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Abstract. Ocean model resolution plays a large role in accurately simulating the Southern Hemisphere circulation in
both the ocean and atmosphere. Resolving the ocean mesoscale field is important as it has been shown to have a
significant impact on the large-scale climate in eddy rich regions (i.e., western boundary currents, the Antarctic
Circumpolar Current) which also are regions of large CO2 absorption. The presence of ocean mesoscale features can
10 affect sea surface temperatures, the strength and location of the 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 Community
Climate System Model, version 4 ocean eddy-parameterizing and eddy-resolving simulations. The CO:2 concentrations
and ozone levels are specified independently to better understand how the mesoscale field responds to extreme changes
15 in the 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 CO: concentrations for the zonal mean atmospheric
temperature, zonal mean zonal wind, sea surface temperature, sea surface height, eddy kinetic energy, zonal mean
ocean temperature, convective precipitation, and surface temperature. In the case of the eddy-resolving simulations,

however, the CO:z concentrations are found to be more dominant, especially in eddy-rich regions.
20 1 Introduction

Ocean model resolution within global climate models has been shown to be of great importance when simulating the
Southern Hemisphere climate. With an increase in model resolution, ocean 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,
such as ocean eddies, have a significant impact on the ocean circulation, atmosphere, and air-sea interactions (Hewitt
25 etal., 2016, Small et al., 2008, 2019, 2020, Chang et al., 2020), especially in eddy-rich regions like western boundary
currents and their extensions (Small et al., 2008; Bryan et al., 2010; Kelly et al., 2010; Ma et al., 2016; Putrasahan et
al., 2013, 2017). 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 (Bryan et al., 2010). Global climate models that use low-
resolution ocean components are unable to capture these physical processes and therefore miss a large part of the
30 climate picture. This study analyzes the importance of the ocean mesoscale field in the Southern Hemisphere using

Community Climate System Model, version 4 (CCSM4) ocean eddy-resolving and eddy-parameterizing simulations.
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The significance of ocean model resolution on the Southern Hemisphere in CCSM4 has been demonstrated in previous
studies. Bryan et al., (2010) find that there is a positive correlation between sea surface temperature and surface wind
35 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 and regions of high mesoscale activity like western boundary currents are found to have a warmer
sea surface temperature (Kirtman et al., 2012). Around Antarctica however, the ocean warming response is found to
be weaker with the presence of eddies in the model (Bitz and Polvani, 2012; Bilgen and Kirtman, 2020). Additionally,
40  amore accurate Agulhas Current, retroflection, and leakage estimate is resolved using high-resolution eddy-resolving

simulations (McClean et al., 2011; Kirtman et al., 2012; Putrasahan et al., 2015; Cheng et al, 2016).

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 the
45  anthropogenic CO2 (Gnanadeskikan et al., 2015) and with 40% of the oceanic uptake of CO:z occurring south of 40°S
(Sallée et al., 2012). 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 3-4 times the global average (Wu et al., 2012; Oliver and Holbrook, 2014; Goyal et al., 2021).
With the anthropogenic climate change in the Southern Hemisphere being primarily driven by COz concentrations
50 and stratospheric ozone levels, the mesoscale field plays a significant role in changes to these atmospheric forces and
therefore influences the Southern Hemisphere climate. How the mesoscale field responds to changes in CO2

concentrations and ozone levels is then examined in this study.

Bitz and Polvani (2012) investigate the Antarctic climate response to stratospheric ozone depletion in CCSM4 and
55 find that there is warming in the ocean down to 1000 m and reduced sea ice extent. They find 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
CO:z concentrations and stratospheric ozone depletion and therefore prevent long term warming (Doddridge et al.,
60 2019). Using observations and climate models, Swart et al. (2019) find that the Southern Ocean warming and
freshening is driven primarily by an increase in anthropogenic greenhouse gases and that the effect of the stratospheric
ozone depletion is secondary. Using a unique coupled climate model with enhanced ocean resolution, Ivanciu et al.
(2022) 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
65 Antarctic Circumpolar Current (ACC) and in Agulhas leakage. They also find warming in the upper ocean associated

with increased greenhouse gases that overwhelms the ozone recovery signal.
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The impact of model resolution on the Southern Hemisphere in CCSM4 is studied using ocean eddy-parameterizing
and eddy-resolving simulations. Past CO2 concentrations and stratospheric ozone levels are specified independently
70  to simulate idealized climate states to investigate what role the presence of ocean eddies play in the Southern
Hemisphere 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
75 diagnose how the response to large changes in CO2 and ozone concentrations differ in ocean eddy parameterized vs.

eddy permitting global coupled simulations.

