. Introduction

Model resolution within global climate models has been shown to be of great im-
portance when simulating the Southern Hemisphere climate. With an increase in model
resolution, ocean and atmospheric mesoscale features are better resolved and play a large
role in improving the accuracy of the large-scale climate within these models. These
mesoscale features have a significant impact on the ocean circulation, atmosphere, and
air-sea interactions [1–5], especially in eddy-rich regions like western boundary currents
and their extensions [2,6–15]. In these regions, the mesoscale activity in the ocean drives the
atmosphere with turbulent heat fluxes out of the ocean and into the atmospheric boundary
layer [6]. Global climate models that use low-resolution model components are unable to
capture these physical processes and, therefore, miss a large part of the climate picture.
This study analyzes the importance of the mesoscale field in the Southern Hemisphere
using the Community Climate System Model, Version 4 (CCSM4) eddy-parameterizing
and eddy-resolving simulations.

The significance of both ocean and atmospheric model resolution in the Southern
Hemisphere in CCSM4 has been demonstrated in previous studies. Bryan et al. [6] found
that there is a positive correlation between sea surface temperature and surface wind stress
when the ocean component is eddy-resolving. With an increase in model resolution, there
is a stronger forcing of the atmosphere by the sea surface temperature variability in the
extra-tropics that is found to be weak in the low-resolution model. Moreover, regions
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of high mesoscale activity, like western boundary currents, are found to have a warmer
sea surface temperature [16]. However, around Antarctica, the ocean warming response
is found to be weaker with the presence of eddies in the model [17,18]. Additionally,
a more accurate Agulhas current, retroflection, and leakage estimate is resolved using
high-resolution eddy-resolving simulations [16,19–21]. Increasing the atmospheric model
resolution component has important impacts as well. With an increase in resolution, the
Southern Hemisphere westerly winds and wind stress are better resolved, resulting in an
increase in the Southern Ocean mean flow meridional overturning circulation. This increase
is partially compensated by the increase in ocean eddies, a significant result influencing the
Atlantic Meridional Overturning Circulation [22].

Resolving the mesoscale features in these global climate models is not only important
for understanding the physical processes but also for understanding the large-scale climate.
Ocean eddies play a large role in the uptake of anthropogenic CO2 [23], especially in the
Southern Hemisphere, with 40% of the oceanic uptake of CO2 occurring south of 40◦ S [24].
Additionally, resolving western boundary currents and their extensions has been shown
to be as important, with these regions being hotspots of ocean warming, especially over
the last few decades, where they have been warming at a rate of 3–4 times the global
average [25–27]. Precipitation variability and drought are shown to be better predicted
in the presence of mesoscale features in the ocean and atmosphere [28]. As mentioned
previously, westerly winds in the Southern Hemisphere play a significant role in the global
climate, and the increase observed is due to the increase in CO2 concentrations and the
depletion of stratospheric ozone. With anthropogenic climate change in the Southern
Hemisphere being primarily driven by CO2 concentrations and stratospheric ozone levels,
the mesoscale field plays a significant role in changes to these atmospheric forces and,
therefore, influences the Southern Hemisphere climate. This study examines how the
mesoscale field responds to changes in CO2 concentrations and ozone levels.

Bitz and Polvani [17] investigated the Antarctic climate response to stratospheric ozone
depletion in CCSM4 and found that there is warming in the ocean down to 1000 m and reduced
sea ice extent. They found that with the presence of ocean eddies, the warming is weaker, but
the total loss of sea ice area is comparable between the eddy-resolving and eddy-parameterizing
simulations. The weaker warming response in the presence of eddies is a process known as
eddy compensation, in which the mesoscale eddies oppose the wind-driven upwelling that is
often seen with increased CO2 concentrations and stratospheric ozone depletion and, therefore,
prevent long-term warming [29]. Using observations and climate models, Swart et al. [30] find
that the warming and freshening of the Southern Ocean are driven primarily by an increase
in anthropogenic greenhouse gases and that the effect of stratospheric ozone depletion is
secondary. Using a unique coupled climate model with enhanced ocean resolution, Ivanciu
et al. [31] investigate the impact of increased greenhouse gases and ozone recovery on the
Southern Hemisphere and find the westerly winds weaken and shift equatorward due to ozone
recovery, resulting in a decrease in transport of the Antarctic Circumpolar Current (ACC) and
in Agulhas leakage. They also find warming in the upper ocean is associated with increased
greenhouse gases that overwhelm the ozone recovery signal.

The impact of model resolution on the Southern Hemisphere in CCSM4 is studied
using eddy-parameterizing and eddy-resolving simulations. Past CO2 concentrations and
stratospheric ozone levels are specified independently to simulate idealized climate states
to investigate what role the presence of ocean and atmospheric eddies plays in the Southern
Hemisphere’s large-scale ocean circulation and air–sea interactions. This paper compares
the individual responses of low-resolution eddy-parameterizing simulations against high-
resolution eddy-resolving simulations when the external forcing is idealized to include
an increase in CO2 concentrations and stratospheric ozone levels from the mid-twentieth
century. The results presented here are not intended to be interpreted as projections or
predictions. The intent is to diagnose how the response to large changes in CO2 and
ozone concentrations differ in low-resolution eddy parameterized vs. high-resolution
eddy-permitting global coupled simulations.
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2. Materials and Methods

This study analyzes model output from NCAR’s CCSM4 coupled-climate model [32].
The ocean and atmosphere models used in CCSM4 are the Parallel Ocean Program, Version
2 (POP2), and Community Atmosphere Model, Version 4 (CAM4), respectively. POP2 has
60 vertical layers with a 10 m layer thickness in the first 100 m and slowly increasing to
250 m at 6000 m depth. CAM4 has 26 vertical layers in the atmosphere. The stratospheric
and tropospheric ozone are calculated semi-offline using the interactive chemistry in CAM-
Chem, the chemistry version of CAM [33–37]. The land and ice models used in CCSM4
are the Community Land Model, Version 4 (CLM4), and the Los Alamos National Labo-
ratory sea-ice model, Community Ice CodE, Version 4 (CICE4). However, only variables
from the ocean and atmosphere models are considered in this study. All model compo-
nents communicate using the CCSM coupler, CPL7 [38]. POP2 uses the Gent–McWilliams
isopycnal transport parameterization [39], near-surface eddy flux parameterization [40],
and submesoscale mixing parameterization [41]. CAM4 uses the Lin-Rood finite volume
discretization [42]. More specific information on the parameterizations, schemes, and
coefficients used in CCSM4 can be found in Kirtman et al. [16], Gent et al. [32], and Yeager
and Danabasoglu [43], where they are discussed in great detail.