2 Methods

This study analyzes model output from NCAR’s CCSM4 coupled-climate model (Gent et al., 2011). The ocean and

80 atmosphere models used in CCSM4 are Parallel Ocean Program, version 2 (POP2) and Community Atmosphere
Model, version 4 (CAM4), respectively. POP2 has 60 vertical layers with 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 is calculated semi-offline using the interactive chemistry in CAM-Chem, the chemistry version of
CAM (Lamarque et al., 2010, 2011, 2012; Meehl et al., 2012; Eyring et al., 2013).

85
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 (named LRCO7 for the low-resolution simulation, and HRCO07 for the high-resolution simulation) is the
90 20" century climate change simulation with corresponding CO2 levels applied (Kirtman et al., 2012, Fig. 1a, blue
line). The ozone levels in this experiment are kept constant at year 2000 levels, a time representative of a depleted
ozone (Fig 1b, red line). There are 100 years of data available for LRC07 (1910-2010) and 70 years of data available
in HRCO7 (1940-2009). The LRC07 and HRCO07 simulations are interpreted as idealized experiments examining how
changes in CO2 concentrations affect Southern Hemisphere climate with fixed (depleted) ozone concentrations. We
95  assert here that this approach is useful in terms of separating the effects of CO2 changes vs. ozone changes. The second
idealized experiment (LRC0O8 and HRCOS) is the control experiment with the ozone levels also kept constant at year
2000 levels. The CO; forcing however, differs from the previous experiment in that it is also kept constant at year
2000 levels (379 ppm, Fig. 1a, red line). Like LRC07 and HRCO07, 100 years of data is available for LRC08 and 70
years of data is available for HRC08. LRC08 and HRCO8 are used as the control experiment as the CO2 concentrations
100 and ozone levels are both kept constant unlike the other experiments. Any differences between the control experiment
and the other experiments can therefore be attributed to changes in the forcing parameters. The last idealized
experiment (LRC20 and HRC20) uses constant year 2000 CO: forcing (Fig 1a, red line) like the control experiment,

but sets the ozone to year 1955 levels, a time representative of a healthier ozone (Fig 1b, blue line). LRC20 has 100
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years of data, however, HRC20 only has 18 years of data available as the mean climatic effects become clear in a

105  relatively short period of time. Month mean outputs are considered in this study.

The first objective in comparing these simulations is to identify any differences between the eddy-parameterizing and
eddy-resolving experiments with specific attention to 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
110  more robustly represented mesoscale field affects the response to changes in atmospheric forcing, specifically changes
in the atmospheric CO2 and ozone levels. To examine the Southern Hemisphere response to changes in CO2 (while
holding the ozone levels constant), a difference between the time averaged mean of the high concentrations warming
experiment (LRC0O8 and HRCO08) and time averaged mean of the low concentrations cooling experiment (LRC07 and
HRCO07) is taken. These differences are referred to as LRCcoz2 and HRCco2. The same can be done to determine the
115 Southern Hemisphere response to changes in the ozone (while holding the COz 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 (LRCO8 and HRCO08). These differences are referred to as LRCos and HRCos.
Because the radiative forcing associated with the changes in CO2 and Os are different, the results are normalized by
the global mean temperature change to put them on equal footing. LRCco2, HRCco2, LRCo3, and HRCos are divided
120 by the difference in the global mean surface air temperature (2 m temperature) for their respective experiments. The
normalized quantities are interpreted as the response per degree global mean temperature change. This normalization
allows for quantitative comparisons of the COz vs. O3 response. This approach of normalizing by global mean
temperature is seen in previous climate studies (Holland and Bitz, 2003; Vecchi and Soden, 2007; Soden and Vecchi,
2011; Zhao et al., 2017; Lin et al., 2018; Hahn et al., 2021; Rantanen et al., 2022). Lastly, to find the net change and

125  whether the CO: or ozone forcing is more dominant, a sum of the CO2 and ozone differences is taken.
For the GHG forcing, change per degree of warming:

LRCO8/HRC08 — LRCO7/HRCO07
LRC¢o2/HRCpoz =

ITSLrcos/Hrcos = TSLro7/HRCO7]
130  For the Os forcing, changer per degree of cooling:
LRC20/HRC20 — LRC0O8/HRC08

[TS1rc20/1RC20 — TSLRCOS/HRCOS

LRCy3/HRCy3 =

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

LRCrota1/HRCrotar = LRCeo2 /HRCoz + LRCo3 /HRCp3

135 3 Results

The following figures (Figs. 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
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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 column show results from LRCco2/HRCcoz,
140  LRCo3/HRCos, and LRCrotal/HRCrotal, Tespectively.

3.1 Zonal mean atmospheric temperature

Because the atmospheric resolution also changes in addition to the ocean resolution, the atmospheric variables are
investigated first to determine whether changes seen in the ocean can be potentially attributed to the resolution change
145  in the atmosphere. The next two figures (Fig. 2 and Fig. 3) examine the response to the zonal mean atmospheric
temperature and zonal mean zonal wind. The zonal mean temperature throughout the atmosphere is calculated at each
latitude (Fig. 2). In LRCcoz2 (Fig. 2a), there is warming seen throughout the Southern Hemisphere except in the lower
stratosphere poleward of 50°S, where the ozone is depleted. The strongest changes in temperature are seen at 100 mb
with an increase (decrease) of over two-degrees equatorward (poleward) of 50°S. The high-resolution equivalent,
150  HRCcoz (Fig. 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 slight cooling seen at the surface in the high-

latitudes that is not present in the low-resolution simulation.

The LRCos (Fig. 2b) map shows an opposite and more intense pattern to LRCcoz, with a stronger warming seen in the
155  lower stratosphere poleward of 50°S. Warming of much greater than two-degrees is seen when the ozone levels were
representative of the past. A healthy ozone 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.
HRCos (Fig. 2¢), also shows warming in the lower stratosphere at the high-latitudes but it is not as strong as in LRCos.
There is, however, strong cooling of more than two-degrees seen equatorward of 55°S between 200 and 600 mb that

160  is not present in LRCos.

The intense warming seen in LRCos (Fig. 2b) is also present in LRCrotl (Fig. 2¢), suggesting that the ozone forcing
dominates in the lower stratosphere. The rest of the atmosphere has little to zero temperature change with the two
responses largely cancelling each other out. The overall net change seen in HRCrotal (Fig. 2f) is slightly different from
165 LRCrotal 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, but the pattern between the two remains
consistent with the ozone forcing being more important than the CO2 concentrations, particularly for the eddy-

170  resolving simulations.

3.2 Zonal mean zonal wind
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The same calculation for the temperature is done for the zonal wind (Fig. 3) and the patterns seen in the LRC
simulations (Fig. 3a-c) are all relatively weak compared to the HRC simulations (Fig. 3d-f). In LRCco2, there is an
175 increase in the zonal wind found in the upper 200 mb at the mid-latitudes and a slight increase in the westerlies and
towards the equator. There is a decrease in zonal wind seen at the trade wind latitudes. The pattern seen in HRCco2
(Fig. 3d) is similar to LRCco2 but much stronger. There is a strong increase in the westerlies and upper troposphere

equatorward of 55°S.

180 Similar to what was observed with the zonal mean temperature (Fig. 2), the opposite pattern to LRCcoz is shown for
the LRCos (Fig. 3b) simulation, with a slight decrease in the westerlies and a stronger decrease observed in the upper
200 mb. For HRCos (Fig. 3e), however, the signal is much more amplified throughout the atmosphere and there is a

strong weakening of the westerly jet and upper troposphere.

185  LRCrotl (Fig. 3¢) shows very little change with the exception of the upper 100 mb resembling the LRCos simulation.
HRCrotl (Fig. 3f) shows a different response and that equatorward of 50°S the increase in CO2 concentrations plays a
larger role and 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.

190
While there are slight differences in the methods of showing the results, the zonal mean temperature and zonal mean
zonal wind in this study (Fig. 2 and Fig.3) are compared with those in Fig. 1 from Polvani et al. (2011), who use an
atmospheric model (CAM3, 2.8° x 2.8° horizontal resolution) and are found to be in good agreement. With an increase
in concentrations, Polvani et al. (2011) find a decrease in the temperature at the high-latitudes in the lower stratosphere

195 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 (Fig. 2d). In their ozone recovery simulation, they find intense warming
in the lower stratosphere more closely resembling LRCos (Fig. 2b) compared to HRCos. The net change results from
Polvani et al. (2011) 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 LRCrota and HRCrotar (Fig. 2c¢,f). The results from the zonal mean zonal

200  wind calculation in Polvani et al. (2011) agree with the HRC simulations shown previously (Fig.2d-f). The result of
increasing concentrations is an increase and poleward shift of the westerlies that can also be seen in HRCcoz (Fig. 3d).
The more intense weakening and equatorward shift seen with the ozone recovery is found in HRCos (Fig. 3e). And
the overall trend is an equatorward shift and weakening of the westerlies, especially in the upper 200 mb consistent
with what is found in HRCrotar (Fig. 3f). The comparison of these results suggest that the atmospheric resolution is not

205  as important as the ocean resolution except for the lower stratosphere in the past ozone simulation. Otherwise, the
results from Polvani et al. (2011) are similar to the HRC simulations, indicating that the differences seen between the

LRC and HRC experiments are due to the presence of enhanced ocean meso-scale variability.

3.3 Sea surface temperature
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210  Next, the results from the sea surface temperature (SST) are analyzed (Figure 4). Beginning with LRCcoz (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. In the eddy-resolving
case, HRCco2 (Figure 4d), the results do not differ much from the eddy-parameterizing case with warming observed

215 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. Unlike

LRCco2, however, there is cooling seen in the high-latitudes near Antarctica (see also Bilgen and Kirtman, 2020).

LRCos (Figure 4b) shows an opposite but similar pattern to LRCco2 with cooling seen throughout all the oceans and
220  warming in the same small region in the South Pacific. The HRCos simulation (Figure 4e) also shows cooling nearly
everywhere except around Antarctica, 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. Additionally, the strong
eddy response observed in HRCcoz is not present with the changed ozone. As mentioned previously, the weak cooling
response observed in HRCos is likely due to eddy compensation with the presence of eddies dampening the response

225 in SSTs over the Southern Ocean as changes in atmospheric forcing are experienced (Doddridge et al., 2019).

Overall, the net change shown in LRCrota (Figure 4c) is small suggesting that the increased CO2 concentrations and
1955 ozone levels largely cancel each other out with respect to SST. In the Indian and Pacific Oceans, there is a slight
warming observed, demonstrating that the COx forcing is stronger here, whereas there is cooling seen everywhere else

230 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 HRCrotal (Figure 4f) is larger than LRCrotat mostly dominated
by the ozone forcing with 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, overall, the
increase in COz concentrations and heat trapped within the eddies plays a larger role in these regions.

235

3.4 Sea surface height

For the sea surface height (SSH), with an increase in CO:2 concentrations in LRCcoz (Fig. 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 (Fig. 5d)
closely resembles the pattern seen in the LRC equivalent with the exception of the eddies. In HRCcoz, the magnitude
240 of change is comparable to LRCco2 and the eddies in the Agulhas retroflection and Brazil-Malvinas Confluence Zone

show an increase in SSH.

For LRCos (Fig. 5b), an opposite pattern is seen compared to LRCcoz, with an increase in sea level expected south of
the ACC and South Atlantic with 1955 ozone levels. Once again, the pattern in the high-resolution simulation HRCo3

245 (Fig. 5e) is similar to the low-resolution simulation. The magnitude of change, however, is much smaller than what is
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seen in both LRCos and HRCco2 and the eddies are not associated with much change, similar to what was shown in

the HRCos SST map.

The net change is once again weak in LRCrotl (Fig. 5¢), but the pattern resembles that of the LRCos case, especially
250  poleward of 45°S, suggesting that the ozone forcing is slightly more important in the low-resolution eddy-
parameterizing model. The SSH pattern seen in HRCrotal (Fig. 5f) however, closely resembles HRCcoz demonstrating

that the increased CO2 concentrations dominate in the high-resolution eddy-resolving model.