Model output from six simulations is used, a combination of two model resolutions
and three idealized experiments (Table 1). The eddy-parameterizing simulations are low-
resolution, with 1◦ in the ocean and atmosphere, and the eddy-resolving simulations are
high-resolution, with 1/10◦ in the ocean and 1/2◦ in the atmosphere. The first idealized
experiment (LRC08 for the low-resolution simulation and HRC08 for the high-resolution
simulation) is the control experiment with the CO2 forcing kept constant at year 2000 levels
(379 ppm, Figure 1a, red line). The ozone levels are also kept constant at year 2000 levels,
a time representative of depleted ozone (Figure 1b, red line). There are 100 years of data
available for LRC08, and 70 years of data are available for HRC08. LRC08 and HRC08 are
used as the control experiments, as the CO2 concentrations and ozone levels are both kept
constant, unlike the other two experiments. Any differences between the control experiment
and these other experiments can be attributed to changes in the forcing parameters. The
second idealized experiment (LRC07 and HRC07) is the 20th-century climate change
simulation with corresponding CO2 levels applied [16] (Figure 1a, blue line). The ozone
levels in this experiment are also kept constant at year 2000 levels. Like LRC08 and HRC08,
100 years of data are available for LRC07 (1910–2010), and 70 years of data are available
for HRC07 (1940–2009). The LRC07 and HRC07 simulations are interpreted as idealized
experiments examining how changes in CO2 concentrations affect the Southern Hemisphere
climate with fixed (depleted) ozone concentrations. This approach is useful in terms of
separating the effects of CO2 changes from ozone changes. The last idealized experiment
(LRC20 and HRC20) uses the constant year 2000 CO2 forcing (Figure 1a, red line) like the
control experiment but sets the ozone to the year 1955 levels, a time representative of a
healthier ozone (Figure 1b, blue line). LRC20 has 100 years of data; however, HRC20 only
has 20 years of data available as the mean climatic effects become clear in a relatively short
period of time. Month-mean outputs are considered in this study.

Table 1. List of the six CCSM4 experiments used in this study. Low resolution is equal to 1◦ in both
the atmosphere and ocean, and high resolution is 1/2◦ in the atmosphere and 1/10◦ in the ocean.

Name Resolution CO2 Concentrations Ozone Years

LRC07 Low Historical CO2 Year 2000 O3 100 years

LRC08 Low Year 2000 CO2 Year 2000 O3 100 years

LRC20 Low Year 2000 CO2 Year 1955 O3 100 years

HRC07 High Historical CO2 Year 2000 O3 70 years

HRC08 High Year 2000 CO2 Year 2000 O3 70 years

HRC20 High Year 2000 CO2 Year 1955 O3 20 years
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Figure 1. The CO2 concentrations and O3 forcing were used in the CCSM4 simulations. (a) The year 
2000 CO2 levels are shown in red (LRC08 and HRC08 and LRC20 and HRC20), and historical ozone 
is shown in blue (LRC07 and HRC07); (b) the 1955 ozone levels are shown in blue (LRC20 and 
HRC20), and the 2000 ozone levels are shown in red (LRC07 and HRC07 and LRC08 and HRC08). 

The first objective in comparing these simulations is to identify any differences be-
tween the eddy-parameterizing and eddy-resolving experiments, with specific attention 
to the Southern Hemisphere climate. The second objective is to examine what role the 
difference in model resolution plays in the idealized experiments and how the presence 
of a more robustly represented mesoscale field affects the response to changes in atmos-
pheric forcing, specifically changes in atmospheric CO2 and ozone levels. To examine the 
Southern Hemisphere response to changes in CO2 (while holding the ozone levels con-
stant), a difference between the time-averaged mean of the high concentrations warming 
experiment (LRC08 and HRC08) and the time-averaged mean of the low concentrations 
cooling experiment (LRC07 and HRC07) is taken. These differences are referred to as 
LRCCO2 and HRCCO2. The same can be conducted to determine the Southern Hemisphere 
response to changes in the ozone (while holding the CO2 levels constant) by taking a dif-
ference between the time-averaged mean of the healthier ozone experiment (LRC20 and 
HRC20) and the time-averaged mean of the depleted ozone experiment (LRC08 and 
HRC08). These differences are referred to as LRCO3 and HRCO3. Because the radiative forc-
ing associated with the changes in CO2 and O3 is different, the results are normalized by 
the global mean temperature change to put them on equal footing. LRCCO2, HRCCO2, 

Figure 1. The CO2 concentrations and O3 forcing were used in the CCSM4 simulations. (a) The year
2000 CO2 levels are shown in red (LRC08 and HRC08 and LRC20 and HRC20), and historical ozone is
shown in blue (LRC07 and HRC07); (b) the 1955 ozone levels are shown in blue (LRC20 and HRC20),
and the 2000 ozone levels are shown in red (LRC07 and HRC07 and LRC08 and HRC08).

The first objective in comparing these simulations is to identify any differences be-
tween the eddy-parameterizing and eddy-resolving experiments, with specific attention
to the Southern Hemisphere climate. The second objective is to examine what role the
difference in model resolution plays in the idealized experiments and how the presence of
a more robustly represented mesoscale field affects the response to changes in atmospheric
forcing, specifically changes in atmospheric CO2 and ozone levels. To examine the South-
ern Hemisphere response to changes in CO2 (while holding the ozone levels constant), a
difference between the time-averaged mean of the high concentrations warming experi-
ment (LRC08 and HRC08) and the time-averaged mean of the low concentrations cooling
experiment (LRC07 and HRC07) is taken. These differences are referred to as LRCCO2 and
HRCCO2 . The same can be conducted to determine the Southern Hemisphere response
to changes in the ozone (while holding the CO2 levels constant) by taking a difference
between the time-averaged mean of the healthier ozone experiment (LRC20 and HRC20)
and the time-averaged mean of the depleted ozone experiment (LRC08 and HRC08). These
differences are referred to as LRCO3 and HRCO3 . Because the radiative forcing associated
with the changes in CO2 and O3 is different, the results are normalized by the global mean
temperature change to put them on equal footing. LRCCO2 , HRCCO2 , LRCO3 , and HRCO3

are divided by the difference in the global mean surface air temperature (2 m temperature,
TS) for their respective experiments. The normalized quantities are interpreted as the
response per degree of global mean temperature change. This normalization allows for
quantitative comparisons of the CO2 vs. O3 response. This approach of normalizing by
global mean temperature is seen in previous climate studies [44–50]. Lastly, to find the net
change and whether the CO2 or ozone forcing is more dominant, a sum of the CO2 and
ozone differences is taken.
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For the CO2 forcing, change per degree of warming:

LRCCO2 =
LRC08− LRC07∣∣TSLRC08 − TSLRC07

∣∣ & HRCCO2

HRC08−HRC07∣∣TSHRC08 − TSHRC07
∣∣

For the O3 forcing, changer per degree of cooling:

LRCO3 =
LRC20− LRC08∣∣TSLRC20 − TSLRC08

∣∣ & HRCO3 =
HRC20−HRC08∣∣TSHRC20 − TSHRC08

∣∣
The sum of these normalized maps is then used to obtain the net change:

LRCTotal = LRCCO2 + LRCO3 & HRCTotal = HRCCO2 + HRCO3

3. Results

The following figures (Figures 2–9) show the mean differences between the ocean
eddy-parameterizing and eddy-resolving simulations as well as the differences between the
increased CO2 concentrations and ozone of the past. The first row shows the results from
the eddy-parameterizing experiments (LRC), and the second row shows the results from
the eddy-resolving experiments (HRC). The first, second, and third columns show results
from LRCCO2 and HRCCO2 , LRCO3 and HRCO3 , and LRCTotal and HRCTotal, respectively.

3.1. Zonal Mean Atmospheric Temperature

The next two figures (Figures 2 and 3) examine the response to the zonal mean at-
mospheric temperature and the zonal mean zonal wind. The zonal mean temperature
throughout the atmosphere is calculated at each latitude (Figure 2). In LRCCO2 (Figure 2a),
there is warming seen throughout the Southern Hemisphere except in the lower strato-
sphere poleward of 50◦ S, where the ozone is depleted and cooling in the lower stratosphere
is observed. The strongest changes in temperature are seen at 100 mb, with an increase
(decrease) in over two degrees equatorward (poleward) of 50◦ S. The ozone layer is in the
upper 100 mb and shows how the increase in CO2 concentration strongly influences the
zonal mean atmospheric temperature. The high-resolution equivalent, HRCCO2 (Figure 2d),
shows a similar response as LRCCO2 with cooling in the lower stratosphere, but this cooling
extends beyond the high latitudes to the equator in the top 100 mb. There is also a slight
cooling seen at the surface in the high latitudes that is not present in the low-resolution
simulation. Overall, the average change in the Southern Hemisphere zonal mean atmo-
spheric temperature is 0.26 ◦C/◦C in LRCCO2 and −0.21 ◦C/◦C in HRCCO2 , showcasing
the difference the resolution can have on the changes observed overall.

The LRCO3 (Figure 2b) map shows an opposite and more intense pattern to LRCCO2 ,
with a stronger warming seen in the lower stratosphere poleward of 50◦ S. Warming of
much greater than two degrees is seen when the ozone levels are representative of the
past. A healthy ozone layer above Antarctica means most of the incoming solar radiation
will be absorbed by the lower stratosphere at the high latitudes, and there will be less
warming throughout the atmosphere. HRCO3 (Figure 2e) also shows warming in the lower
stratosphere at high latitudes, but it is not as strong as in LRCO3 . However, there is a strong
cooling of more than two degrees seen equatorward of 55◦ S between 200 and 600 mb that
is not present in LRCO3 . The average change in the ozone scenario is different from the
CO2 scenario in that both the low-resolution and high-resolution scenarios show a decrease
in the zonal mean atmospheric temperature but of different magnitudes. The change in
LRCO3 is −0.17 ◦C/◦C, and the change in HRCO3 is −0.59 ◦C/◦C, over three times the
ozone signal in the low-resolution simulation.

The intense warming seen in LRCO3 (Figure 2b) is also present in LRCTotal (Figure 2c),
suggesting that the ozone forcing dominates in the lower stratosphere. The rest of the
atmosphere has little to no temperature change, with the two responses largely canceling
each other out. The overall net change seen in HRCTotal (Figure 2f) is slightly different
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from LRCTotal as there is only a small region of the lower stratosphere warming at the high
latitudes and cooling associated everywhere else. The upper 100 mb looks to be controlled
by the increase in CO2 concentrations, whereas the rest of the Southern Hemisphere shows a
response similar to the 1955 ozone simulation. Overall, the biggest change observed with an
increase in atmospheric resolution is the magnitude of change (with a change of nearly zero,
0.09 ◦C/◦C, in LRCTotal compared to a change of −0.80 ◦C/◦C in HRCTotal). However, the
pattern between the two remains consistent, with the ozone forcing being more important
than the CO2 concentrations, particularly for the eddy-resolving simulations.
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Figure 2. The zonal mean Southern Hemisphere atmospheric temperature in the eddy-parameterizing
simulations (a–c) and eddy-resolving simulations (d–f) for the increased CO2 concentrations (a,d),
past ozone from 1955 (b,e), and net change (c,f). The atmospheric height in millibars is shown on the
y-axis, and the latitude is shown on the x-axis.