3.5 Eddy Kinetic energy

255  The eddy kinetic energy (EKE = 0.5(u'? + v'?), u' = u — &, v’ = v — D) is calculated for each simulation and for
LRCco:2 (Fig. 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 evident as the changes are seen throughout the Southern Hemisphere in HRCco2 (Fig. 6d). In HRCco:2 (Fig.
6d) there is an increase in EKE in the ACC, the open Pacific Ocean, along the coast of Africa, through the Mozambique

260 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.

LRCos (Fig. 6b) shows a similar but opposite weak response in EKE as LRCco2 with the largest signal observed in the
265 equatorial regions. Again, the high-resolution simulation HRCos (Fig. 6e), shows a larger EKE response. Compared
to the HRCco2 simulation, however, the HRCos simulation is less active, and values are not as large. There is an
increase in EKE the equatorial Pacific and the subtropical Pacific and Indian Oceans, and a decrease seen in the

majority of the ACC.

270  The pattern from LRCrotw (Fig. 6¢), although small, more closely resembles the pattern from LRCos, again suggesting
that the ozone forcing is slightly stronger than the increased CO: forcing in the eddy-parameterized model, agreeing
with the result of the previous SSH figure (Fig. 5) that also shows a slightly stronger response to the 1955 ozone levels.
In the high-resolution simulations, between the two forces, the increase in COz is more dominant. The pattern seen in
HRCrotal (Fig. 6f) is strikingly similar to HRCcoa. The strong changes in EKE observed in response to increased CO2

275 concentrations could be explained by eddy saturation, especially over the Southern Ocean where this phenomenon has
been known to take place (Meredith et al., 2012; Morrison and Hogg, 2013; Marshall et al., 2017). Eddy saturation
occurs when there is an intensification of the winds and an increase in the windstress (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.

280

3.6 Zonal mean ocean temperature



https://doi.org/10.5194/egusphere-2023-340
Preprint. Discussion started: 7 March 2023 EG U
sphere

(© Author(s) 2023. CC BY 4.0 License.

The zonal mean ocean temperature is calculated at each latitude throughout the Southern Hemisphere (Fig. 7). With
the increase in COz concentrations in LRCcoz (Fig. 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
285 at 1000 m. The greatest warming in this scenario is found poleward of 40°S with strong increases at the surface and
2000 m. The HRC case shows a very different response than the LRC case however, with an overall weaker, less
uniform response. In HRCco2 (Fig. 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, all locations of increased EKE (Fig. 6d) with the eddies from the ACC, western

290  boundary currents, and equatorial currents likely influencing the increase in temperature observed.

Consistent with previous results from the LRC simulations, a similar but opposite pattern is seen in LRCos (Fig. 7b)
with cooling observed nearly everywhere except for the location of cooling observed in LRCcoz, there is warming. In
HRCos (Fig. 7e), there is cooling observed nearly everywhere with the strongest decrease in temperature found in the
295 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 (Fig. 6e).

The overall change in LRCrotl (Fig. 7¢) shows that the ozone is the stronger of the two forced responses. In the LRC
simulations (Fig. 7 a-c), the impact of increased CO> concentrations and past ozone are seen at depth suggesting a
300 strong mixing component in the eddy-parameterizing simulations as the changes are nearly uniform throughout the
water column, especially towards Antarctica. HRCrotal (Fig. 7f), however, shows the ozone signal is only stronger in
the upper 500 m equatorward of 50°S, and that the increase in CO: concentrations play 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 (Fig. 4a,b) with the increased CO2 concentrations (1955 ozone levels) occurs only at

305  the surface in the upper 200 m and there is an increase (decrease) found at the depth directly below.

3.7 Convective precipitation

The convective precipitation is analyzed (Fig. 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
310  the eddy-resolving simulations. In LRCco2 (Fig. 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, southern South America, eastern South Africa, and over the
western boundary current regions. But there is a decrease in convective precipitation found over northern and central
South America and the rest of Africa. HRCcoz (Fig. 8d) varies significantly from the low-resolution equivalent and
315 shows an increase over eastern and southern Africa, tropical Indian Ocean, 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
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equatorial Pacific, eastern South America, and the western boundary currents and their extensions as CO:2

concentrations increase.

320  Once again, a similar but opposite pattern is seen in LRCos (Fig. 8b) to LRCco2. The HRCos (Fig. 8e) convective
precipitation pattern, however, looks much different from the LRCos simulation as was seen in the COz simulation.
HRCos surprisingly resembles the LRCco2 simulation (Fig. 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.