3.2. Zonal Mean Zonal Wind

The same calculation for the atmospheric temperature is performed for the zonal wind
(Figure 3), and the patterns seen in the LRC simulations (Figure 3a–c) are all relatively
weak compared to the HRC simulations (Figure 3d–f). In LRCCO2 , there is an increase in
the zonal mean zonal wind found in the upper 200 mb at the mid-latitudes and a slight
increase in the westerlies and towards the equator. This is in agreement with previous
studies that show an increase in Southern Hemisphere westerlies with an increase in CO2
concentrations. There is a decrease in zonal wind seen at the trade wind latitudes. The
pattern seen in HRCCO2 (Figure 3d) is similar to LRCCO2 but much stronger. There is a
strong increase in the westerlies and upper troposphere equatorward of 55◦ S. This strong
increase in the Southern Hemisphere westerlies plays a significant role in the large-scale
climate picture, as mentioned previously, and demonstrates the need for higher-resolution
coupled-climate models moving forward to improve future climate prediction, especially as
CO2 concentrations continue to increase. The average change in LRCCO2 is 0.48 ms−1/◦C,
whereas in HRCCO2 , it nearly doubles and is 0.90 ms−1/◦C, likely due to the strong increase
in the westerlies observed.

Similar to what was observed with the zonal mean temperature (Figure 2), the opposite
pattern to LRCCO2 is shown for the LRCO3 (Figure 3b) simulation, with a slight decrease
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in the westerlies and a stronger decrease observed in the upper 200 mb. However, for
HRCO3 (Figure 3e), the signal is much more amplified throughout the atmosphere, and
there is a strong weakening of the westerly jet and upper troposphere. The average change
between the two does not differ much between the two, with −0.74 ms−1/◦C in LRCO3

and −0.68 ms−1/◦C in HRCO3 .
LRCTotal (Figure 3c) shows very little change, with the exception of the upper 100 mb

resembling the LRCO3 simulation. HRCTotal (Figure 3f) shows a different response, showing
that at the equatorward of 50◦ S, the increase in CO2 concentrations plays a larger role, and
at the poleward of 50◦ S, the ozone is more important. It is also clear in the low-resolution
simulations that there is no poleward or equatorward shift of the westerlies, whereas the
high-resolution simulations show an equatorward shift and weakening of the westerly
jet. Both simulations have a similar magnitude of change but with the opposite sign, with
−0.26 ms−1/◦C in LRCTotal and 0.23 ms−1/◦C in HRCTotal.
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Figure 3. The Southern Hemisphere zonal mean zonal wind in the eddy-parameterizing simulations
(a–c) and eddy-resolving simulations (d–f) for the increased CO2 concentrations (a,d), past ozone
from 1955 (b,e), and net change (c,f). The atmospheric height in millibars is shown on the y-axis, and
the latitude is shown on the x-axis.

While there are slight differences in the methods of showing the results, the zonal
mean temperature and zonal mean zonal wind in this study (Figures 2 and 3) are compared
with those in Figure 1 from Polvani et al. [51]. They used an atmospheric model (CAM3,
2.8◦ × 2.8◦ horizontal resolution), and the results were found to be in good agreement.
With an increase in concentrations, Polvani et al. [51] find a decrease in the temperature
at the high latitudes in the lower stratosphere that extends to the equator in the upper
100 mb and an increase in temperature everywhere else in the Southern Hemisphere, a
result consistent with HRCCO2 (Figure 2d). In their ozone recovery simulation, they found
intense warming in the lower stratosphere more closely resembling LRCO3 (Figure 2b)
compared to HRCO3 . The net change results from Polvani et al. [51] continue to show an
increase in this region at the high latitudes with cooling at the very top of the atmosphere,
features that are both seen in LRCTotal and HRCTotal (Figure 2c,f). The results from the
zonal mean zonal wind calculation in Polvani et al. [51] agree with the HRC simulations
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shown previously (Figure 2d–f). The result of increasing concentrations is an increase and
poleward shift of the westerlies that can also be seen in HRCCO2 (Figure 3d). The more
intense weakening and equatorward shift seen with the ozone recovery is found in HRCO3

(Figure 3e). The overall trend is an equatorward shift and weakening of the westerlies,
especially in the upper 200 mb, consistent with what is found in HRCTotal (Figure 3f).

3.3. Sea Surface Temperature

Next, the results from the sea surface temperature (SST) are analyzed (Figure 4).
Beginning with LRCCO2 (Figure 4a), there is roughly one-degree warming everywhere
except in the Southern Ocean, where there is intense warming observed in the Southern
Ocean of nearly three degrees. With the increase in CO2 concentrations, there is warming
everywhere in the Southern Hemisphere oceans, except for one small region in the South
Pacific. The average change in the Southern Hemisphere sea surface temperatures for
LRCCO2 is 0.58 ◦C/◦C. In the eddy-resolving case, HRCCO2 (Figure 4d), the results do not
differ much from the eddy-parameterizing case, with warming observed nearly everywhere,
including the Southern Ocean, where the presence of eddies shows a strong increase in
SSTs. This warming is seen in eddy-rich regions like the Agulhas retroflection and the
Brazil–Malvinas Confluence Zone. However, unlike LRCCO2 , there is cooling seen in the
high latitudes near Antarctica (see also Bilgen and Kirtman [18]), weakening the average
change observed, which is found to be 0.32 ◦C/◦C.

LRCO3 (Figure 4b) shows an opposite but similar pattern to LRCCO2 , with cooling seen
throughout all the oceans and warming in the same small region in the South Pacific. The
HRCO3 simulation (Figure 4e) also shows cooling nearly everywhere except around Antarc-
tica, where a slight warming is observed. In contrast with the low-resolution simulation,
however, the cooling seen over the Southern Ocean and the ACC is much weaker. Addition-
ally, the strong eddy response observed in HRCCO2 is not present with the changed ozone.
As mentioned previously, the weak cooling response observed in HRCO3 is likely due to
eddy compensation, with the presence of eddies dampening the response in SSTs over
the Southern Ocean as changes in atmospheric forcing are experienced [29]. The increase
in model resolution also influences the weak cooling and increase in eddy compensation
observed here, as was discussed in Gent [22]. The eddy compensation does not weaken
the average change observed by much as the magnitude between the two simulations is
similar with −0.65 ◦C/◦C and −0.56 ◦C/◦C in LRCO3 and HRCO3 , respectively.

Overall, the net change shown in LRCTotal (Figure 4c) is small, suggesting that the
increased CO2 concentrations and 1955 ozone levels largely cancel each other out with
respect to SST, with only −0.07 ◦C/◦C observed throughout the Southern Hemisphere. In
the Indian and Pacific Oceans, there is a slight warming observed, demonstrating that the
CO2 forcing is stronger here. In contrast, there is cooling everywhere else, showing that the
ozone signal is larger, especially near Antarctica, which, with 1955 ozone levels, is no longer
as exposed to solar radiation. The total net change seen in HRCTotal (Figure 4f) is larger
than LRCTotal, with −0.24 ◦C/◦C observed, and is mostly dominated by the ozone forcing
and cooling seen in most of the Southern Hemisphere. The eddy-rich regions identified
previously undergo warming and cooling, highlighting the importance of both CO2 and
ozone. However, the increase in CO2 concentrations and heat trapped within the eddies
plays a larger role in these regions, and these eddies weaken the SST gradient.
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3.4. Sea Surface Height

For the sea surface height (SSH), with an increase in CO2 concentrations in LRCCO2

(Figure 5a), there is an increase in SSH seen everywhere except south of the ACC and
most of the South Atlantic. The pattern seen in HRCCO2 (Figure 5d) closely resembles
the pattern seen in the LRC equivalent, with the exception of the eddies. In HRCCO2 , the
magnitude of change is comparable to LRCCO2 , and the eddies in the Agulhas retroflection
and Brazil–Malvinas Confluence Zone show an increase in SSH. The average change in both
simulations is small, with −0.015 m/◦C found in LRCCO2 and −0.034 m/◦C in HRCCO2 .

For LRCO3 (Figure 5b), an opposite pattern is seen compared to LRCCO2 , with an
increase in sea level expected south of the ACC and South Atlantic with 1955 ozone levels.
The average change found is 0.019 m/◦C. Once again, the pattern in the high-resolution
simulation of HRCO3 (Figure 5e) is similar to the low-resolution simulation. However,
the magnitude of change is much smaller than what is seen in both LRCO3 and HRCCO2 ,
0.007 m/◦C. Moreover, the eddies are not associated with much change, similar to what
was shown in the HRCO3 SST map (Figure 4e).

The net change is once again weak, 0.004 m/◦C, in LRCTotal (Figure 5c), but the
pattern resembles that of the LRCO3 case, especially poleward of 45◦ S, suggesting that
the ozone forcing is slightly more important in the low-resolution eddy-parameterizing
model. However, the SSH pattern seen in HRCTotal (Figure 5f) closely resembles HRCCO2 ,
demonstrating that the increased CO2 concentrations dominate in the high-resolution
eddy-resolving model. The average change in HRCTotal is −0.024 m/◦C, very similar to
what was observed in HRCCO2 .
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3.5. Eddy Kinetic Energy

The eddy kinetic energy (EKE = 0.5
(
u′2 + v′2

)
, u′ = u− u, v′ = v− v) is calculated

for each simulation. For LRCCO2 (Figure 6a), there is a weak EKE response since it is not an
eddy-resolving model. There is a small signal in the equatorial region, with increases and
decreases in EKE observed. In the eddy-resolving simulations, the presence of eddies is ev-
ident as the changes are seen throughout the Southern Hemisphere in HRCCO2 (Figure 6d).
A change of −0.12 cm2s−2/◦C is found in the LRCCO2 eddy kinetic energy. In HRCCO2

(Figure 6d), there is an increase in EKE in the ACC, the open Pacific Ocean, along the coast
of Africa, through the Mozambique Channel, and the Agulhas retroflection associated with
an increase in CO2 concentrations. There is a decrease in EKE in the equatorial region,
near the East Australian Current and Brazil–Malvinas Confluence Zone, and parts of the
Agulhas retroflection. The average change in HRCCO2 , −0.59 cm2s−2/◦C, is roughly five
times the change observed in LRCCO2 .

LRCO3 (Figure 6b) shows a similar but oppositely weak response in EKE as LRCCO2 ,
with the largest signal observed in the equatorial regions. Again, the high-resolution
simulation of HRCO3 (Figure 6e) shows a larger EKE response. However, compared to the
HRCCO2 simulation, the HRCO3 simulation is less active, and values are not as large. There
is an increase in EKE in the equatorial Pacific and the subtropical Pacific and Indian Oceans,
and a decrease seen in the majority of the ACC. Despite the significant changes observed
in these eddy-rich regions, the corresponding SST and SSH maps (Figures 4e and 5e) have
a weak signal as a response to the eddy compensation mechanism described previously
and in previous studies [31], which dampens the signal observed. Mean changes of
0.67 cm2s−2/◦C and −0.06 cm2s−2/◦C are found in LRCO3 and HRCO3 , respectively.