325
The overall net change seen in LRCrot (Fig. 8c) is small, however, the pattern is similar to the one seen for the past
ozone forcing, with the exception of Australia, that shows a total increase in convective precipitation as in the
increased CO2 concentration simulations. On the contrary, the COz forcing dominates everywhere in HRCrotal (Fig.
8f) except over land where the ozone forcing is stronger and leads to cooling and an associated decrease in

330  precipitation. Additionally, HRCrotal differs from LRCrowl in that over land there is a decrease in convective
precipitation found in the eddy-resolving simulation compared to an increase found in the eddy-parameterizing

simulation.

3.8 Surface temperature

335 Lastly, the surface temperature (2 m temperature) is analyzed (Fig. 9) and the results do not differ much from the SST
results seen previously (Fig. 4). In LRCcoz (Fig. 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
aregion in South America. The high-resolution map does not differ much from the low-resolution map. HRCco2 (Fig.
9d) has warming nearly everywhere other than below 60°S where there is some strong cooling over Antarctica possibly

340 related to changes in the sea ice. This cooling at the high-latitudes corresponds to the cooling observed at the surface
in the zonal mean temperature map (Fig. 2d). There is a strong increase in surface temperature over land and in the

eddy-rich regions as in the LRC case.

LRCos (Fig. 9b) shows a similar and opposite pattern to LRCcoz with cooling everywhere other than the tiny patches
345 seen in the South Pacific and South America that are warming. The most intense cooling is observed over the Southern
Ocean. For HRCos (Fig. 9¢) 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.
350 The net change in LRCrotal (Fig. 9¢) 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 COsz.

Australia, Chile, and eastern South Africa have a cooling pattern as in the ozone case, likely because these are desert
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regions and undergo extreme cooling. Finally, the HRCrota (Fig. 9f) is dominated by the ozone everywhere other than
the eddy-rich regions and below 60°S that show that the increase in CO2 concentrations is more important. Similar to
355 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.

4 Conclusions

This paper, using CCSM4, investigates the role ocean model resolution plays in simulating the Southern Hemisphere
360 climatic response to external forcing from changes in COz and Os. Ocean eddy-parameterizing (1° atmosphere and
ocean) and ocean eddy-resolving (1/2° atmosphere, 1/10° ocean) simulations are analyzed to determine the importance
of the ocean mesoscale processes in idealized climate experiments using past CO2 concentrations and ozone levels.
Using six experiments, LRCO7/HRC07 (20" century climate change forcing, constant year 2000 ozone levels),
LRCO8/HRCO08 (constant year 2000 CO2 and ozone levels), and LRC20/HRC20 (constant year 2000 levels and
365 constant year 1955 ozone levels), the impact the model resolution has on the Southern Hemisphere with increased

CO2 concentrations and past ozone forcing is studied in both the atmosphere and the ocean.

Before quantitative comparisons can be made across the experiments, the initial results are normalized as the radiative
forcing associated with the changes in COzand O; are different. The results are normalized by the global mean surface
370 air temperature with the normalized quantities interpreted as the response per degree of global mean temperature

change, a method that has been used in many previous studies as discussed in the Methods section.

For both the zonal mean atmospheric temperature and 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
375  subtle differences in the spatial 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 with almost no net change
seen elsewhere. In the eddy-resolving simulations, however, the ozone forcing is strong throughout the Southern
Hemisphere whereas both the CO2 and ozone concentrations affect the lower stratosphere at the high-latitudes. In the
low-resolution eddy-parameterizing simulation, the increased COz and 1955 ozone levels are nearly equal and opposite
380  for the zonal mean zonal wind with no shift of the westerlies observed. In the high-resolution eddy-resolving
experiment, the increased COz concentrations dominate 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
385  (cooling) dominates throughout the Southern Hemisphere apart from eddy-rich regions like the ACC, where the
increase in COz response is stronger (warming). In the Southern Ocean near Antarctica, however, there is an overall
weaker response in the sea surface temperatures, likely a result of eddy compensation as the mesoscale eddies prevent