The pattern from LRCTotal (Figure 6c), although small, more closely resembles the
pattern from LRCO3 , with a similar change in magnitude of 0.55 cm2s−2/◦C. This suggests
that the ozone forcing is slightly stronger than the increased CO2 forcing in the eddy-
parameterized model, agreeing with the result of the previous SSH figure (Figure 5),
which shows a slightly stronger response to the 1955 ozone levels. In the high-resolution
simulations, between the two forces, the increase in CO2 is more dominant, as the average
change is −0.65 cm2s−2/◦C, similar to what was observed in HRCCO2 . The pattern seen in
HRCTotal (Figure 6f) is strikingly similar to HRCCO2 . The strong changes in EKE observed in
response to increased CO2 concentrations could be explained by eddy saturation, especially
over the Southern Ocean, where this phenomenon has been known to take place [52–54].
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Eddy saturation occurs when there is an intensification of the winds and an increase in the
wind stress (i.e., due to the increase in CO2 concentrations), and the increased momentum
is then transferred to the ocean mesoscale, therefore creating a more energetic eddy field as
a result.
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3.6. Zonal Mean Ocean Temperature

The zonal mean ocean temperature is calculated at each latitude throughout the
Southern Hemisphere (Figure 7). With the increase in CO2 concentrations in LRCCO2

(Figure 7a), there is an increase in the ocean temperature observed throughout the entire
vertical structure of the ocean, with the exception of one small region of cooling found
near 35◦ S at 1000 m. The greatest warming in this scenario is found poleward at 40◦ S
with strong increases at the surface and 2000 m. However, the HRC case shows a very
different response than the LRC case, with an overall weaker, less uniform response. The
average change is found to be 0.44 ◦C/◦C. In HRCCO2 (Figure 7d), the strongest increase
in temperature is found at the surface equatorward of 50◦ S. In addition to the surface,
there are strong increases in temperature found down to the intermediate depths near
Antarctica, 50◦ S, and near the equator. These locations coincide with areas of increased
EKE (Figure 6d). The increased temperature in these regions is likely influenced by the
presence of eddies from the ACC, western boundary currents, and equatorial currents. The
weaker response to the zonal mean ocean temperature in HRCCO2 is 0.08 ◦C/◦C.

Consistent with previous results from the LRC simulations, a similar but opposite
pattern is seen in LRCO3 (Figure 7b). Almost everywhere, it cools, except for the location
of cooling observed in LRCCO2 , where there is warming. The mean change is found to be
similar in magnitude but opposite in sign as well, with −0.53 ◦C/◦C observed. In HRCO3

(Figure 7e), there is cooling observed nearly everywhere, with the strongest decrease in
temperature found in the upper 1000 m and little change seen at deeper depths. The
decrease in temperature found at 50◦ S is located at the same latitude where there is a
strong zonal mean decrease in EKE (Figure 6e). Like HRCCO2 , a weaker magnitude is
observed in the high resolution, with a change of only −0.18 ◦C/◦C.

The overall change in LRCTotal (Figure 7c) shows that ozone is the stronger of the
two forced responses. In the LRC simulations (Figure 7a–c), the impact of increased CO2
concentrations and past ozone is seen at depth, suggesting a strong mixing component in
the eddy-parameterizing simulations as the changes are nearly uniform throughout the
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water column, especially towards Antarctica. However, HRCTotal (Figure 7f) shows the
ozone signal is only stronger in the upper 500 m equatorward of 50◦ S and that the increase
in CO2 concentrations plays a larger role elsewhere, especially at the intermediate depths
in eddy-rich regions. The HRC maps also show that the decrease (increase) in SST observed
near Antarctica (Figure 4d,e) with the increased CO2 concentrations (1955 ozone levels)
occurs only at the surface in the upper 200 m, and there is an increase (decrease) found at the
depth directly below. The mean differences in the Southern Hemisphere zonal mean ocean
temperature are found to be similar in the low-resolution and high-resolution simulations,
with changes of −0.09 ◦C/◦C and −0.10 ◦C/◦C found in LRCTotal and HRCTotal.
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Figure 7. The Southern Hemisphere zonal mean ocean temperature in the eddy-parameterizing
simulations (a–c) and eddy-resolving simulations (d–f) for the increased CO2 concentrations (a,d),
past ozone from 1955 (b,e), and net change (c,f).The ocean depth in meters is shown on the y-axis,
and the latitude is shown on the x-axis. The white, where there are no values, is the bathymetry to
the ocean floor from Antarctica at the high latitudes.

3.7. Convective Precipitation

The convective precipitation is analyzed (Figure 8) rather than the total precipitation
due to its stronger signal and more localized relationship with SST. The results from the
eddy-parameterizing simulations are found to differ greatly from the eddy-resolving sim-
ulations. In LRCCO2 (Figure 8a), there is a general increase in convective precipitation
but with significant spatial heterogeneity. For example, there is an increase in convective
precipitation over the equatorial regions, especially the Pacific, over all of Australia, south-
ern South America, eastern South Africa, and over the western boundary current regions.
However, there is a decrease in convective precipitation found over northern and central
South America and the rest of Africa. HRCCO2 (Figure 8d) varies significantly from the
low-resolution equivalent and shows an increase over eastern and southern Africa, the
tropical Indian Ocean, the Pacific Islands, the equatorial Pacific Ocean, and western South
America. There is also a decrease seen over parts of Africa, Australia, just south of the
equatorial Pacific, eastern South America, and the western boundary currents and their
extensions as CO2 concentrations increase. The difference in the observed average change
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between the two is similar in magnitude but opposite in sign, with 0.037 mmday−1/◦C and
−0.025 mmday−1/◦C in LRCCO2 and HRCCO2 .

Once again, a similar but opposite pattern is seen in LRCO3 (Figure 8b) and LRCCO2 .
However, the HRCO3 (Figure 8e) convective precipitation pattern looks much different from
the LRCO3 simulation, as was seen in the CO2 simulation. HRCO3 surprisingly resembles
the LRCCO2 simulation (Figure 8a), however, especially with the same precipitation pattern
found over the Pacific. There is a decrease in convective precipitation seen across all
Southern Hemisphere land, with the ozone set to 1955 levels in the high-resolution case.
Unlike the CO2 concentration simulations, the average change in the Southern Hemisphere
convective precipitation is the same sign, but the high-resolution magnitude is much
smaller than the low-resolution, with a change of −0.045 mmday−1/◦C in LRCO3 and
−0.010 mmday−1/◦C in HRCO3 .