the wind-driven upwelling in the region. In the eddy-parameterizing simulations, the ozone plays a slightly larger role
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for the sea surface height, eddy kinetic energy, zonal mean ocean temperature, and convective precipitation. For the
390 eddy-resolving simulations, however, the increase in CO:2 concentrations dominates with the HRCrotal spatial maps
closely resembling the increased CO: concentration experiment (HRCcoz). For the surface temperature in the eddy-
parameterizing simulations, the increase in CO2 concentration response (warming) is stronger over Africa and South
America, but 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
395 the Southern Ocean near Antarctica. The response of the surface temperature over Australia is unique in that Australia
is seen to be cooling in response to the 1955 ozone levels in both the eddy-parameterizing and eddy-resolving
simulations, despite Africa and South America warming as a result of the increased CO: concentrations in the eddy-
parameterizing simulations. 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

400  concentrations versus 1955 ozone levels).

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 this is an
investigation of how extreme changes in the external forcing can lead to different responses in the eddy-parameterizing
405  and eddy-resolving simulations. The second caveat regards the difference in atmospheric resolution between the eddy-
parameterizing (1°) and eddy-resolving (1/2°) simulations. Because the atmospheric resolution is not consistent
between the two, it is possible that some of the changes observed could be due to the difference in atmospheric
resolution and not the ocean resolution, especially in the lower stratosphere where the ozone is depleting. The
comparison with Polvani et al. (2011) gives some confidence that the ocean resolution is more important, however, a
410 study that keeps the same atmospheric resolution across all the experiments may improve the results. Lastly, 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 done for both the 20" century CO2and 1955

Os levels experiments so the results are consistent with each other.

415  The differences observed in the Southern Hemisphere in response to changes in model resolution is significant and
emphasizes the need for an increase in model resolution going forward, especially in climate prediction studies. Global
coupled-climate models in the past are 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

420  warming from the COz forced signal overcomes the cooling response associated with the Os.
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Code and data availability, The CCSM4 user guide, description, and code can be downloaded at

https://www?2.cesm.ucar.edu/models/ccsm4.0/ccsm/. The CCSM4 data used in this study is on the University of

Miami’s Rosenstiel School of Marine, Atmospheric, and Earth Science’s computer clusters, Eddy and Mango.
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Tables
575 Table 1. List of the six CCSM4 experiments used in this study. Low-resolution is equal to 1° in both the atmosphere

and ocean, high-resolution is 1/2° in the atmosphere and 1/10° in the ocean.

Name Resolution CO: concentrations Ozone Years

LRCO07 Low Historical CO2 Year 2000 O3 100 years
LRCO08 Low Year 2000 COz Year 2000 O; 100 years
LRC20 Low Year 2000 CO: Year 1955 O3 100 years
HRCO07 High Historical CO2 Year 2000 O3 70 years
HRCO08 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 CO:z concentrations and Os forcing used in the CCSM4 simulations. (a) The year 2000 COz levels shown
in red (LRCO8/HRCO08 and LRC20/HRC20) and historical ozone shown in blue (LRC07/HRCO07). (b) The 1955 ozone
levels shown in blue (LRC20/HRC20) and the 2000 ozone levels shown in red (LRC07/HRCO07 and LRCO8/HRCO8).
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Figure 2. The zonal mean Southern Hemisphere atmospheric temperature in the eddy-parameterizing simulations (a-
¢) and eddy-resolving simulations (d-f) for the increased CO2 concentrations (a and d), past ozone from 1955 (b and

e), and net change (c and f).
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590  Figure 3. Same as in Figure 2 but for zonal mean zonal wind.
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Figure 4. Same as in Figure 2 but for sea surface temperature.
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595  Figure 5. Same as in Figure 2 but for sea surface height.
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Figure 6. Same as in Figure 2 but for eddy kinetic energy.

24



https://doi.org/10.5194/egusphere-2023-340

Preprint. Discussion started: 7 March 2023 EG U h .

© Author(s) 2023. CC BY 4.0 License. spnere
Preprint repository

€0, (08-07) 0; (20-08) Total (COz+03)

1000

2000

Low resolutio

(c)

3000

High resolution

4000

Figure 7. Same as in Figure 2 but for zonal mean ocean temperature.
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Figure 8. Same as in Figure 2 but for convective precipitation.
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Figure 9. Same as in Figure 2 but for surface temperature (2 m temperature).
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