The overall net change seen in LRCTotal (Figure 8c) is small, with the average through-
out the Southern Hemisphere close to zero, −0.008 mmday−1/◦C. However, the pattern
is similar to the one seen for past ozone forcing, with the exception of Australia, which
shows a total increase in convective precipitation as in the increased CO2 concentration
simulations. On the contrary, the CO2 forcing dominates everywhere in HRCTotal (Figure 8f)
except over land, where the ozone forcing is stronger and leads to cooling and an associ-
ated decrease in precipitation. Additionally, HRCTotal differs from LRCTotal, particularly
concerning convective precipitation over land. There is a decrease in convective pre-
cipitation found in the eddy-resolving simulation compared to an increase found in the
eddy-parameterizing simulation. The average change in magnitude increases four times
compared to the low-resolution simulation, with a value of −0.035 mmday−1/◦C observed.
The strong discrepancies observed in convective precipitation across all experiments again
highlight the need to use high-resolution models for a chance to accurately model the pre-
cipitation variability, which can be detrimental for regions affected by floods and droughts.
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3.8. Surface Temperature

Lastly, the surface temperature (2 m) is analyzed (Figure 9), and the results do not
differ much from the SST results seen previously (Figure 4). In LRCCO2 (Figure 9a), there
is strong warming everywhere in the Southern Hemisphere, especially over the Southern
Ocean. Like the SST, there is one small region of cooling found in the South Pacific and
a region in South America. The high-resolution map does not differ much from the low-



J. Mar. Sci. Eng. 2023, 11, 2083 14 of 19

resolution map. HRCCO2 (Figure 9d) has warmed nearly everywhere other than below
60◦ S, where there is some strong cooling over Antarctica, which is found to be due to the
increase in the atmospheric resolution. This cooling at the high latitudes corresponds to the
cooling observed at the surface in the zonal mean temperature map (Figure 2d). There is a
strong increase in surface temperature over land and in eddy-rich regions, as in the LRC
case. Whereas the pattern between the two does not vary much north of the high latitudes,
the low-resolution average change is triple the magnitude of the high resolution, with a
change of 0.97 ◦C/◦C found in LRCCO2 and 0.30 ◦C/◦C found in HRCCO2 .

LRCO3 (Figure 9b) shows a similar and opposite pattern to LRCCO2 , with cooling
everywhere other than the tiny patches seen in the South Pacific and South America that
are warming. The most intense cooling is observed over the Southern Ocean. For HRCO3

(Figure 9e), there is cooling everywhere in the Southern Hemisphere, excluding the area
around Antarctica, which shows warming. The intense cooling seen over the Southern
Ocean does not exist in the eddy-resolving case, as in the SST case. The average change in
LRCO3 is −1.14 ◦C/◦C and −0.70 ◦C/◦C in HRCO3 .

The net change in LRCTotal (Figure 9c) is weak once again but more closely resembles
the ozone forcing aside from Africa and South America, which have increasing surface
temperatures and are responding to the increase in CO2. Australia, Chile, and eastern
South Africa have a similar cooling pattern as in the ozone case, likely because these are
desert regions and undergo extreme cooling. Finally, the HRCTotal (Figure 9f) is dominated
by the ozone everywhere other than the eddy-rich regions and below 60◦ S, which shows
that the increase in CO2 concentrations is more important. Similar to the SSTs, the heat
trapped within the eddies is overpowering the cooling seen from the ozone signal and
showing a strong net warming change overall. The overall average change is found to be
smaller in LRCTotal than in HRCTotal, with −0.17 ◦C/◦C in LRCTotal and −0.41 ◦C/◦C in
HRCTotal.
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4. Discussion

For both the zonal mean atmospheric temperature and the zonal mean zonal wind,
the difference between the eddy-parameterizing and eddy-resolving simulations shows a
significant difference in the magnitude of change, with more subtle differences in the spa-
tial pattern of the response. For the zonal mean temperature, in the eddy-parameterizing
simulations, the 1955 ozone forcing dominates the lower stratosphere at the high latitudes,
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with almost no net change seen elsewhere. However, in the eddy-resolving simulations, the
ozone forcing is strong throughout the Southern Hemisphere, whereas both the CO2 and
ozone concentrations affect the lower stratosphere at high latitudes. In the low-resolution
eddy-parameterizing simulation, the increased CO2 and 1955 ozone levels are nearly equal
and opposite for the zonal mean zonal wind, with no shift of the westerlies observed. In the
high-resolution eddy-resolving experiment, the increased CO2 concentrations dominate
the equatorward of 40◦ S and the ozone forcing poleward of 40◦ S, with the westerly jet
shifting equatorward overall. For the sea surface temperatures in the eddy-parameterized
simulations, the increase in CO2 concentrations and 1955 ozone levels are found to be
nearly equal but opposite of each other, with a small overall change observed. In the case
of the eddy-resolving simulations, the ozone forcing (cooling) dominates throughout the
Southern Hemisphere, apart from eddy-rich regions like the ACC, where the increase in
CO2 response is stronger (warming). However, in the Southern Ocean near Antarctica,
there is an overall weaker response in the sea surface temperatures, likely a result of eddy
compensation as the mesoscale eddies prevent wind-driven upwelling in the region. In the
eddy-parameterizing simulations, the ozone plays a slightly larger role in the sea surface
height, eddy kinetic energy, zonal mean ocean temperature, and convective precipitation.
For the eddy-resolving simulations, however, the increase in CO2 concentrations domi-
nates, with the HRCTotal spatial maps closely resembling the increased CO2 concentration
experiment (HRCCO2 ). For the surface temperature in the eddy-parameterizing simulations,
the increase in CO2 concentration–response (warming) is stronger over Africa and South
America. Still, over Australia and the Southern Ocean, the 1955 ozone forcing is more
important (cooling). In the eddy-resolving simulation, the ozone is stronger everywhere
(cooling), including over land, except in eddy-rich regions and the Southern Ocean near
Antarctica. The response of the surface temperature over Australia is unique. In both the
eddy-parameterizing and eddy-resolving simulations, Australia is seen to be cooling in
response to the 1955 ozone levels. This is in contrast to Africa and South America warming
as a result of the increased CO2 concentrations in the eddy-parameterizing simulations.

The mean change over the entire Southern Hemisphere is calculated to give a quanti-
tative assessment of the changes observed in each simulation to showcase the importance
model resolution has on each variable. For the zonal mean atmospheric temperature,
the average change in LRCTotal is 0.09 ◦C/◦C, nearly zero, whereas the average change
in HRCTotal is −0.80 ◦C/◦C. The zonal mean zonal wind shows a similar but opposite
average change with −0.26 ms−1/◦C in LRCTotal and 0.23 ms−1/◦C in HRCTotal, likely as a
result of the increase in the strength of the westerlies from an increase in CO2 emissions.
The average changes in the sea surface temperature and sea surface height are similar to
the zonal mean atmospheric temperature. In LRCTotal, the changes are almost zero, with
a value of −0.07 ◦C/◦C for SST and 0.004 m/◦C for SSH. In HRCTotal, the changes are
−0.24 ◦C/◦C for SST, a change nearly four times that of LRCTotal, and −0.027 m/◦C for
SSH. The eddy kinetic energy average change is similar to what was seen for the zonal
mean zonal wind, with the LRCTotal and HRCTotal being of similar values but opposite
signs, 0.55 cm2s−2/◦C and −0.65 cm2s−2/◦C, respectively. There is no difference in the
average change for the zonal mean ocean temperature, with −0.09 ◦C/◦C for LRCTotal
and −0.10 ◦C/◦C for HRCTotal. Similar to the zonal mean atmospheric temperature, SST,
and SSH, LRCTotal for the convective precipitation is nearly zero at −0.008 mmday−1/◦C,
whereas in HRCTotal, it is four times stronger at −0.035 mmday−1/◦C. Lastly, the surface
temperature shows a significant difference in the overall mean change between the low-
resolution and high-resolution simulations, with a change of −0.17 ◦C/◦C for LRCTotal and
a change of −0.41 ◦C/◦C for HRCTotal.

These results show that the model resolution (eddy-parameterizing versus eddy-
resolving) proves to be important in how the Southern Hemisphere responds to changes
in external forcing (increased CO2 concentrations versus 1955 ozone levels). The findings
outlined above in this study confirm what was shown by previous studies that investigated
the importance of model resolution in a changing climate [17,18,29–31]. While this is a
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reassuring result, it can be argued that to properly simulate the climate system, higher reso-
lution in the atmospheric and ocean models is needed. With the current model resolution
described in this study, neither model accurately resolves the convection in the atmosphere
or ocean, as the atmospheric model is in hydrostatic approximation, and the ocean model
would need higher resolution, especially at the poles. Perhaps improving the atmospheric
model resolution from 1/2◦ to 1/4◦ and the ocean model from 1/10◦ to 1/25◦ would better
simulate the climate system in the Southern Hemisphere.

5. Conclusions

This paper, using CCSM4, investigates the role model resolution plays in simulating
the Southern Hemisphere climatic response to external forcing from changes in CO2 and
O3. Low-resolution eddy-parameterizing (1◦ atmosphere and ocean) and high-resolution
eddy-resolving (1/2◦ atmosphere, 1/10◦ ocean) simulations are analyzed to determine
the importance of the mesoscale processes in idealized climate experiments using past
CO2 concentrations and ozone levels. Six experiments were used to study the impact of
model resolution on the Southern Hemisphere with increased CO2 concentrations and
past ozone forcing in both the atmosphere and the ocean. These were LRC07 and HRC07
(20th-century climate change forcing, the constant year 2000 ozone levels), LRC08 and
HRC08 (the constant year 2000 CO2 and ozone levels), and LRC20 and HRC20 (the constant
year 2000 levels and the constant year 1955 ozone levels).

Before quantitative comparisons can be made across the experiments, the initial results
are normalized as the radiative forcing associated with the changes in CO2 and O3 is
different. The results are normalized by the global mean surface air temperature, with
the normalized quantities interpreted as the response per degree of global mean temper-
ature change. This method has been used in many previous studies, as discussed in the
Methods section.

To determine the impact the ozone levels and CO2 concentrations have on the low-
resolution and high-resolution simulations, LRCCO2 and HRCCO2 , LRCO3 and HRCO3 , and
LRCTotal and HRCTotal are calculated. From these results, it is determined that overall, in
the eddy-parameterizing simulations, the influence of the 1955 ozone levels is found to
be more dominant than the increase in CO2 concentrations. However, in the case of the
eddy-resolving simulations, the opposite is found to be true, with the increase in CO2
concentrations having a larger impact on the Southern Hemisphere climate system than
the 1955 ozone levels, especially in eddy-rich regions.

There are a few caveats to note with the conclusion of this study. The first is that this
is an idealized study, and the results presented are not to be interpreted as projections
or predictions of future climate but rather as an investigation of how extreme changes
in the external forcing can lead to different responses in the eddy-parameterizing and
eddy-resolving simulations. Additionally, while it has been shown that the ozone forcing is
strongly seasonal, with its largest impact observed in austral summer (DJF), all months are
considered in the time-averaged mean in this study. This is conducted for both the 20th-
century CO2 and 1955 O3 levels experiments, so the results are consistent with each other.

The differences observed in the Southern Hemisphere in response to changes in model
resolution are significant and emphasize the need for an increase in model resolution going
forward, especially in climate prediction studies. Global coupled-climate models in the past
were eddy-parameterizing, and this study shows that the results may vary considerably if
the models were eddy-resolving. This will be increasingly important as CO2 concentrations
continue to increase and there is a need for more accurate climate forecasts, especially in
instances where the associated warming from the CO2 forced signal overcomes the cooling
response associated with the O3.
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